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Development of cell-active irreversible inhibitors of the human
centrosomal kinase Nek2

Jeffrey C. Henise

Jack Taunton, Ph.D.

Abstract

A structure-based design strategy was used to transform a promiscuous oxindole
kinase inhibitor scaffold into the first cysteine-reactive, irreversible inhibitors of the
human centrosomal kinase Nek2. These compounds achieve selective irreversible
inhibition of Nek2 through alkylation of a key active-site cysteine (Cys22). This cysteine
is found in the glycine-rich loop of a small subset (2%) of human kinases. Many of the
irreversible Nek2 inhibitors that we developed turned out to also be potent (nM to pM
affinity) inhibitors of the mitotic regulator Cdk1. Consistent with inhibition of Cdk1,
these compounds rapidly triggered mitotic exit without cell division when added to cells
arrested in mitosis. The induction of this dominant Cdk1-mediated phenotype limits the
usefulness of these compounds with respect to studying the mitotic function of Nek2.
However, our medicinal chemistry efforts led to the discovery of the propynamide
oxindole compound 2 (JH295). Compound 2 contains a key ethyl group that destabilizes
binding to Cdk1, resulting in 2,000-fold loss of potency, while retaining nanomolar
potency toward Nek2. At concentrations that give full inhibition of Nek2 in cells,

compound 2 does not prevent mitotic progression or cause major defects in spindle
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assembly. These results suggest that compound 2 does not inhibit the mitotic regulatory
kinases Cdk1, Aurora B, or PIk1 in cells.

The development of several chemical and biological tools for the study of the
cellular roles of Nek?2 is also presented. These include new leads into Nek?2 inhibitor
scaffolds, an in vitro kinase assay to measure the binding affinity and alkylation
efficiency of irreversible inhibitors, Nek2 active site-directed probes, cell-based Nek2
inhibition assays, cell lines expressing an inhibitor-resistant Nek2 mutant, and control
compounds designed to tease out nonspecific effects of the active Nek2 inhibitors in

cells.
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Chapter 1

The development of our most specific Nek2 inhibitor: JH295 (2)



1.1 Abstract

A structure-based design approach was employed to develop the
first irreversible, cysteine-targeted inhibitors of the human centrosomal kinase,
Nek?2. Systematic elaboration of an oxindole kinase inhibitor scaffold led to compounds
with high selectivity for Nek2 over Cdk1. Potent inhibition of Nek2 kinase activity in
vitro and in cells required a key cysteine (Cys22), located near the C-terminal end of the
glycine-rich loop in a small subset of human kinases. Our most selective compound,
oxindole propynamide 2 (JH295), inhibited cellular Nek2 without affecting the mitotic
kinases, Cdk1, Aurora B, or Plk1, and without causing significant defects in mitotic
spindle assembly. To our knowledge, JH295 is the first small molecule shown to

inactivate Nek?2 kinase activity in cells.



1.2 Introduction

Nek? is a serine/threonine protein kinase that regulates several mitotic functions.
Nek?2 is expressed primarily as two splice variants that localize to the centrosome and
contain identical N-terminal kinase domains: the full length form, Nek2A, and a C-
terminally truncated form, Nek2B.' The C-terminus specific to Nek2A has been
implicated in regulation of its nuclear translocation’, its APC/C-mediated mitotic
degradation,’ and binding to proteins that regulate its function at the centrosome.*> At the
onset of mitosis Nek2A plays a role in centrosome disjunction through phosphorylation-
mediated displacement of the inter-centrosome linker proteins C-Nap1 and rootletin.®™®
Though non-essential for metaphase bi-polar spindle assembly, this Nek2 A mediated
centrosome-separation pathway is complementary to the essential Eg5-kinesin driven
spindle-assembly pathway.’ Consistent with a role in regulation of the spindle assembly
checkpoint (SAC), knockdown of Nek2A through shRNA expression compromised the
ability of cells to undergo SAC-dependent metaphase arrest.” Furthermore, Nek2A has
been shown to phoshphorylate core components of the SAC, including Mad2 and
Cdc20." Finally Nek2A has been implicated in regulation of kinetochore-microtubule
attachment, and metaphase chromosome-congression through phosphorylation of the

1."12 In contrast to Nek2A, little is known about the

kinetochore proteins Hecl and Sgo
specific function of Nek2B, aside from its ability to dimerize with and presumably
activate Nek2A through au‘tophosphorylation.2

In addition to its roles in mitosis, recent studies support a role for Nek?2 in

tumorigenesis, and as a potential anti-cancer drug target. Nek2 siRNA has been shown to

suppress the growth of breast and cholangiocarcinoma tumor xenografts, as well as



inhibit proliferation of their parent cell lines while having no effect on normal
fibroblasts.'*!* Furthermore, overexpression of Nek?2 at the mRNA and/or protein level
has been documented in primary breast tumors,'® cholangiocarcinoma, testicular
seminoma,'® and in diffuse large B-cell lymphoma where its expression correlates with
oncogenic transformation.'” Ectopic overexpression of Nek2 in non-transformed breast
epithelial cells leads to the formation of multinucleated cells with supernumerary
centrosomes, a phenotype associated with the induction of mitotic errors, aneuploidy, and
oncogenesis.”> Similarly, Nek2 expression is required for and upregulated in response to
oncogenic H-Ras-G12V induced centrosome amplification.'®

Small-molecule, cell-active Nek?2 inhibitors will be required to directly test Nek2
inhibition as a viable means of tumor suppression. Furthermore, in contrast to siRNA,
small-molecule inhibitors will provide a way to study the cellular function of endogenous
Nek?2 kinase activity alone. To date, several small-molecules have been reported to
inhibit Nek2 kinase activity in vitro. However none of these compounds have been
directly shown to target Nek2 in cells. The known Nek2 inhibitors include a series of
aminopyrazines,”® a thiophene-based Plk1 inhibitor,” a set of toxoflavin and viridian
analogs,21 and the generic kinase inhibitor 1 (SU11652, Figure 1-1A).% So far, only two
of the Nek?2 active viridian analogs have been tested in cells. At 5 uM these compounds
caused a 50% reduction in the number of cells exhibiting centrosome-separation resulting
from ectopic overexpression of Nek2A.?' Though proposed to be acting through
inhibition of Nek2 kinase activity, the cellular mechanism of the viridian analogs remains

to be determined. Here we report the development of 2 (JH295, Figure 1-1B), an



irreversible, oxindole-based Nek?2 inhibitor, and the first demonstration of Nek2
inhibition in live cells through specific targeting of the ATP binding site.

The Nek2 active site contains a poorly conserved cysteine found in only 2% of the
human kinome.” The selective alkylation of such cysteines has successfully been
exploited as a means of enhancing the potency and specificity of kinase inhibitors.** The
fungal polyketide natural product hypothemycin is one example that reacts selectively
with kinases containing a different active-site cysteine conserved in less than 10% of the
human kinome.> A synthetic polyketide related to hypothemycin is currently in clinical
trials for the treatment of B-Raf mutant advanced solid tumors and psoriasis.26 To date at
least six other cysteine-reactive kinase inhibitors, developed through rational structure-
based design approaches, have gone into clinical trials as anti-cancer agents.***’
Previously our group employed a structural bioinformatic-based strategy to rationally
design a highly specific, cysteine-directed inhibitor of the C-terminal kinase domain of
p90Rsk?2, and identified Nek2 as one of eleven kinases with an analogous cysteine
(Figure 1-1C). %3 In this work, we apply similar methodology to the development of 2,

and demonstrate that Nek?2 is irreversibly inhibited in cells through alkylation of that

cysteine.



1.3  Structure-based design of irreversible Nek2 inhibitors

We examined a crystal structure of the Nek2 kinase domain bound to oxindole 1?2
to create a model for the development of our irreversible inhibitors (Figure 1-1D). The
basic oxindole inhibitor model consists of a (Z)-3-((1 H-pyrrol-2-yl)methylene)indolin-2-
one core (Figure 1-1E), which is predicted to form three hydrogen bonds to the amide
backbone of the hinge-region. This feature is predicted to be essential for inhibitor
binding, and is common to ATP competitive kinase inhibitors.”® Positions 6 and 7 of the
oxindole ring form close hydrophobic contacts with the gatekeeper®’ residue Met86.
Modification of these positions would likely produce a steric clash with Met86 leading to
reduced binding affinity. Substituents at the pyrrole 3°, 4’, and 5’ positions are predicted
to form contacts with Nek2. These positions represent opportunities to tune the reversible
binding affinity to Nek2, and destabilize binding to off-target kinases. We hypothesized
that electrophilic substituents placed at the 5 position of the oxindole ring would be

capable of alkylating Cys22, thereby achieving potent irreversible inhibition.
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Figure 1-1. Structure based design of irreversible Nek2 inhibitors. (A) The chemical structure of 1. (B) The

chemical structure of 2. (C) Sequence alignment of human kinases containing an active site cysteine

analogous to Nek?2. (D) Crystal structure of Nek2 bound to 1 (PDB ID 2JAV),? showing hydrogen bonds

to the amide backbone of the hinge-region (magenta), the position of the gate keeper residue Met86 (red),

and the target Cys22 (yellow). (E) Minimal oxindole model for the design of our irreversible inhibitors.



1.4  Synthesis and in vitro characterization of lead Nek2 inhibitors

Based on the minimal oxindole model shown in Figure 1-1E, we designed a set of
seven analogs substituted with different electrophiles at the oxindole 5-position (Scheme
1-1). The electrophilic functionalities include five Michael acceptors (8, 9 and 15-17), a
chloromethylketone (4), and a chloroacetamide (14). The synthesis of these compounds
began with Friedel-Crafts acylation of oxindole, to give intermediate 3, followed by
Knoevenagel condensation onto pyrrole-2-carboxaldehyde to provide the
chloromethylketone-based inhibitor 4. The Gassman oxindole synthesis was employed to
generate the 3-thiomethyl substituted oxindole intermediate 5, starting from commercial
4-iodo-aniline. Cleavage of the thiomethyl group by zinc reduction, gave 5-iodo-oxindole
6, followed by installation of the pyrrole ring by Knoevenagel condensation gave
intermediate 7. Finally, palladium-catalyzed cross coupling under Heck conditions
provided the vinyl-oxindole based inhibitors 8 and 9. Electrophilic oxindoles 10-13 were
synthesized from 5-amino-oxindole using standard acid chloride or carbodiimide amide
bond forming chemistry. Similar to 3, these intermediates readily underwent
Knoevenagel condensation onto pyrrole-2-carboxaldehyde to provide the electrophilic

amide-linked inhibitors 14-17.



Scheme 1-1. Synthesis of initial electrophilic Nek2 inhibitors 4, 8, 9, and 14-17.%
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tBuOCl (1 equiv), DCM, -60 °C, 15 min, then CH;SCH,CO,Et (1 equiv), DCM, -60 °C, 1 h, then Et;N (1
equiv), DCM, -60 °C to rt, 1 h; (d) aq. HCI, Et,0, rt, 4 h (47%, yield over four steps); (€) Zn°® (5 equiv),
AcOH, 60 °C, 30 min (80%); (f) pyrrole-2-carboxaldehyde (1.1 equiv), piperidine (0.2 equiv), THF, 75 °C,
4 h (67%); (g) R;-CH=CH, (4 equiv), Ph;P (0.6 equiv), Pd(OAc), (0.3 equiv), Et;N (5 equiv), DMF, 85 °C,
2 h (yield 8, 48%, yield 9, 34%); (h) CICH,COCI (1.3 equiv), pyridine (1.5 equiv), THF, 0 °C to rt, 30 min,
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carboxaldehyde (5 to 10 equiv), piperidine (0.1 to 0.2 equiv), THF, 75 °C, 4 hto 20 h, (yield 14, 63%,
yield 15, 56%, yield 16 29%, yield 17, 50%).



We first tested the final compounds from Scheme 1-1 against recombinant Nek2
in an in vitro kinase activity assay. Chloromethylketone 4 and propynamide 16 were the
most potent inhibitors, giving greater than 80% inhibition after a 30 min incubation with
the enzyme at 5 uM (Figure 1-2A). To test the requirement of Cys22 for potent inhibition
by 4 and 16 we expressed the C22V mutant of Nek2 where the target cysteine was
replaced by the non-nucleophilic residue valine. Comparison of kinase assay dose
response curves for 4 and 16 against WT and C22V Nek?2 revealed a strong dependence
on Cys22 for potent inhibition. Compounds 4 and 16 were greater than 2000 and 22-fold
selective for WT Nek?2 respectively (Figure 1-2B). The selectivity of these compounds
for WT Nek2 supports the hypothesis that they function through alkylation of Cys22.
However, these data do not rule out other possible mechanisms of selectivity such as
steric occlusion by the bulkier valine side chain, or enhanced affinity of the C22V mutant
for the competitive substrate ATP present in the kinase reactions.

To demonstrate Cys22 dependent alkylation of Nek2, we used a mass
spectrometry-based binding assay capable of measuring the full mass of the Nek2 kinase
domain (aa 1-271), plus that of any covalent adducts (Figure 1-2C). Importantly, this
assay will not detect reversibly associated enzyme-inhibitor complexes as the protein is
denatured in the LC conditions leading to disassociation. At physiological pH, a 10-fold
excess of 4 or 16 selectively modified a single residue on the Nek?2 kinase domain, giving
the predicted increase in mass for the expected adducts. Importantly, the Nek2 Kinase
domain contains five total cysteines serving as possible sites of modification. No
modification of the corresponding C22V mutant was detected under identical conditions,

consistent with the site of modification for WT Nek?2 being Cys22.

10
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1.5  Synthesis and in vitro characterization of optimized Nek2
inhibitors

To test the effects of alkyl substitution and nitrogen insertion at the pyrrole ring,
we synthesized a series of imidazole analogs with small alkyl groups in the 3° and 5’
positions, while retaining the chloromethylketone or propynamide electrophiles at the
oxindole 5 position (Scheme 1-2). To eliminate side reactions in the subsequent
Knoevenagel condensations, the carbonyl group of 3 was protected as 1,3-dioxolane 18,
which was used to form the imidazole-substituted chloromethylketone-based inhibitors
19-21. This one pot condensation/deprotection strategy starting from 18 produced twice
the yield of 19-21, compared to the direct Knoevenagel condensation of 3 used in the
synthesis of chloromethylketone-based inhibitor 4. A similar condensation/deprotection
strategy starting from Boc-protected 5-amino-oxindole 22 was used to generate the
imidazole-substituted 5-amino-oxindoles 23-25. Boc-protection of the free amine was
required to eliminate the competing formation of imines that otherwise occurred during
the condensation reactions. Carbodiimide amide bond-forming chemistry was then used

to make the imidazole-substituted propynamide-based inhibitors 2, 26, and 27.
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Scheme 1-2. Synthesis of imidazole-substituted Nek2 inhibitors 2, 19-21, 26 and 27.”
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12 h (100%); (b) R-CHO (1.1 to 1.2 equiv), piperidine (0.3 equiv), THF, 75 °C, 7 to 20 h; (c) aq. HCI
(excess), THF, rt, 5 to 24 h (for two steps: yield 19, 41%, yield 20, 49%, yield 21, 49%); (d) (Boc),0 (2.8
equiv), DIPEA (4 equiv), THF, 25 h, rt (92%); (¢) R-CHO (1.1 equiv), piperidine (0.2 equiv), THF, 75 °C,
20 h; (f) anhydrous HCI (excess), MeOH, rt, 23 to 48 h (for two steps: yield 23, 83%, yield 24, 83%, yield
25, 72%); (g) propiolic acid (1.5 to 6 equiv), DIPEA (2 equiv), EDC (2 equiv), DMF, 0 °C, 2 to 2.5 h (yield

26, 8.2%, yield 27, 32%, yield 2, 44%).
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In vitro Nek?2 kinase assays of the new imidazole-based chloromethylketone and
propynamide inhibitors revealed different trends in potency depending on which
electrophile was present (Table 1-1%). For the chloromethylketone series, replacement of
the pyrrole ring of 4 with the imidazole rings of 19-21, caused a 3 to 30-fold decrease in
potency. In contrast, for the imidazole-based propynamides (2, 26, and 27), potency was
improved by 15 to 60% over the pyrrole-based inhibitor 16. This indicates that the
imidazole ring is more desirable for the propynamide-based oxindole scaffold in general.
The imidazole-based chloromethylketone and propynamide compounds 2 and 21 also
demonstrated greater than 25-fold selectivity for WT over C22V Nek?2, and showed
specific alkylation of Cys22 by mass spectrometry, confirming that they are irreversible
cysteine-reactive Nek?2 inhibitors (Figure 1-3).

As the kinase activity assay provides an apparent ICs value (Table 1-1%), we
cannot distinguish what component of inhibition explains the changes in potency for the
imidazole-based compounds: the reversible binding affinity or the rate of covalent bond
formation. Because the rate of covalent bond formation is a time-dependent factor
contributing to the ICso, we strictly standardize the duration of the assay. This method
provides meaningfully comparable apparent ICsy values encompassing both contributing
factors. It is possible for the imidazole ring to be affecting either or both of these factors
to cause the loss or gain in potency.

Further examination of the imidazole-based inhibitors revealed that small alkyl
substituents on the imidazole ring are tolerated or desirable for Nek2 inhibition. The most
potent compounds of the series were the 3’-methyl-imidazole substituted inhibitors 20

and 27. The dialkyl-imidazole substituted chloromethylketone inhibitor 21, containing an
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ethyl group at the 5’ position, was 6-fold less potent than the corresponding
unsubstituted-imidazole analog 20. The fact that Nek2 tolerates substituents at the 5’
position is an important observation despite the loss of potency. Out of the tunable
positions presented in Figure 1-1E, substituents at the 5’ position are predicted to form
the tightest contacts with the kinase active site. Therefore 5’ substituents, are the most
likely to destabilize binding to off target kinases through steric occlusion. For the
propynamide-imidazole series the presence of the 5’-ethyl group of 2 showed only a 2-
fold loss in potency compared to the corresponding unsubstituted-imidazole analog 27.
This modest loss of potency demonstrates that alkyl groups in the 5° position are tolerated

to a greater extent when paired with the propynamide electrophile.
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Table 1-1. Activity of inhibitors against Nek2 in vitro® Nek2 in cellsb, as inducers of

mitotic exit®, and against Cdk1 in vitro®
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“In vitro kinase assay ICs, values for Nek2 presented as the mean of triplicate measurements. *Percent
inhibition of endogenous Nek2 in A549 cells by 5 uM of the indicated compounds for 45 min, presented as
a single measurement. “ Percentage of monastrol arrested cells induced to undergo mitotic exit presented as
the mean of N >75 total cells. Note: 2.6% of DMSO treated cells exhibited the mitotic exit phenotype. ‘In

vitro kinase assay 1Cs, values for Cdk1 presented as the mean of triplicate measurements.
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Figure 1-3. In vitro characterization of compounds 2 and 21. (A) Kinase assay showing the dependence on

Cys22 for potent Nek2 inhibition by 2 and 21. (B) Chemical structure of 2 and 21. (C) Mass spectrometry-

based covalent binding assay showing specific alkylation of Cys22 by 2 and 21.
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1.6  Synthesis and in vitro characterization of negative control
compounds

We next synthesized several negative control compounds to validate the binding
mode and electrophilic mechanism of action of our chloromethylketone and propynamide
inhibitors. We envisioned that these compounds would be especially useful for ruling out
off-target effects in cell-based assays including the cellular assays for Nek2 kinase
activity described below. The first set of compounds was designed to control for non-
specific reactions of the electrophile. These compounds are methylated at the oxindole
nitrogen to destabilize binding to the kinase active site by eliminating hydrogen bonding
to the hinge region (31 and 34, Scheme 1-3). In the second set, the electrophiles were
replaced by isosteric groups with greatly decreased or no intrinsic reactivity toward
thiols™ (35 and 36, Scheme 1-4). These compounds could be used to rule out reversible
non-covalent inhibition of off-target kinases lacking the critical cysteine corresponding to
Cys22 of Nek2.

Synthesis of the electrophilic control compounds began with nitration of N-
methyl-oxindole under standard conditions to give intermediate 28 in good yield. This
was followed by Knoevenagel condensation of 28 with the appropriate aldehyde to
provide the imidazole-substituted nitro-oxindole 29. An initial attempt to reduce the nitro
group on 29 through catalytic-hydrogenation over Pd/C led to competing reduction of the
olefin linkage between the oxindole and imidazole rings. Specific reduction of the nitro
group was achieved using a mildly-acidic zinc condition to provide free amine 30.
Carbodiimide amide bond forming chemistry was then used to give the propynamide-
based control compound 31. Friedel-Crafts acylation of N-methyl-oxindole to give

intermediate 32, followed by 1,3-dioxolane protection of the chloromethylketone
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carbonyl gave intermediate 33 in excellent overall yield. A one-pot
condensation/deprotection strategy then provided the chloromethylketone 34.

The reversible binding control compounds were made in one step from
intermediates on hand. The butynamide-based control compound 35, predicted to be less
electrophilic than propynamide 2 and hence inactive toward Nek2, was synthesized from
amine intermediate 25 using carbodiimide amide bond forming chemistry. Finally the
methylketone 36, predicted to be inert toward Nek2, was made from 5-acetyl-oxindole
through Knoevenagel condensation onto the appropriate imidazole-carboxaldehyde.

In vitro kinase assays with the negative control compounds (31, and 34-36)
against Nek?2 all resulted in a greater than 24-fold loss of potency over their active
analogs 2 and 21 (Table 1-1%). This reduction in potency, consistent with our inhibitor-
design model, verifies the importance of both the hinge-binding moiety and electrophile

for potent inhibition of Nek?2 in vitro.

19



Scheme 1-3. Synthesis of negative control compounds 31 and 34."

N 1 equiv
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"Reagents and conditions: (a) HNO; (1.7 equiv), H,SOy, 0 °C, 30 min (88%); (b) piperidine (0.3 equiv),
THF, 75 °C, 18 h (73%); (¢) Zn° (excess), NH,CI (excess), THF, H,O, rt, 10 min (71%); (d) propiolic acid
(1.5 equiv), EDC (2 equiv), DMF, 0 °C, 2 h (23%); () AlCI; (6 equiv), CICH,COCI (1.7 equiv), CS,,
reflux, 2 h (88%); (f) ethylene glycol (2 equiv), pTSA-H,O (0.2 equiv), benzene, reflux Dean Stark, 5 h
(100%); (g) one pot: piperidine (0.3 equiv), THF, 75 °C, 18 h, then aq. HCI (excess), THF, 18 h (60%).

Scheme 1-4. Synthesis of negative control compounds 35 and 36.
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*Reagents and conditions: (a) 2-butynoic acid (6 equiv), EDC (4 equiv), HOBt (1 equiv), DIPEA (3 equiv),
DMF, 1t, 2 h (51%); (b) piperidine (0.3 equiv), THF, 75 °C, 16 h (34%).
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1.7 Cell-based evaluation of Nek2 inhibitors

We next tested the activity of our inhibitors against endogenous Nek2 in human
A549 lung cancer cells. This was accomplished by measuring the kinase activity of Nek2
immunoprecipitates from cells that were treated with inhibitors for 45 min at a
concentration of 5 UM (Table 1-1°, Figure 1-8). Inhibitors that were potent (ICso < 1 uM)
against Nek?2 in vitro gave 73-95% inhibition of cellular Nek2, whereas the negative
control compounds (31, 34, 35, and, 36) inhibited Nek2 by <26%. It is important to note
that the immunoprecipitation process, which includes several washes, provides time for
the dissociation of reversibly-bound inhibitors. The activity of our inhibitors in this assay
suggests that they irreversibly inhibit Nek?2 in live cells, consistent with our in vitro mass
spectrometry data showing irreversible alkylation (Figure 1-2, and 1-3).

Despite being at least 4-fold more potent in vitro than the propynamides (2, 16,
26, and 27) the chloromethylketones (4, 19, 20, and 21) were less efficacious against
Nek?2 in cells. Poor stability of the chloromethylketones (e.g. toward cellular glutathione)
in tissue culture conditions most likely explains this loss of potency. Compared to the
propynamides, the chloromethylketones are ~15-fold more reactive toward thiols as
measured by reaction with 2-mercaptoethanol in pH 7.5 PBS (data not shown). However,
our data does not exclude other mechanisms that could explain the lower potency of the
chloromethylketones (or kinase inhibitors®") in cells.

To gain more understanding of the specific mechanism of Nek2 inhibition in
cells, we generated Hek293 cell lines expressing HA-tagged WT or C22V Nek2A (full-
length) under the control of a tetracycline inducible promoter. Using these cell lines and

IP kinase assay methodology similar to that used for endogenous Nek2, we found that
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compound 2 selectively inhibited WT Nek2 (ICsp = 1.3 uM) and not the C22V mutant
(Figure 1-4). These data suggest that inhibition of Nek?2 in cells occurs via alkylation of

Cys22 and is not likely due to inhibition of upstream kinases that activate Nek2.
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Figure 1-4. Kinase assays of HA-tagged Nek2 A immunoprecipitates from cells treated with compound 2

B-casein

demonstrate inhibition of Nek2 in live Hek293 cells through alkylation of active site Cys22. (A) WT Nek2. (B)

C22V Nek2.
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1.8 Inhibition of Nek2 in monastrol-arrested cells

Small-molecule inhibition of kinases that are required for maintenance of the
SAC has been shown to trigger rapid mitotic exit without cell division in cells subjected
to SAC-dependent cell-cycle arrest. For example, inhibitors of Cdk1 and AurB induce

3233 The small molecule, monastrol, inhibits the mitotic kinesin Eg5 (a

this phenotype.
microtubule motor protein), thereby preventing bi-polar spindle-assembly and triggering
SAC-dependent metaphase arrest.”* Because Nek2A has been implicated, by RNAi
knockdown experiments, in regulation of the SAC, we tested whether our inhibitors
would induce mitotic exit in monastrol-arrested cells.

We treated monastrol-arrested A549 cells with 5 UM of our inhibitors for 45
minutes (Table 1-1°). Following treatment with our compounds, the cells were fixed and
stained for analysis by immunofluorescence. We included the well-charactorized Cdk1
inhibitor 37 (RO3306, Figure 1-5) as a positive control for inducing mitotic exit.*
Representative images from this experiment are presented in Figure 1-5. The mitotic exit
phenotype is characterized by decondensation of chromatin, loss of histone-H3
phosphorylation at Ser10, and reorganization of microtubules. We relied on staining of
phospho-histone-H3 (a common mitosis marker) to count cells that exhibited this
phenotype (Table 1-1°). Strikingly, every cell-active Nek2 inhibitor with a proton in the
5’ position (4, 16, 19, 20, 26 and 27), triggered mitotic exit in 78-99% of the monastrol-
arrested cells. In contrast, compounds 2 and 21 with ethyl groups in the 5’ position were
far less efficient inducers of mitotic exit, despite being equally active inhibitors of Nek2

in cells. Compounds 2 and 21 triggered mitotic exit in 4% and 50% of the arrested cells,

respectively. However, the effect of compound 2 is negligible, since 2.6% of DMSO
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treated cells underwent mitotic exit in these conditions. This discrepancy between Nek2
inhibition and induction of mitotic exit, most notably for compound 2, suggests that Nek2
kinase activity is not essential for maintenance of the SAC in monastrol-arrested cells.
Furthermore, these data demonstrate that compound 2 does not inhibit other kinases
required for SAC-dependent arrest such as Cdk1, AurB, and Mps|, since inhibitors of
these kinases have been shown to trigger mitotic exit under similar conditions.****°

Because efficient induction of mitotic exit by our compounds depends on a proton
in the 5’ position, and not Nek?2 inhibition, this raises the possibility that compounds 4,
16, 19, 20, 26 and 27, may be acting through inhibition of another kinase. Previously
published studies show that similar oxindole compounds are potent reversible, inhibitors
of Cdk1.*” Because Cdk1 inhibitors are known to induce mitotic exit, we tested our
compounds in vitro against Cdk1 in kinase assays (Table 1-17). Strikingly, compounds 4,
16,19, 20, 26 and 27, all proved to be low nanomolar inhibitors of Cdk1. A subset of
these compounds, 19, 20, 26, and 27, performed at the limit of resolution for this assay,
and are predicted to have picomolar affinity for Cdk1. This strong correlation between
Cdk1 inhibition and induction of mitotic exit suggests that Cdk1 is a relevant target of
these compounds in cells. Inhibition of Cdk1 may also explain the morphological
similarity of cells induced to undergo mitotic exit by these compounds with that of the
known Cdkl1 inhibitor 37 (Figure 1-5).

Examination of our compounds that have little to no activity against Cdk1
supports the correlation between Cdk1 inhibition and mitotic exit. For example, negative

control compound 34 was inactive against Cdk1 at 20 uM and did not induce mitotic exit.

The only compound that deviates from this trend is negative control compound 35.
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Compound 35 (Cdkl1 ICsp = 19 uM) still triggered mitotic exit in 33% of monastrol
arrested cells. However, the possibility still remains that compound 35 could be inhibiting
other SAC kinases. Compound 21 induced mitotic exit in 50% of the arrested cells, and
proved to have moderate activity against Cdk1 (ICso = 2.3 uM). Most importantly, as
predicted from its activity as a negligible inducer of mitotic exit (Table 1-1°), one of our

most potent Nek?2 inhibitors, compound 2, was inactive against Cdk1 at 20 uM.
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Figure 1-5. Representative images of the induction of mitotic exit in monastrol-arrested A549 cells by 5
UM of the indicated compounds. Compounds 2 and 4 both inhibit ~90% of Nek2 activity in cells at this
concentration (Table 1-1°), demonstrating that inhibition of Nek2 does not correlate with induction of this
phenotype. The morphology of the cell associated with compound 4 is representative of all cells quantified
in Table 1-1°. This morphology closely resembles that of the cell associated with the known Cdk1 inhibitor
37.
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1.9  Further analysis of our most selective Nek2 inhibitor

The 5’-ethyl group of compound 2 is an essential feature for selective Nek2
inhibition (Table 1-1). Compound 2 is greater than 26-fold selective for Nek2 over Cdk1
(Nek2 ICsp = 0.772 uM, Cdk1 ICsp >20 uM). In contrast, compound 27 lacks the 5’-ethyl
group and demonstrates inverse selectivity, being 372-fold selective for Cdk1 over Nek2
(Cdk1 ICsp =<1 nM, Nek2 ICsy = 372 nM). Direct comparison of compounds 2 and 27
against Cdk1 demonstrates how the 5’-ethyl group confers greater than 20000-fold
decrease in potency (Table l-ld).

We also tested compound 2 for activity against kinases with the same active site
cysteine as Nek2. We conducted in vitro kinase assays against Rsk2 and Plk1 as they
represent the two largest kinase families with this cysteine (Figure 1-1C). To produce
meaningfully comparable ICsy values we used 30 min inhibitor treatment times identical
to that used for Nek2. In these assays, compound 2 was ~5-fold selective for Nek2 over
Rsk2 (Rsk2 ICsp = 4.0 uM), and greater than 26-fold selective for Nek2 over Plk1 (Plk1
ICso =>20 uM, Figure 1-7). Plk1 is an essential regulator of bi-polar spindle assembly,
and other mitotic fuctions.** If compound 2 cross-reacted with Plk1 its utility as a tool

to study Nek2-specific biology would be compromised.
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1.10 Inhibition of Nek2 at the G2/M transition

Nek2A has been implicated in the regulation of bi-polar spindle assembly and

. 12,40
metaphase chromosome congression. ~

To test whether our most specific Nek2
inhibitor (2) would have any effect on these processes, we arrested A549 cells at the
G2/M border with the Cdk1 inhibitor 37. We then treated the arrested cells with 5 uM of
2 for 30 minutes to inhibit Nek2 (Figure 1-6A). Following treatment with 2, the inhibitors
were washed out to release the cells from arrest. The cells were then allowed to progress
into mitosis for one hour in the presence of 10 uM of proteasome inhibitor MG132,
followed by formaldehyde-fixing and staining for immunofluorescence analysis. MG132
prevents the degradation of cyclin-B, causing cells to arrest in metaphase with bipolar-
spindles.33 By preventing mitotic progression at this stage we are able to accurately
account for bi-polar spindle assembly, chromosomes that have failed to congress to the
metaphase plate, and for the number of cells that have entered mitosis (Figure 1-6B).
Representative images of this assay are shown in Figure 1-6C. We employed compound
31 as a control for non-specific effects of the propynamide electrophile.

In the presence of Nek?2 inhibition, we observed no defects in bi-polar spindle
assembly, chromosome congression, or in the total number of mitotic cells (Figure 1-6).
Considering the roles mentioned for Nek2 in these processes, this result may appear
contradictory, as does our result with compound 2 in monastrol arrested cells (Figure 1-
4). However, our observations of small molecule inhibition of Nek?2 at the G2/M
transition, and in monastrol arrested cells, are the first of their kind. Furthermore this lack
of function suggests that compound 2 does not inhibit Plk1 at doses that give full

inhibition of Nek2. Small-molecule inhibition of Plk1 inhibits cell-cycle progression
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causing cells to arrest in early metaphase with mono-polar mitotic spindles, * a
phenotype that was not observed in this assay. The inactivity of 2 against Plk1 is also

consistent with our in vitro kinase assay data (Figure 1-7).
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Figure 1-6. The effects Nek2 of inhibition on the G2/M transition and mitotic spindle assembly. (A)
Endogenous Nek?2 IP kinase assay showing inhibition of Nek2 by 5 uM of 2 in A549 cells arrested at the
G2/M border with the Cdk1 inhibitor 37. (B) MG132-arrested A549 cells following treatment with 5 uM of
2 or 31 at the G2/M transition, then progression into mitosis for 1 h. Mitotic entry, spindle assembly, and
chromosome congression take place in the presence of Nek2 inhibition by 2. (C) The total quantified
mitotic index of cells from panel B, represented as the mean of triplicate biological replicates of N = >160

cells each, error bars represent standard deviation.
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Due to the unavailability of cell-active Nek2 inhibitors, all prior studies have had
to rely on traditional genetic techniques to study the function of Nek2 in cells. Examples
include: ectopic overexpression of Nek2A leading to interphase centrosome separation,*
siRNA against Nek2 leading to formation of mono polar mitotic spindles*’ and
compromised SAC function,”*' or the ectopic overexpression of non-phosphorylatable

11,12
*“ Because these

Nek2 substrates leading to chromosome congression defects.
approaches rely on overexpression or removal of proteins from the cell (siRNA), they can
not specifically replicate the effects of inhibiting endogenous Nek?2 kinase activity by
small molecules. Supporting our observations, no prior study has shown Nek2 to be
required for the G2/M transition, or to be essential for any of the aforementioned mitotic
processes. We are not trying to imply that Nek?2 is not involved in mitotic regulation. Our
data simply suggests that Nek?2 kinase activity is not essential for mitotic-entry, and
spindle-assembly in A549 cells. It is possible that other cell types, including cancer cell
lines that have been shown to overexpress Nek2, may respond differently to Nek2
inhibition. A more thorough investigation of Nek2 inhibition, beyond the scope of this
communication, will be required to further unravel the subtle nuances, and cell-type
specificity of Nek2 function. However, we do want to stress that our negative results
relating Nek?2 inhibition to mitotic-entry and spindle assembly, suggest that compound 2

does not inhibit essential mitotic kinases at concentrations that give full inhibition of

Nek2.
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1.11 Conclusions

Herein, we presented the optimization of a oxindole scaffold into cell-active,
irreversible inhibitors of Nek2 (Table 1-1). A model describing the essential features of
these compounds as Nek?2 inhibitors is presented in Figure 1-1. These compounds inhibit
Nek2 through specific alkylation of active-site Cys22 both in vitro (Figure 1-2), and in
cells (Table 1-1°, Figure 1-4). Many of these compounds were also potent reversible
inhibitors of Cdk1 (Table 1-1%). Consistent with their activity as Cdk1 inhibitors, these
compounds triggered rapid mitotic exit in monastrol arrested cells (Table 1-1°, Figure 1-
5). In contrast, while giving 92% inhibition of Nek?2 in cells, compound 2 (Figure 1-1B),
did not trigger the mitotic exit phenotype, and proved to be inactive against Cdk1 (Table
1-1¢, Figure 1-5). These results suggest that Nek2 kinase activity is not essential for
maintenance of the SAC in A549 cells. The lack of activity of compound 2 as an inducer
of mitotic exit also suggests that it does not inhibit other kinases known to be essential for
maintenance of the SAC. Compound 2 also proved to selectively inhibit Nek2 over other
kinases with the same active-site cysteine, including the mitotic regulator Plk1 (Figure 1-
7). Further examination of compound 2 in A549 cells showed that Nek2 kinase activity is
also not essential for the G2/M transition or mitotic spindle-assembly (Figure 1-6). These
results support recent findings that endogenous Nek?2 is involved in but not essential for
these processes.” Furthermore, these results suggest that compound 2 does not inhibit

PIk1 in cells, a structurally related kinase that is essential for bipolar spindle assernbly.39
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1.12 Experimental methods

Note: chemical synthesis is presented in Chapter 2
Mutagenesis and protein expression

Bacterial expression plasmids (pET22b, Invitrogen) containing N-terminally
His6-tagged Nek2-T175A kinase domain (aa 1-271) and full length Nek2A-T175A, were
previously reported.”? Expression plasmids for Nek2-C22V-T175A kinase domain, and
full length Nek2A-C22V-T175A were prepared by performing quick change mutagenesis
on the parent pET22b vectors using the following oligonucleotide primers: 5°-
ggctcctacggecgegtccagaagatceggag-3” and 5°-ctccggatcttetggacgeggecgtaggagee-3’
(Operon). Expression and purification of all Nek2 protein constructs was carried out
according to a previously reported procedure.*
In vitro Nek2, Cdk1, Rsk2, and PIk1 kinase assays

Inhibitors were incubated for 30 min at room temperature with either Nek2 A-
T175A (15 nM), or Nek2A-C22V-T175A (15 nM), in 20 uL of kinase reaction buffer
(100 uM ATP, 20 mM HEPES pH 7.5, 5 mM MgCl,, 0.1 mM EDTA, 0.08 mg/mL BSA)
with 3% DMSO. Then 5 pL of kinase reaction buffer containing 0.5 mg/mL B-casein
(Sigma), and 2 pCi of [y-"°P]ATP (PerkinElmer) was added. Kinase reactions were
allowed to proceed for 30 min at room temperature. Then 5 UL of the mixture was blotted
onto nitrocellulose membrane (Bio-Rad) that had been pre-washed with wash buffer (1 M
NacCl, 0.1 % H3PO,) and dried. The membrane was washed three times with wash buffer
and then dried under a heat lamp. The dry blots were exposed to a storage-phosphor
screen (GE Healthcare), imaged using a Typhoon Scanner (GE Healthcare), quantified

using Image Quant software (GE Healthcare), then processed and plotted using Excel
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(Microsoft) and GraphPad (Prism) software. Reactions were run in triplicate, and
reactions lacking the kinase were used for background control.

Cdk1 assays were conducted using the method for Nek2 with the following
substitutions: Cdk1/Cyclin-B complex (2 nM, Millipore), 38 uM ATP, 0.2 mg/mL
histone-H1 (Millipore) as the substrate (Sigma), and 4 pCi of [y->*P]ATP.

Plk1 assays were conducted using the method for Nek2 with the following
substitutions: Plk1 (8.5 nM, Millipore), 3.75% DMSO, 2.5 mg/mL dephosphorylated o-
casein as the substrate (Sigma), and 0.75 uCi of [y->*P]JATP.

Rsk?2 assays were conducted as follows. Inhibitors were incubated for 30 min at
room temperature with 5 nM of active Rsk2 C-term kinase domain® in 15 pL of kinase
reaction buffer (100 uM ATP, 20 mM HEPES pH 7.5, 5 mM MgCl,, 0.02 mg/mL BSA)
with 5% DMSO. Then 10 pL of kinase reaction buffer containing 0.2 mg/mL BSA, 417
UM of substrate peptide (RRQLFRGFSFVAK), and 3 pCi of [y-*PJATP was added.
Kinase reactions were allowed to proceed for 30 min at room temperature, then 5 UL of
the mixture was blotted onto P81 filtermat (Whatman). The filtermat was washed once
with 10% acetic acid, then twice with 0.1% phosphoric acid, then dried under a heat

lamp, and further processed exactly as for Nek2 kinase assays.
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Figure 1-7. In vitro kinase assay dose response curves. (A) Nek2. (B) Cdk1/CyclinB. (C) Compound 2
against Rsk2 and PIk1.
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Mass spectrometry-based covalent binding assays

Inhibitors (500 nM) were incubated with 50 nM of Nek2-T175A kinase domain,
or Nek2-C22V-T175A kinase domain in pH 7.4 PBS (0.9 mM CaCl,, 0.5 mM MgCl,,
2.67 mM KCl, 1.47 mM KH,POy4, 138 mM NacCl, 8.06 mM NaH,PO,) with 5% DMSO
for 5 h at room temperature, then quenched to pH 3 with 0.5 M HCI. The samples were
then analyzed by LC-MS using linear gradient elution (5% to 95% acetonitrile with 0.2%
formic acid over 3 min) on a Microtrap C18 protein column (Michrom Bioresources),
with a Waters 1525 solvent delivery system, and a Waters LCT Premier ESI mass
spectrometer for detection. The proteins or protein-adducts were detected as multiply
charged ions, and computationally deconvoluted to provide a single mass for each species
using MassLynx software (Waters).
General tissue culture

All cells were grown in growth media (high glucose DMEM, Gibco 11965)
containing 10% fetal bovine serum (Culture Pure, Axenia Biologix), and
penicillin/streptomycin (Gibco 15140) at 37 °C, in an atmosphere of 10% CO..
Preparation of poly-L-lysine coated cover slips

Poly-L-lysine coated cover slips were prepared by treating cover glass slips
(Fisherbrand) with 1 M HCI at 40 °C for 4 h. The acid etched slips were then washed
three times with water, rocked in 0.1% poly-L-lysine solution (Sigma) at room
temperature for 1 h, washed three times with water, and then once with ethanol. The
ethanol washed slips were then air dryed and stored at 4 °C. These coated cover slips
were sterilized under a germicidal lamp and washed with tissue culture media prior to

use.
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Generation of stable cell lines

Tetracycline-inducible Hek293 cell lines expressing C-terminal triple HA-tagged
Nek2A (WT Nek2A-3HA or Nek2A-C22V-3HA), were made using the Invitrogen Flp-in
HEK293 T-REx in-cell FRT recombination system. This was achieved according to the
manufacturers instructions by co-transfecting Flp-in HEK293 T-REx cells (Invitrogen)
with pOG44 (Invitrogen), and the expression plasmid pCDNAS/FRT/TO (Invitrogen)
containing the Nek2 A-3HA or Nek2 A-C22V-3HA constructs, followed by hygromycin
selection. The expression plasmids were generated from a Gateway donor vector
(pDONR221, Invitrogen) that contained WT Nek2A-3HA or Nek2A-C22V-3HA. This
was made using PCR to amplify WT or C22V Nek2A, and install Gateway
recombination sequences and a C-terminal triple HA-tag. The PCR reaction used the
following three oligonucleotide primers together: Nek2 N-terminal primer, 5°-
ggggacaagtttgtacaaaaaagcaggcetgecggecgeaccatgecttcecgggetgagg-3’; Nek2 C-terminal
primer, 5’-
cgcatagtcagggacgtcataaggatatccagegtaatctggaacatcataaggatatccgegeatgeccaggatctgte-3’;
C-terminal-primer primer, 5°-
ggggaccactttgtacaagaaagetgggtggggatcctaagegtaatctggaacategtatgggtagececgeatagtcaggga
cgtcat-3’. BP-clonase (Invitrogen) mediated recombination was then used to install the
Nek2-3HA PCR product into pPDONR221. LR-clonase (Invitrogen) mediated
recombination was then used to transfer the Nek2A-3HA constructs from pDONR221 to
a version of pCDNAS/FRT/TO (Invitrogen) that had previously been modified to contain

the appropriate Gateway recombination sequences.
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Immunoprecipitation kinase assays

For endogenous Nek?2 IP kinase assays (Table 1-1°, Figure 1-8), A549 cells were
plated at 400000/well in six well plates (Nunc) and grown for 20 h. Three wells per
condition were treated with 5 UM of our Nek?2 inhibitors in 2 mL/well of media for 45
min, washed twice with DPBS (Gibco), then immediately stored at -80 °C as dry mono-
layers. Alternately: three wells per condition were arrested at the G2/M border for 20 h
with 5 uM of RO3306, then treated with 5 UM of our Nek2 inhibitors plus 5 uM of
R0O3306 in 2 mL/well of media for 30 min, washed twice with DPBS (Gibco), and
immediately stored at -80 °C as dry mono-layers. Plates of cells were then thawed at
room temperature for 5 minutes, treated with 200 uL/well of ice cold lysis buffer (50 mM
HEPES pH 7.6, 150 mM NaCl, 0.1% Triton X100, I mM DTT, 1x Roche PhosSTOP
phosphatase inhibitors) containing protease inhibitors (Complete, Roche), then sonicated
for 30 sec by floating the plate on a room temperature water bath. The three lysates from
a single condition were combined and clarified for 30 min (20000 g’s) at 4 °C. Samples
of the clarified lysates were analyzed for total protein concentration by Bradford (Bio-
Rad), and normalized for protein content with lysis buffer. Then 600 puL of normalized
lysate was incubated with 0.4 pug of anti-Nek?2 antibody (H-235, Santa Cruz) with rocking
for 1.5h at 4 °C. Then 30 uL of protein-A Dynabeads (Invitrogen) were added and
rocking was continued for an additional 1.5 h at 4 °C. The beads were then washed (200
UL per wash for 5 min with rocking at 4 °C) with lysis buffer, lysis buffer containing 0.5
M NacCl, then twice with kinase buffer (20 mM HEPES pH 7.5, 5 mM MgCl, 0.1 mM
EDTA, 1 mM DTT, 1x PhoshSTOP). The beads were suspended in the last wash buffer

and divided in half. One half was used for Nek2 western blot analysis, and the other half
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was used for a kinase assay. For the kinase assay, after removal of the wash buffer the
beads were incubated in 30 puL of kinase buffer containing 0.5 mg/mL B-casein (Sigma),
100 uM ATP, and 0.4 pCi of [y->*P]ATP for 1 h at room temperature, then quenched
with 8 UL of 5x sample buffer (300 mM TRIS pH 6.8, 10% SDS, 50% glycerol, 0.01%
bromophenol blue, 0.5 M DTT). Substrate proteins were resolved by SDS-PAGE then
analyzed by coomassie staining, and autoradiography. Coomassie-strained gel images
were captured using an Alpha-Imager (Alpha Innotech), and autoradiography was
preformed exactly as for in vitro kinase assays.

IP kinase assays of overexpressed HA-tagged Nek2A from tetracycline inducible
Hek293 cell lines were carried out exactly as for endogenous Nek2 with the following
changes. Tetracycline inducible Hek293 cell lines expressing either WT Nek2A-3HA or
Nek2A-C22V-3HA were plated at 630000 cells per well is six well plates (Nunc) grown
for 20 h, then treated with 1 pg/mL for tetracycline for 7 h. One well per condition was
then treated with compound 2 in 2 mL of media for 45 min, washed twice with DPBS
(Gibco), then immediately stored at -80 °C a dry mono-layer. A single well of cells and
200 pL of total normalized lysate was used for the IP process. The IP process used 1.6 ug

of 12CAS5 anti-HA antibody (Roche).
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Figure 1-8. Endogenous Nek2 IP kinase assays from A549 cells that were treated with the indicated

compounds for 45 minutes.

Western blot analysis

After removal of the wash buffer, beads from the immunoprecipitation were
suspended in 30 pL of kinase buffer (20 mM HEPES pH 7.5, 5 mM MgCl, 0.1 mM
EDTA, 1 mM DTT, 1x PhoshSTOP). The bead suspension was then treated with 8 uL of
sample buffer (300 mM TRIS pH 6.8, 10% SDS, 50% glycerol, 0.01% bromophenol
blue, 0.5 M DTT) containing NuPAGE Antioxidant (Invitrogen), and heated to 65 °C for
5 min. Samples were resolved on NuPAGE Novex Bis-Tris 4-12% gradient gels
(Invitrogen), transferred to nitrocellulose membrane (Bio-Rad), blocked with 5% milk in
TBST (50 mM Tris pH 7.6, 150 mM NacCl, 0.05% tween 20) for 1 h at room temperature,
then washed three times with TBST.

For endogenous Nek2 westerns, membranes were then treated with 1:500 anti-
Nek?2 antibody (610593, BD Biosciences) in AB-Dil (50 mM Tris pH 7.6, 150 mM NaCl,
0.05% tween 20, 0.1% NaNj3, 2% BSA) for 1 h at room temperature, washed three times

with TBST, then treated with 1:1000 anti-mouse-HRP antibody (Santa Cruz Biotech) in

39



5% milk-TBST for 30 minutes at room temperature. Blots were then washed three times
with TBST, and detected using Supersignal West Femto Substrate (Thermo Scientific)
and autoradiography film (Lab Scientific).

For Nek2-3HA westerns, membranes were then treated with 1:2000 anti-HA
antibody (SAB4300603, Sigma) in AB-Dil for 1 h at room temperature, washed three
times with TBST, then treated with 1:1000 anti-rabbit-HRP antibody (Santa Cruz
Biotech) in 5% milk-TBST for 30 minutes at room temperature. Blots were then washed
three times with TBST, and detected using Supersignal West Pico Substrate (Thermo
Scientific) and autoradiography film (Lab Scientific). Images of all western blots were
captured using a Alpha-Imager (Alpha Innotech).

Mitosis assays in A549 cells

For mitotic exit during monastrol-arrest assays, A549 cells (180000 cells in 1 mL
media) were plated on 18 mm round poly-lysine coated cover slips in 12-well plates
(Nunc), grown for 24 h, then treated with 100 uM of monastrol in 1 mL of media for 18
h. The monastrol arrested cells were then treated with 5 UM of our Nek?2 inhibitors in the
presence of 100 UM monastrol in 1 mL of media for 45 min. The cells were then
processed for immunofluorescence microscopy.

For inhibition of Nek?2 at the G2/M transition, A549 cells (180000 cells in 1 mL
media) were plated on 18 mm round poly-L-lysine coated cover slips in 12-well plates
(Nunc), grown for 24 h, then treated with 5 uM of RO3306 for 20 h. These RO3306
arrested cells were treated with 5 UM of our Nek?2 inhibitors for 30 min in the presence of
5 UM RO3306, washed twice with plain media, then treated with 10 uM of MG132 for 1

h. The cells were then processed for immunofluorescence microscopy.
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Immunofluorescence microscopy

After removal of growth media, cells were formaldehyde-fixed for 10 min at
room temperature with fixing buffer (80 mM PIPES pH 6.8, 1 mM MgCl,, 1 mM EGTA,
0.1% Triton X100, 4% formaldehyde), and then blocked for 30 min with blocking buffer
(20 mM TRIS pH 7.4, 150 mM NaCl, 0.1% Triton X100, 2% BSA, 0.1% sodium azide).
Cells were then stained with 1:200 anti-phospho-Ser10 histone-H3 antibody (Millipore)
in blocking buffer for 1h, washed with TBS-TX100 (20 mM TRIS pH 7.4, 150 mM
NaCl, 0.1% Triton X100), and then stained with a mixture of 1:500 Alexa Flour-A594
conjugated anti-rabbit antibody (Molecular Probes) and 1:500 anti-a-tubulin FITC-
conjugated antibody (Sigma), in blocking buffer for 1 h. The cells were then washed with
TBS-TX100 and stained with 500 ng/uL of DAPI (Sigma) in TBS-TX100. Following
DAPI staining the cells were washed with TBS-TX100 and mounted in Vectashield
mounting media (Vector Labs). Images were captured using a Axiovert 200 inverted
fluorescence microscope (Carl Zeiss) equipped with a C4742-98 CCD camera
(Hamamatsu). Images were acquired and processed using Slide Book (Intelligent

Imaging Innovations), and Photoshop software (Adobe).
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Chapter 2

Synthesis of additional Nek2 inhibitors and oxindole scaffolds
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2.1 Abstract

This chapter covers the synthesis of all novel organic compounds in this
manuscript. Synthetic schemes and discussions for compounds 1-36 are presented in
Chapter 1. Synthetic schemes for compounds 38-144, and the experimental details for the
synthesis of compounds 2-144 are presented in this chapter. The actual "H NMR spectra

of compounds 2-144 are presented in Appendix B.
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2.2 Synthesis of 5-chloromethylketone oxindole Nek2 inhibitors

Scheme 2-1. Synthesis of 5-chloromethylketone oxindole Nek2 inhibitors.”

Cl cl
(@) O%Ar / Ar
</o 0 a,b O
N — 0
H N
18 H

*Reagents and conditions: (a) Ar-CHO (0.9 to 1.5 equiv), piperidine (0.3 equiv), THF, 75 °C; (b) aq. HC1

(excess), THF, rt. Reaction times for (a) and (b) are presented in Table 2.

Table 2-1. 5-Chloromethylketone inhibitors synthesized according to Scheme 2-1.

Number of Reaction | Yield Number of Reaction | Yield

Compound|  Ar g7 isomers | time a, b (h)| (%) | |S°™PPUM| AT |Eizisomers|time a, b ()| (%)
N O,N
I/\> c 2
ks ! re | 47 Q 2" | 37,20 | 27
N A
39 )'\/(} 1 40,20 | 28 -
@ g .
40 | N, 1 40,20 | 46 48 5 1 37,18 | 14
‘ Y
4 1 21,2
\%N” 45 11 49 Q\g 2" | 37 18 | 45
£ OH
N
a2 | I 1 203 | 37°|| s0 | x| 2" | 1818 |32
\ =
43 | s 2 (1722 | 2%\ 5 | Lo | o | 18,18 |43
44 /Q 1 w23 43| s2 | | ™ | 1818 |0
OH N
A\
45 /Q? 1 17,23 | 38 53 \MOH 1 17,23 | 17
OH
° OH
46 | Noy| 2 17,23 | 16° 54 B 1 1,18 | 42'

Iz

Reaction times (a, b) refer to Scheme 5. ‘Isolated as the free base by washing with 1 N NaOH. solated
directly as the HCI salt. “Combined yield, isolated directly as a mixture of E and Z isomers. Tsolated as the
more polar (slower running) isomer by silica gel chromatography prior to hydrolysis of the protecting
group. *After isolation of a single isomer, the compound equilibrated back to a mixture of E/Z isomers.
"solated as the less polar (faster running) isomer by silica gel chromatography prior to hydrolysis of the

protecting group. ‘1.8 Equiv of piperidine was used.
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2.3 Synthesis of 5-substituted oxindoles

Scheme 2-2. Synthesis of 5-substituted oxindoles.”
o —> o — O
: 55 56

I:\)]\ONa —> F\)J\

cl
3:2
o)
OO - e - O
58 3
o O2N £ HoN
(= == "L — L=
N N N
H H H
59 60

HN . HN
60 — > mo 60 —> 0
N N
H H
61

62
OY\CN OQC'S')/\
_ HN HN
60 — > ¢ ° SO . N
63 " 64

"Reagents and conditions: (a) AlCl; (6 equiv), acetyl chloride (1.3 equiv), CS,, reflux 4 h (85%); (b)
triethylsilane (1.9 equiv), neat TFA, 0 °C to rt, 21 h (65%); (c) PCls (1.1 equiv), reflux, 1 h (89%); (d)
AICI; (5 equiv), fluoroacetyl chloride (1.5 equiv), CS,, rt, 5 min (total yield of mixed products 61%); (e)
HNO; (excess), H,SO4, 0 °C, 30 min (69%); (f) cat. Pd/C, 1 atm H,, methanol, rt, 19 h (80%); (g) 2-
methacryloyl chloride (2 equiv), pyridine (1.5 equiv), THF, 0 °C to rt, 1 h (15%); (h) crotonoyl chloride
(1.3 equiv), 0 °C to rt, 20 min (35%); (i) cyanoacetic acid (1.1 equiv), EDC (2 equiv), acetonitrile, rt, 30
min (62%); (j) 2-chloroethanesulfonyl chloride (2.5 equiv), DIPEA (3 equiv), THF, 0 °C, 1 h (56%).
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2.4 Synthesis of oxindole inhibitors substituted at the 5-

position

Scheme 2-3. Synthesis of oxindole inhibitors substituted at the 5-position.”

D .
Ox N
R Ho|R /N
\©f>:0 aorb 'e)
N ; N
H H
(precursor)
Reaction | Yield
Compound R Method Precursor | time (h) (%)
65 ) a 56 2 37
0
66 P a 55 4 60
3
67 7 a 58 3 19
F
N
68 rd b 61 2 47
o]
H
69 | N/ b 62 2 90
o)
m H
70 N b 64 2 47
%

*Reagents and conditions: (a) Pyrrole-2-CHO (1.3 to 5 equiv), piperidine (0.1 to 0.2 equiv), EtOH, reflux;

(b) pyrrole-2-CHO (10 equiv), piperidine (0.2 equiv), THF, 75 °C.
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2.5 Synthesis of 4-substituted oxindoles

Scheme 2-4. Synthesis of 4-substituted oxindoles.”
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NH2 N O H r H
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"Reagents and conditions: (a) one pot: tBuOCI (1 equiv), DCM, -60 °C, 10 to 30 min, then CH;SCH,CO,Et
(1 equiv), DCM, -50 °C, 1 h, then Et;N (1 equiv), DCM, -50 °C to rt, 1.5 to 5 h; (b) aq. HCI, Et,0, rt, 14 to
18 h (yield 71 54%, yield 75 20% over four steps, both gave single regioisomers); (¢) Zn° (excess), glacial
acetic acid and HCI, rt, 1.5 h (29%); (d) N-chlorosuccinimide (1.4 equiv), pTSA-H,0 (1.4 equiv),
acetonitrile, 18 h (100%); (e) SnCl,. (4 equiv), EtOH, 22 h (87%); (f) chloral hydrate (1.1 equiv),
hydroxylamine hydrochloride (2.6 equiv), HCI (1.04 equiv), water / Na,SOy,, reflux, 45 min (carried on
crude); (g) neat H,SOy, 80 °C, 10 min (yield 77 10%, yield 78 2%, yield 81 47%, yield 82 25%); (h) neat
hydrazine-H,0 (23 to 47 equiv), 125 °C, 15 min (yield 79 72%, yield 83 65%); (i) CBr;CHO (1.3 equiv),
hydroxylamine hydrochloride (3.8 equiv), HCI (1.06 equiv), water / Na,SOy, reflux, 10 min (100%).
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2.6  Synthesis of oxindole inhibitors with electrophiles at the 4-position

Scheme 2-5. Synthesis of oxindole inhibitors with electrophiles at the 4-position.”
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CN
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"Reagents and conditions: (a) Pyrrole-2-CHO (1.1 equiv), piperidine (0.2 equiv), mol. sieves, THF, 75 °C,
46 h (66%); (b) R-Cl (1.2 to 2 equiv), pyridine (1.2 to 2 equiv), THF, 0 °C; (c¢) cyanoacetic acid (1.1 equiv),
EDC (2 equiv), acetonitrile, rt, 15 min.
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2.7 Synthesis of 4,5-di-substituted oxindole inhibitor scaffolds

Scheme 2-6. Synthesis of 4,5-di-substituted oxindole inhibitor scaffolds.”
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H H N
83 93 |
95 Ar = I )
. N
~ H
*Reagents and conditions: (a) HNO; (excess), H,SO,, -5 °C, 30 to 45 min (yield 91 82%, yield 93 76%); (b)

Ar-CHO (1.2 equiv), piperidine (0.2 equiv), THF, 75 °C, 4 to 30 h (yield 92 52%, yield 94 63%, yield 95
81%).

A T= '~
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Scheme 2-7. Synthesis of oxindole inhibitor scaffolds with tertiary amines in the 4-
position.”
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"Reagents and conditions: (a) DIPEA (23 equiv), NHR, (10 equiv), DMF or dioxane, 120 °C, 7 to 18 h
(yield 96 60%, yield 98 15%, yield 99 24%). (b) anhydrous HCl (excess), methanol, rt, 2 h (100%).
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Scheme 2-8. Synthesis of oxindole inhibitor scaffolds with an alkyne in the 4-position.”
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*Reagents and conditions: (a) TBDMS-CI (1 equiv), imidazole (2 equiv), DMF, rt, 5 h (68%); (b) 100 (2.5
equiv), (Ph;P),Pd (0.01 to 0.1 equiv), Cul (0.1 equiv), Et;N (70 to 140 equiv), DMF, 85 °C, 3 to 5 h (yield
101 49%, yield 103 20%); (c) HCI (excess), THF, rt, 2 h (yield 102 49%, yield 104 28%); (d) Zn° (excess),
sat. aq NH,CI, THF, 80 °C, 30 min (100%); (¢) EDC (4 equiv), propiolic acid (6 equiv), HOBt (1 equiv),
DMF/acetonitrile, rt, 30 min (25%); (f) HCI (excess), THF, rt, 4 h (26%).
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2.8 Synthesis of 5-acyl sunitinib analogs and chloromethylketone
Nek2 active site-directed probes

Scheme 2-9. Synthesis of 5-acyl sunitinib analogs and chloromethylketone Nek?2 active
site-directed probes.”
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16 —>» O oH
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"Reagents and conditions: (a) 108 (1 to 1.5 equiv), piperidine (1.2 to 1.8 equiv), THF, 75 °C, 2 to 24 h,
(yield 109 78%, yield 111 53%, yield 113 52%); (b) EDC (3 equiv), R-NH, (3 equiv), HOBt (1.5 equiv),
DIPEA (3 equiv) DMF, 1t, 2 to 13 h (yield 110 51%); (c) EDC (2 equiv), R-NH, (1.2 to 2 equiv), HOBt (1
equiv), Et;N (3 equiv) DMF, rt, 16 to 18 h; (d) aq HCI (excess), THF, rt, 2 to 18 h (for two steps, yield 112
62%, yield 114 76%, yield 115 45%, yield 117 53%); (e) anhydrous HCI, methanol, 2 h, rt, (yield for two
steps 116 75%, yield 119 60%); (f) NaH (1.1 equiv), propargyl bromide (1.1 equiv), THF, rt, 24 h (53%);
(g) rhodamine-NHS ester (1 equiv), DIPEA (3 equiv), DMF, 3 h.
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2.9 Synthesis of propynamide and vinyl sulfonamide-based Nek2
probes, and sunitinib analogs

Scheme 2-10. Synthesis of 5-amino sunitinib analogs.”
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*Reagents and conditions: (a) 108 (1.1 equiv), piperidine (1.4 equiv), THF, 75 °C, 18 h, (85%); (b) SOClI,
(45 equiv), THF, reflux, 2 h, then RNH, (4.6 equiv), DIPEA (for 125 only, 2.5 equiv), THF, rt, 2 to 4 h
(yield 124 74%, yield 125 64%); (c) EDC (3 equiv), R-NH;Cl (4 equiv), HOBt (1 equiv), DIPEA (3 equiv)
DMF, 1t, 20 h (53%40); (d) Zn° (excess), sat. aq NH4Cl, THF, rt, 18 h (97%); (e) cat. Pd/C, 1 atm H,,
methanol, rt, 19 h (yield 126 90%, yield 127 96%).
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Scheme 2-11. Synthesis of propynamide and vinyl sulfonamide Nek?2 probes, and
sunitinib analogs.”
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*Reagents and conditions: (a) 2-Butynoic acid (6 equiv), EDC (4 equiv), HOBt (1 equiv), DIPEA (3 equiv),
DMF/acetonitrile, rt, 2 h (34%); (b) propiolic acid (1.2 to 6 equiv), EDC (2 to 4 equiv), HOBt (for 129
only, 1 equiv), DMF/acetonitrile, rt, 2 to 3 h (yield 129 53%, yield 131 49% ); (c) 2-chloroethanesulfonyl
chloride (2.5 equiv), DIPEA (3 equiv), THF, 0 °C to rt, 18 h (61%); (d) TFA (excess), DCM, rt, 2 h; (e)
rhodamine-NHS ester (0.9 to 1.1 equiv), DIPEA (3 equiv), DMF, 5 to 30 h.
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2.10 Synthesis of the 5-substituted 4-azaoxindole inhibitor scaffold

Scheme 2-12. Synthesis of the 5-substituted 4-azaoxindole inhibitor scaffold.
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*Reagents and conditions: (a) Ethylaceto acetate (2 equiv), NaH (2 equiv), DMF, rt to 70 °C, 2.5 h (36%);
(b) cat. Pd/C, 1 atm H,, ethanol, rt, 24 h (77%); (c) aq HCI (excess), rt, 5 days (95%); (d) Br, (10 equiv), t-
BuOH, rt, 6 days (75%); (e) Zn° (excess), sat. aqg NH,4Cl1, THF, rt, 24 h (80%); (f) R-CHO (1.2 equiv),
piperidine (0.2 to 0.3 equiv), THF, 75 °C, 16 h (yield 139 35%, yield 140 70%, yield 141 52%); (g)
CH,=CH-SnBu; (1.2 equiv), (Ph3P),Pd ( 0.1 equiv), 2,6-di-tert-butyl-4-methylphenol (0.0005 equiv),
toluene/DMF, reflux, 4 to 16 h (yield 142 40%, yield 143 35%, yield 144 47%)).

54



2.11 Experimental methods for the synthesis of all compounds

General chemical synthesis methodology

All reactions were conducted in oven-dried glassware under an atmosphere of air
unless otherwise noted. Reagent grade reaction solvents DCM, DMF, and THF were
dried over molecular sieves prior to use. Reagent grade solvents carbon disulfide, EtOAc,
Et,0, hexanes, methanol, and acetonitrile were used commercially pure as purchased.
The organic bases Et;N and DIPEA were dried over solid NaOH prior to use. All other
reagents and starting materials were purchased commercially pure and used as obtained.
Reactions were monitored by TLC using K65 250 um glass-backed silica gel plates with
a fluorescent indicator (Whatman). Flash column chromatography was carried out on
140-400 mesh silica gel as the solid phase (Fisher Scientific). Preparative reverse phase
HPLC was performed on a Peeke Scientific Combi-A 5 um preparative C18 column (50
x 22 mm, flow rate 10 mL/min) using a Varian Prostar 210 solvent delivery system
equipped with a Varian Prostar 335 full spectrum UV/VIS detector. Analytical HPLC
was preformed using the same system equipped with a Varian Pursuit XRs 5 C18 column
(150 x 4.6 mm, flow rate 1 mL/min), using acetonitrile/water linear gradient elution, 5%
to 80% acetonitrile over 20 min. 'H NMR spectra were obtained using a Varian Inova
400 MHz spectrometer. Spectral data is reported as follows: chemical shift (as ppm
referenced to the residual DM SO solvent signal at 2.50 ppm, or the residual CHCl;
solvent signal at 7.26 ppm), multiplicity (s=singlet, d=doublet, dd=doublet of doublets,
dt=doublet of triplets, dq=doublet of quartets, p=pentet, t=triplet, g=quartet,
m=multiplet), coupling constant, and integration value. High resolution mass spectra

(HRMS) were recorded on a Thermo Electron Corporation LTQFT using electrospray
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ionization with FT resolution set to 30000. The following compounds were synthesized
according to published procedures: (S)-1-amino-3-morpholinopropan-2-ol
hydrochloride,*® t-butyl hypochlorite,** monastrol,** 37 (R0O3306),** 55 (5-acetyl-
oxindole),** 57 (fluoroacetyl chloride),*” 60 (5-amino-oxindole),* 76 2-(hydroxyimino)-
N—(3>-iodophenyl)acetamide,48 77 (4-iodoindoline-2,3-dione),*® 78 (6-iodoindoline-2,3-
dione),48 91 (4-iodo-5-nitroindolin-2-0ne),49 93 (4-bromo-5-nitroindolin-2-0ne),49 108 (5-
formyl-2,4-dimethyl-1H-pyrrole-3-carboxylic acid),”*>' 134 (ethyl 2-(3-nitropyridin-2-
yl)acetate),52 137 (3,3,5-‘[ribromo-1H—pyrrolo[3,2-b]pyridin-2(3>H)-one),53 138 (5-bromo-
1H-pyrrolo[3,2-b]pyridin-2(3H)-one).”
Synthesis of compounds 2-144

(Z)-N-(3-((2-ethyl-4-methyl-1 H-imidazol-5-yl)methylene)-2-oxoindolin-5-
yDpropiolamide (2) JH295. DIPEA (45.5 mg, 0.352 mmol, 2 equiv) was added to a
suspension of indolinone 25 (60.0 mg, 0.176 mmol, 1 equiv) in DMF (5 mL) at 0 °C with
stirring. The resulting red solution was treated with propiolic acid (18.5 mg, 0.264 mmol,
1.5 equiv), then EDC (67.5 mg, 0.352 mmol, 2 equiv). Stirring was continued for 2.5 h,
then the mixture was allowed to warm to room temperature for 1.5 h. The mixture was
then diluted with 5% NaHCO; (50 mL), and extracted three times with EtOAc (50 mL).
The combined EtOAc extract was washed with water, then saturated NaCl, and
concentrated under vacuum. The resulting residue was triturated in EtOAc, recovered by
filtration, washed with EtOAc, and dried under vacuum to give pure 2 (25 mg, 44%) as a
yellow/orange solid. 'H NMR (DMSO-dy): & 1.27 (t,J = 7.5 Hz, 3H), 2.40 (s, 3H), 2.76

(q,J=7.6 Hz, 2H), 4.36 (s, 1H), 6.85 (d, /= 8.4 Hz, 1H), 7.24 (dd, J= 8.4, 1.5 Hz, 1H),
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7.56 (s, 1H), 7.92 (d, J= 1.8 Hz, 1H), 10.6 (s, 1H), 10.9 (bs, 1H), 13.8 (bs, 1H); HRMS
caled for CgH 7N40,321.1352; found (ESI') (M + H) 321.1368.

5-(2-Chloroacetyl)indolin-2-one (3) JH093. Chloroacetyl chloride (21.7 g, 192
mmol, 1.7 equiv) was added dropwise to a stirred suspension of anhydrous AICl; (90.0 g,
675 mmol, 6 equiv) in carbon disulfide (420 mL). Stirring was allowed to continue at
room temperature for 15 min. Indolin-2-one (15.0 g, 113 mmol, 1 equiv) was then added,
and the mixture was brought to reflux for 2.5 h, then cooled on ice. After removal of the
solvent by decantation the remaining thick brown residue was treated with ice cold water
(500 mL). The resulting precipitate was recovered by filtration, washed with water, and
dried under vacuum to provide pure 3 (21.6 g, 92%) as a white solid. '"H NMR (DMSO-
de): 0 3.57 (s, 2H), 5.08 (s, 2H), 6.93 (d, J = 8.4 Hz, 1H), 7.83 (s, 1H), 7.88 (d, /= 8.1
Hz, 1H), 10.8 (bs, 1H); HRMS calcd for C;oHoCINO, 210.0316; found (ESI') (M + H)
210.0319.

(Z)-3-((1H-Pyrrol-2-yl)methylene)-5-(2-chloroacetyl)indolin-2-one (4) JH099.
Indolinone 3 (750 mg, 3.58 mmol, 1 equiv) was added to a solution of pyrrole-2-
carboxaldehyde (3.42 g, 36.3 mmol, 10 equiv), and piperidine (61.0 mg, 0.716 mmol, 0.2
equiv) in THF (125 mL). The resulting mixture was heated to 60 °C in a sealed jar for 45
min. After cooling to room temperature the THF was removed under vacuum to give a
thick red oil that was dissolved in EtOAc. Treating this solution with hexanes (30 mL)
produced a tarry red precipitate that was removed by filtration and discarded. The filtrate
was then cooled on ice to produce an orange precipitate that was collected by filtration.
This crude product was further purified by flash chromatography on silica gel

(hexanes/EtOAc 3:1) followed by recrystallization from EtOAc to give 4 (200 mg, 20%)

57



as a crystalline orange solid. 'H NMR (DMSO-dg): 6 5.16 (s, 2H), 6.40-6.42 (m, 1H),
6.92-6.93 (m, 1H), 7.01 (d, J= 8.1 Hz, 1H), 7.42-7.44 (m, 1H), 7.84 (dd, /= 8.3, 1.7 Hz,
1H), 7.99 (s, 1H), 8.34 (d, J=1.5 Hz, 1H), 11.3 (s, 1H), 13.2 (bs, 1H); HRMS calcd for
C5H;,CIN,0, 287.0587; found (ESI") (M + H) 287.0584.
5-Iodo-3-(methylthio)indolin-2-one (5) JH0S8. Under an atmosphere of argon and
protection from strong light, a solution of t-butyl hypochlorite (4.78 g, 44.0 mmol, 1
equiv) in DCM (20 mL) was added dropwise over 5 min to a stirred solution of 4-iodo-
aniline (9.64 g, 44.0 mmol, 1 equiv) in DCM (150 mL) at -60 °C. Care was taken to keep
the internal temperature of the mixture below -50 °C during the addition. The resulting
mixture was allowed to stir for 15 min, then a solution of ethyl (methylthio)acetate (5.91
g, 44.0 mmol, 1 equiv) in DCM (20 mL) was added over the course of 8 min, keeping the
internal temperature of the reaction below -60 °C. The resulting mixture was allowed to
stir for 1 h, then a solution of Et;N (4.45 g, 44.0 mmol, 1 equiv) in DCM (20 mL) was
added over the course of 5 min, again keeping the internal temperature of the reaction
below -60 °C. The reaction was then allowed to come to room temperature over the
course of 45 min. The mixture was then washed with water, and concentrated under
vacuum to give a red/black residue that was treated with Et,O (150 mL) and 2 N HCI (20
mL) for 4 h at room temperature. The insoluble product was recovered by filtration, and
washed with Et,O to give pure 5 (6.3 g, 47%) as a grayish solid. '"H NMR (DMSO-dg): &
1.95 (s, 3H), 4.55 (s, 1H), 6.69 (d, J= 8.1 Hz, 1H), 7.53 (s, 1H), 7.54-7.58 (m, 1H), 10.6
(s, 1H); HRMS calcd for CoHoINOS 305.9450; found (ESI") (M + H) 305.9442.
5-lIodoindolin-2-one (6) JH069. Zinc powder (268 mg, 4.10 mmol, 5 equiv) was

added to a suspension of indolinone 5 (250 mg, 0.819 mmol, lequiv) in glacial acetic
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acid (2 mL). The resulting mixture was heated to 60 °C for 30 min. After cooling to room
temperature the mixture was diluted with water (8 mL), filtered to remove excess zinc,
and extracted with EtOAc. The EtOAc extract was washed with dilute NaOH, water, then
saturated NaCl, and concentrated under vacuum to give pure 6 (169 mg, 80%) as a white
solid. "H NMR (DMSO-ds): & 3.63 (s, 2H), 6.98 (d, J= 8.4 Hz, 1H), 8.09 (s, 1H), 8.15
(dd, J=8.4,2.2 Hz, 1H), 11.0 (s, 1H); HRMS calcd for CsH7INO 259.9567; found (ESI")
(M+H) 259.9567.

(Z)-3-((1H-Pyrrol-2-yl)methylene)-5-iodoindolin-2-one (7) JH139. Indolinone 6
(150 mg, 0.579 mmol, 1 equiv) was added to a solution of pyrrole-2-carboxaldehyde
(63.0 mg, 0.664 mmol, 1.1 equiv), and piperidine (9.9 mg, 0.17 mmol, 0.2 equiv) in THF
(6 mL). The resulting mixture was heated to 75 °C in a sealed jar for 4 h. After cooling to
room temperature the THF was removed under vacuum. The residue was then triturated
in 1:1 hexanes/EtOAc, recovered by filtration, and dried under vacuum to give pure 7
(130 mg, 67%) as a yellow/orange solid. 'H NMR (DMSO-dy): 6 6.36-6.39 (m, 1H), 6.72
(d, J=28.1 Hz, 1H), 6.83-6.85 (m, 1H), 7.38-7.40 (m, 1H), 7.45 (dd, J= 8.1, 1.5 Hz, 1H),
7.88 (s, 1H), 8.01 (d, J= 1.5 Hz, 1H), 11.0 (bs, 1H), 13.3 (bs, 1H); HRMS calcd for
C13H;0IN,0 336.9838; found (ESI') (M + H) 336.9838.

(Z)-3-((1H-Pyrrol-2-yl)methylene)-5-((E)-3-oxobut-1-enyl)indolin-2-one (8)
JH142. Under an atmosphere of argon, indolinone 7 (50.0 mg, 0.149 mmol, 1 equiv),
triphenylphosphine (23.0 mg, 0.0876 mmol, 0.6 equiv), triethylamine (75.0 mg, 0.741
mmol, 5 equiv), methyl vinyl ketone (42.0 mg, 0.599 mmol, 4 equiv), and palladium(II)
acetate (10.0 mg, 0.0445 mmol, 0.3 equiv) were added to anhydrous DMF (2 mL). The

mixture was sparged with dry argon, then heated to 85 °C for 2 h. After cooling to room
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temperature the mixture was diluted with water (50 mL), and then extracted four times
with EtOAc (40 mL). The combined EtOAc extract was washed with water, then
saturated NaCl, and concentrated under vacuum to give a crude orange solid. This
material was further purified by flash chromatography on silica gel (hexanes/EtOAc 1:1)
to give 8 (20 mg, 48%) as a yellow solid. A small amount of this material was further
purified by preparative HPLC (acetonitrile/water, linear gradient elution, 5% to 80%
acetonitrile over 20 min) for use in bioassays. 'H NMR (DMSO-dq): & 2.33 (s, 3H), 6.38-
6.40 (m, 1H), 6.80 (d, J= 16 Hz, 1H), 6.84-6.86 (m, 1H), 6.93 (d, /= 8.1 Hz, 1H), 7.39-
7.41 (m, 1H), 7.47 (dd, J=8.2, 1.6 Hz, 1H), 7.61 (d, /=16 Hz, 1H), 7.91 (s, 1H), 8.15
(d, J=1.5Hz, 1H), 11.1 (s, 1H), 13.2 (bs, 1H); HRMS calcd for C;7H;5N,0,279.1134;
found (ESI") (M + H) 279.1130.
(Z)-3-((1H-Pyrrol-2-yl)methylene)-5-((E)-2-(methylsulfonyl)vinyl)indolin-2-one
(9) JH146. Under an atmosphere of argon, indolinone 7 (50.0 mg, 0.149 mmol, 1 equiv),
triphenylphosphine (23.0 mg, 0.0876 mmol, 0.6 equiv), triethylamine (75.0 mg, 0.741
mmol, 5 equiv), methyl vinyl sulfone (63.0 mg, 0.594 mmol, 4 equiv), and palladium(II)
acetate (10.0 mg, 0.0445 mmol, 0.3 equiv) were added to anhydrous DMF (2 mL). The
mixture was sparged with dry argon, then heated to 85 °C for 2 h. After cooling to room
temperature the DMF was removed under vacuum, and the remaining black residue was
purified by flash chromatography on silica gel (hexanes/EtOAc 2:1 then hexanes/EtOAc
1:1) to give pure 9 (16 mg, 34%) as a yellow solid. '"H NMR (DMSO-d): 6 3.09 (s, 3H),
6.39-6.41 (m, 1H), 6.84-6.86 (m, 1H), 6.94 (d, /= 8.1 Hz, 1H), 7.34 (d, J = 15 Hz, 1H),

7.40-7.42 (m, 1H), 7.47 (d, J= 15 Hz, 1H), 7.49 (dd, J = 8.1, 1.5 Hz, 1H), 7.84 (s, 1H),

60



8.14 (d,J=1.1 Hz, 1H), 11.2 (s, 1H), 13.2 (s, IH); HRMS calcd for C;sH;5N>O3S
315.0803; found (ESI") (M + H) 315.0798.

2-Chloro-N-(2-oxoindolin-5-yl)acetamide (10) JH081. Pyridine (120 mg, 1.52
mmol, 1.5 equiv) was added to a solution of 5-aminoindolin-2-one (150 mg, 1.01 mmol,
1 equiv) in anhydrous THF (50 mL). The mixture was cooled to 0 °C, then chloroacetyl
chloride (148 mg, 1.31 mmol, 1.3 equiv) was added dropwise over the course of 5 min.
The mixture was allowed to come to room temperature for 30 min, then water (10 mL)
was added, and most of the THF was removed under vacuum. The resulting precipitate
was recovered by filtration, and washed with water to give pure 10 (102 mg, 45%) as a
white solid. "H NMR (DMSO-de): 6 3.47 (s, 2H), 4.20 (s, 2H), 6.76 (d, J = 8.4 Hz, 1H),
7.33 (dd, J=8.4, 1.8 Hz, 1H), 7.49 (bs, 1H), 10.1 (s, 1H), 10.3 (s, 1H); HRMS calcd for
C10HoCIN,O; 225.0425; found (ESI") (M + H) 225.0429.

N-(2-Oxoindolin-5-yl)acrylamide (11) JH060. Acryloyl chloride (191 mg, 2.11
mmol, 1.2 equiv) was added dropwise over the course of 5 min to a solution of 5-
aminoindolin-2-one (261mg, 1.76 mmol, 1 equiv) in anhydrous THF (100 mL) at 0 °C.
The mixture was allowed to warm to room temperature for 5 min, then filtered to remove
some insoluble material. The filtrate was then concentrated under vacuum, and the
remaining residue dissolved in EtOAc. This solution was washed with 5% NaHCO3, then
water, and concentrated under vacuum to give pure 11 (147 mg, 41%) as a white solid.
'H NMR (DMSO-dg): & 3.47 (s, 2H), 5.71 (dd, J=9.9, 2.2 Hz, 1H), 6.21 (dd, J=17,2.2
Hz, 1H), 6.40 (dd, /=17, 10 Hz, 1H), 6.75 (d, J= 8.4 Hz, 1H), 7.41 (dd, J= 8.4, 2.2 Hz,
1H), 7.59 (d, J= 1.8 Hz, 1H), 9.98 (s, 1H), 10.3 (bs, 1H); HRMS calcd for C;;H;;N>0O;

203.0821; found (EST") (M + H) 203.0818.
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N-(2-Oxoindolin-5-yl)propiolamide (12) JH079. A solution of propiolic acid (114
mg, 1.63 mmol, 1.2 equiv) in acetonitrile (10 mL) was added dropwise over 10 min to a
stirred solution of 5-aminoindolin-2-one (200 mg, 1.35 mmol, 1 equiv), and EDC (518
mg, 2.70 mmol, 2 equiv) in acetonitrile (70 mL) at room temperature. Stirring was
continued for 30 min, then water (20 mL) was added, and most of the acetonitrile
removed under vacuum. The resulting precipitate was recovered by filtration, washed
with water, and dried under vacuum to give pure 12 (108 mg, 40%) as a white solid. 'H
NMR (DMSO-ds): 6 3.46 (s, 2H), 4.35 (s, 1H), 6.75 (d, J= 8.4 Hz, 1H), 7.37 (dd, J = 8.4,
1.8 Hz, 1H), 7.49 (d, /= 1.8 Hz, 1H), 10.3 (s,1H), 10.7 (s, 1H); HRMS calcd for
C11HoN,O, 201.0659; found (ESI") (M + H) 201.0661.

(E)-Ethyl 4-0x0-4-(2-0x0indolin-5-ylamino)but-2-enoate (13) JH098. A solution of
mono-ethyl fumarate (175 mg, 1.21 mmol, 1.2 equiv) in acetonitrile (3 mL) was added
dropwise over 10 min to a stirred solution of 5-aminoindolin-2-one (150 mg, 1.01 mmol,
1 equiv), and EDC (387 mg, 2.02 mmol, 2 equiv) in acetonitrile (50 mL) at room
temperature. Stirring was continued for 105 min, then water (5 mL) was added, and most
of the acetonitrile removed under vacuum. The resulting precipitate was recovered by
filtration, washed with water, and dried under vacuum to give pure 13 (153 mg, 55%) as
a white solid. "H NMR (DMSO-de): & 1.26 (t, J= 7.1 Hz, 3H), 3.48 (s, 2H), 4.21 (q, J =
7.2 Hz, 2H), 6.67 (d, /= 15 Hz, 1H), 6.78 (d, /= 8.4 Hz, 1H), 7.19 (d, J= 15 Hz, 1H),
7.45 (dd, J=8.2,2.0 Hz, 1H), 7.61 (s, 1H), 10.3 (s, 1H), 10.4 (s, 1H); HRMS calcd for
C14H15N,04 275.1032; found (EST") (M + H) 275.1029.

(Z)-N-(3-((1H-Pyrrol-2-yl)methylene)-2-oxoindolin-5-yl)-2-chloroacetamide (14)

JHO091. Indolinone 10 (40.0 mg, 0.178 mmol, 1 equiv) was added to a solution of
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pyrrole-2-carboxaldehyde (84.7 mg, 0.891 mmol, 5 equiv), and piperidine (1.5 mg, 0.018
mmol, 0.1 equiv) in THF (6 mL). The resulting mixture was heated to 75 °C in a sealed
jar for 5 h. After cooling to room temperature the THF was removed under vacuum. The
residue was then triturated in EtOAc, recovered by filtration, and dried under vacuum to
give pure 14 (34 mg, 63%) as a yellow/orange solid. "H NMR (DMSO-dq): & 4.24 (s,
2H), 6.34-6.37 (m, 1H), 6.85 (d, J= 8.4 Hz, 1H), 6.91-6.94 (m, 1H), 7.20 (d, /= 8.4 Hz,
1H), 7.35-7.38 (m, 1H), 7.65 (s, 1H), 7.92 (s, 1H), 10.2 (s, 1H), 10.9 (s, 1H), 13.3 (bs,
1H); HRMS calcd for C;5H;3CIN;0, 302.0696; found (ESI') (M + H) 302.0694.
(Z)-N-(3-((1H-Pyrrol-2-yl)methylene)-2-oxoindolin-5-yl)acrylamide (15) JH089.
Indolinone 11 (40.0 mg, 0.198 mmol, 1 equiv) was added to a solution of pyrrole-2-
carboxaldehyde (94.2 mg, 0.990 mmol, 5 equiv), and piperidine (1.7 mg, 0.020 mmol,
0.1 equiv) in THF (6 mL). The resulting mixture was heated to 75 °C in a sealed jar for 4
h. After cooling to room temperature the THF was removed under vacuum. The residue
was then triturated in EtOAc, recovered by filtration, and dried under vacuum to give
pure 15 (31 mg, 56%) as a yellow/orange solid. 'H NMR (DMSO-dq): & 5.74 (d, J= 10
Hz, 1H), 6.25 (d, /=17 Hz, 1H), 6.34-6.37 (m, 1H), 6.44 (dd, /=17, 10 Hz, 1H), 6.84
(d, J=8.4 Hz, 1H), 6.91-6.94 (m, 1H), 7.26 (d, J = 8.1 Hz, 1H), 7.34-7.38 (m, 1H), 7.62
(s, 1H), 8.04 (s, 1H), 10.1 (s, 1H), 10.9 (s, 1H), 13.3 (bs, 1H); HRMS calcd for
C16H14N30, 280.1086; found (ESI") (M + H) 280.1083.
(Z)-N-(3-((1H-Pyrrol-2-yl)methylene)-2-oxoindolin-5-yl)propiolamide (16)
JH100. Indolinone 12 (40.0 mg, 0.200 mmol, 1 equiv) was added to a solution of
pyrrole-2-carboxaldehyde (190 mg, 2.00 mmol, 10 equiv), and piperidine (3.3 mg, 0.039

mmol, 0.2 equiv) in THF (6 mL). The resulting mixture was heated to 75 °C in a sealed
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jar for 18 h. After cooling to room temperature the THF was removed under vacuum. The
residue was purified by flash chromatography on silica gel (hexanes/EtOAc 2:1) to give
16 (16 mg, 29%) as an orange solid. A small amount of this material was further purified
by preparative HPLC (acetonitrile/water, linear gradient elution, 5% to 80% acetonitrile
over 20 min) for use in bioassays. 'H NMR (DMSO-dq): & 4.37 (s, 1H), 6.35-6.37 (m,
1H), 6.84 (d, J = 8.4 Hz, 1H), 6.93-6.95 (m, 1H), 7.22 (dd, /= 8.2, 2.0 Hz, 1H), 7.35-
7.38 (m, 1H), 7.61 (s, 1H), 7.91 (d, J= 1.8 Hz, 1H), 10.7 (s, 1H), 10.9 (s, 1H), 13.3 (bs,
1H); HRMS calcd for C;¢H;1N30;, 277.0851; found (ESI+) (M +) 277.0848.

(E)-Ethyl 4-((Z)-3-((1H-pyrrol-2-yl)methylene)-2-oxoindolin-5-ylamino)-4-
oxobut-2-enoate (17) JH106. Indolinone 13 (40.0 mg, 0.198 mmol, 1 equiv) was added
to a solution of pyrrole-2-carboxaldehyde (188 mg, 1.98 mmol, 10 equiv), and piperidine
(3.5 mg, 0.041 mmol, 0.2 equiv) in THF (6 mL). The resulting mixture was heated to 75
°C in a sealed jar for 20 h. After cooling to room temperature the THF was removed
under vacuum. The residue was then triturated in 1:1 hexanes/EtOAc, recovered by
filtration, and dried under vacuum. This crude product was further purified by dissolving
in THF (2 mL), and treating with hexanes (2.5 mL). The resulting precipitate was
recovered by filtration, washed with hexanes, and dried under vacuum to give pure 17 (35
mg, 50%) as an orange solid. 'H NMR (DMSO-dp): 6 1.27 (t,J=7.1 Hz, 3H), 4.22 (q, J
=7.1 Hz, 2H), 6.35-6.38 (m, 1H), 6.7 (d, /=15 Hz, 1H), 6.87 (d, /= 8.1 Hz, 1H), 6.94-
6.97 (m, 1H), 7.24 (d, J= 15 Hz, 1H), 7.27 (dd, /= 8.2, 1.6 Hz, 1H), 7.35-7.38 (m, 1H),
7.65 (s, 1H), 8.08 (d, J= 1.8, 1H), 10.5 (s, 1H), 10.9 (s, 1H), 13.3 (bs, 1H); HRMS calcd

for C19H13N304 3521297, found (ESI+) (M + H) 352.1296.
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5-(2-(Chloromethyl)-1,3-dioxolan-2-yl)indolin-2-one (18) JH154. Ethylene glycol
(11.8 g, 190 mmol, 2 equiv) and pTSA-H,0 (3.36 g, 0.0177 mmol, 0.2 equiv) were added
to a suspension of indolinone 3 (20.0 g, 95.4 mmol, 1 equiv) in toluene (2.5 L). The
mixture was brought to reflux using a Dean Stark trap, and strong stirring for 12 h. After
cooling to room temperature the mixture was washed with 5% NaHCO; (500 mL), then
saturated NaCl (500 mL), and concentrated under vacuum to give 18 (24.2 g, 100%) as a
tan solid. This material contained a small amount of impurity by 'H NMR but was used
without further purification. 'H NMR (DMSO-dy): & 3.47 (s, 2H), 3.80-3.84 (m, 2H),
3.85 (s, 2H), 4.06-4.09 (m, 2H), 6.79 (d, /= 8.1 Hz, 1H), 7.28 (d, J = 8.1 Hz, 1H), 7.29
(s, 1H), 10.4 (s, 1H); HRMS calcd for C;,H;3CINO; 254.0579; found (ESI") (M + H)
254.0578.

(Z)-3-((1H-Imidazol-5-yl)methylene)-5-(2-chloroacetyl)indolin-2-one (19) JH176.
Indolinone 18 (50.0 mg, 0.197 mmol, 1 equiv) was added to a suspension of 1H-
imidazole-5-carbaldehyde (20.8 mg, 0.216 mmol, 1.1 equiv), and piperidine (5.0 mg,
0.059 mmol, 0.3 equiv) in THF (4 mL). The resulting mixture was heated to 75 °C in a
sealed jar for 7 h. After cooling to room temperature conc. HCI (300 uL) was added, and
stirring continued for 4.5 h. The mixture was treated with EtOAc (5 mL), and the
resulting precipitate collected by filtration, triturated in 2 N NaOH, washed with water,
and dried under vacuum to give pure 19 (23 mg, 41%) as a yellow solid. '"H NMR
(DMSO-dg): 6 5.16 (s, 2H), 7.03 (d, J = 8.4 Hz, 1H), 7.72 (s, 1H), 7.89 (d, J = 8.4 Hz,
1H), 8.06 (s, 1H), 8.09 (s, 1H), 8.37 (s, 1H), 11.4 (s, 1H), 13.5 (bs, 1H); HRMS calcd for

C14H;,CIN;0, 288.0540; found (ESI) (M + H) 288.0532.
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(Z)-5-(2-Chloroacetyl)-3-((4-methyl-1H-imidazol-5-yl)methylene)indolin-2-one
(20) JH180. Indolinone 18 (50.0 mg, 0.197 mmol, 1 equiv) was added to a suspension of
4-methyl-1H-imidazole-5-carbaldehyde (23.9 mg, 0.216 mmol, 1.1 equiv), and piperidine
(5.0 mg, 0.059 mmol, 0.3 equiv) in THF (3 mL). The resulting mixture was heated to 75
°C in a sealed jar for 9 h. After cooling to room temperature conc. HCI (300 puL) was
added, and stirring continued for 24 h. The resulting precipitate was collected by
filtration, washed with EtOAc, triturated in 2 N NaOH, washed with water, and dried
under vacuum to give pure 20 (29 mg, 49%) as a yellow solid. "H NMR (DMSO-de): &
2.51 (s, 3H), 5.18 (s, 2H), 7.02 (d, J= 8.4 Hz, 1H), 7.86 (dd, J = 8.3, 1.7 Hz, 1H), 7.97 (s,
1H), 7.99 (s, 1H), 8.52 (d, J= 1.8 Hz, 1H), 11.4 (s, 1H), 13.7 (bs, 1H); HRMS calcd for
C15H13CIN30, 302.0696; found (ESI') (M + H) 302.0693.

(Z)-5-(2-Chloroacetyl)-3-((2-ethyl-4-methyl-1 H-imidazol-5-yl)methylene)indolin-
2-one (21) JH249. Indolinone 18 (50.0 mg, 0.197 mmol, 1 equiv) was added to a
suspension of 2-ethyl-4-methyl-1H-imidazole-5-carbaldehyde (33.0 mg, 0.239 mmol, 1.2
equiv), and piperidine (5.0 mg, 0.059 mmol, 0.3 equiv) in THF (5 mL). The resulting
mixture was heated to 75 °C in a sealed jar for 20 h. After cooling to room temperature
conc. HCI (300 uL) was added, and stirring continued for 20 h. The resulting precipitate
was collected by filtration, triturated in 1 N NaOH, washed with water, and dried under
vacuum to give pure 21 (32 mg, 49%) as a yellow solid. 'H NMR (DMSO-dq): & 1.28 (t,
J=17.5Hz,3H),2.47 (s, 3H), 2.78 (q, J = 7.6 Hz, 2H), 5.18 (s, 2H), 7.02 (d, /= 8.4 Hz,
1H), 7.84 (dd, /= 8.2, 1.6 Hz, 1H), 7.94 (s, 1H), 8.49 (d, /= 1.6 Hz, 1H), 11.4 (s, 1H),

13.7 (bs, 1H); HRMS calcd for C;7H;7CIN30, 330.1009; found (ESI") (M + H) 330.1000.
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tert-Butyl 2-oxoindolin-5-ylcarbamate (22) JH275. DIPEA (5.19 g, 40.2 mmol, 4
equiv) and di-tert-butyl dicarbonate (6.20 g, 28.4 mmol, 2.8 equiv) were added to a
solution of 5-aminoindolin-2-one (1.50 g, 10.1 mmol, 1 equiv) in anhydrous THF (500
mL). The resulting mixture was stirred at room temperature for 25 h, then concentrated
under vacuum. The residue was purified by triturating in 1:1 hexanes/EtOAc, washing
with hexanes, and drying under vacuum to give pure 22 (2.3 g, 92%) as a white solid. 'H
NMR (DMSO-ds): 6 1.46 (s, 9H), 3.42 (s, 2H), 6.68 (d, J= 8.4 Hz, 1H), 7.20 (d, /= 8.1
Hz, 1H), 7.34 (s, 1H), 9.13 (s, 1H), 10.2 (s, 1H); HRMS calcd for C;3H;7N,03 249.1239;
found (ESI") (M + H) 249.1235.

(Z)-3-((1H-Imidazol-5-yl)methylene)-5-aminoindolin-2-one dihydrochloride (23)
JH280. Indolinone 22 (750 mg, 3.02 mmol, 1 equiv) was added to a suspension of 1H-
imidazole-5-carbaldehyde (320 mg, 3.33 mmol, 1.1 equiv), and piperidine (50.4 mg,
0.592 mmol, 0.2 equiv) in THF (45 mL). The resulting mixture was heated to 75 °C in a
sealed jar for 20 h, then concentrated under vacuum. The residue was triturated in EtOAc,
collected by filtration, washed with 1:1 hexanes/EtOAc, and then treated with a fresh
solution of 4% v/v acetyl chloride in methanol (80 mL) for 23 h at room temperature with
stirring. The mixture was concentrated to dryness under vacuum to give pure 23 (750 mg,
83%) as a yellow solid. 'H NMR (DMSO-dy): 8 7.02 (d, J= 8.1 Hz, 1H), 7.26 (d, J = 8.4
Hz, 1H), 7.59 (s, 1H), 7.94 (s, 1H), 8.36 (s, 1H), 8.99 (s, 1H), 11.4 (s, |H); HRMS (free
base) calcd for C1,H;;N4O 227.0933; found (ESI+) (M + H) 227.0926.

(Z)-5-Amino-3-((4-methyl-1H-imidazol-5-yl)methylene)indolin-2-one
dihydrochloride (24) JH281. Indolinone 22 (750 mg, 3.02 mmol, 1 equiv) was added to

a suspension of 4-methyl-1H-imidazole-5-carbaldehyde (366 mg, 3.32 mmol, 1.1 equiv),
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and piperidine (50.4 mg, 0.592 mmol, 0.2 equiv) in THF (45 mL). The resulting mixture
was heated to 75 °C in a sealed jar for 20 h, then concentrated under vacuum. The residue
was triturated in EtOAc, collected by filtration, washed with 1:1 hexanes/EtOAc, and
then treated with a fresh solution of 4% v/v acetyl chloride in methanol (80 mL) for 48 h
at room temperature with stirring. The mixture was concentrated to dryness under
vacuum to give pure 24 (781 mg, 83%) as a yellow solid. "H NMR (DMSO-d): 6 2.63 (s,
3H), 7.02 (d, J= 8.1 Hz, 1H), 7.30 (dd, /= 8.1, 1.6 Hz, 1H), 7.86 (d, /= 1.8 Hz, 1H),
8.00 (s, 1H), 9.01 (s, 1H), 11.5 (bs, 1H); HRMS (free base) calcd for C13H;3N40
241.1089; found (EST") (M + H) 241.108]1.

(Z)-5-Amino-3-((2-ethyl-4-methyl-1 H-imidazol-5-yl)methylene)indolin-2-one (25)
JH282. Indolinone 22 (750 mg, 3.02 mmol, 1 equiv) was added to a suspension of 2-
ethyl-4-methyl-1H-imidazole-5-carbaldehyde (459 mg, 3.32 mmol, 1.1 equiv), and
piperidine (50.4 mg, 0.592 mmol, 0.2 equiv) in THF (45 mL). The resulting mixture was
heated to 75 °C in a sealed jar for 20 h, then concentrated under vacuum. The residue was
triturated in EtOAc, collected by filtration, washed with 1:1 hexanes/EtOAc, and then
treated with a fresh solution of 4% v/v acetyl chloride in methanol (80 mL) for 48 h at
room temperature with stirring. The mixture was concentrated to dryness under vacuum
to give pure 25 (740 mg, 72%) as a yellow solid. 'H NMR (DMSO-dy): 6 1.36 (t, J=17.5
Hz, 3H), 2.60 (s, 3H), 3.04 (q, J = 7.6 Hz, 2H), 7.01 (d, /= 8.4 Hz, 1H), 7.23 (d, /= 8.4
Hz, 1H), 7.78 (bs, 1H), 7.99 (s, 1H), 11.5 (s, 1H); HRMS (free base) calcd for C;sH7N4O
269.1402; found (EST") (M + H) 269.1394.

(Z)-N-(3-((1H-Imidazol-5-yl)methylene)-2-oxoindolin-5-yl)propiolamide (26)

JH299. Under an atmosphere of argon DIPEA (45.5 mg, 0.352 mmol, 2.1 equiv) was
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added to a stirred suspension of indolinone 23 (50.0 mg, 0.167 mmol, 1 equiv) in DMF (5
mL). The resulting red solution was cooled to 0 °C, treated with propiolic acid (70.2 mg,
1.00 mmol, 6 equiv), then EDC (67.5 mg, 0.352 mmol, 2.1 equiv). Stirring was continued
for 2 h, then the mixture was diluted with EtOAc (150 mL), washed three times with
water (50 mL), then with saturated NaCl, and concentrated under vacuum to give a crude
orange solid. This material was further purified by preparative HPLC (acetonitrile/water,
linear gradient elution, 5% to 80% acetonitrile over 20 min) to give pure 26 (3.8 mg,
8.2%) as a yellow/orange solid. 'H NMR (DMSO-dy): & 4.38 (s, 1H), 6.86 (d, J = 8.4 Hz,
1H), 7.27 (d, J = 8.4 Hz, 1H), 7.74 (s, 1H), 7.74 (s, 1H), 7.96 (s, 1H), 8.02 (s, 1H), 10.7
(s, 1H), 11.0 (bs, 1H), 13.7 (bs, 1H); HRMS calcd for C,5sH;;N40O,279.0882; found
(ESI") (M + H) 279.0876.

(Z)-N-(3-((4-Methyl-1 H-imidazol-5-yl)methylene)-2-oxoindolin-5-
yD)propiolamide (27) JH289. DIPEA (41.4 mg, 0.320 mmol, 2 equiv) was added to a
suspension of indolinone 24 (50.0 mg, 0.160 mmol, 1 equiv) in DMF (5 mL) at 0 °C with
stirring. The resulting red solution was treated with propiolic acid (16.8 mg, 0.240 mmol,
1.5 equiv), then EDC (61.3 mg, 0.320 mmol, 2 equiv). Stirring was continued for 2.5 h,
then the mixture was diluted with 5% NaHCO; (50 mL), and extracted three times with
EtOAc (50 mL). The combined EtOAc extract was washed with water, then saturated
NaCl, and concentrated under vacuum. The residue was triturated in 1:1 hexanes/EtOAc,
recovered by filtration, and washed with EtOAc, to give 27 (15 mg, 32%) as an orange
solid. A small amount of this material was further purified by preparative HPLC
(acetonitrile/water, linear gradient elution, 5% to 80% acetonitrile over 20 min) for use in

bioassays. 'H NMR (DMSO-dq): & 2.44 (s, 3H), 4.36 (s, 1H), 6.85 (d, J = 8.4 Hz, 1H),
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7.27 (dd, J=8.4, 2.2 Hz, 1H), 7.62 (s, 1H), 7.93 (s, 1H), 7.94 (d, J= 1.8 Hz, 1H), 10.7 (s,
1H), 11.0 (s, 1H), 13.8 (bs, 1H); HRMS calcd for C;6H;2N40,292.0960; found (ESI") (M
+) 292.0965.

1-Methyl-5-nitroindolin-2-one (28) JH397. HNOs (70% aqueous, 1.41 g, 22.4
mmol, 1.7 equiv) was slowly added to a solution of 1-methylindolin-2-one (2.00 g, 13.6
mmol, 1 equiv) in conc. H,SO4 (8 mL) at 0 °C with stirring. Stirring was allowed to
continue for 30 min, then the reaction was poured onto a water/ice mixture (200 mL).
The resulting precipitate was collected by filtration, and washed with water (250 mL) to
give pure 28 (2.3g, 88%) as a tan solid. 'H NMR (DMSO-dy): & 3.19 (s, 3H), 3.70 (s,
2H), 7.19 (d, J = 8.4 Hz, 1H), 8.14 (s, 1H), 8.26 (d, /= 8.8 Hz, 1H); HRMS calcd for
CoH7N,05 191.0462; found (EST) (M - H) 191.0464.

(Z)-3-((2-Ethyl-4-methyl-1 H-imidazol-5-yl)methylene)-1-methyl-5-nitroindolin-
2-one (29) JH398. Indolinone 28 (100 mg, 0.520 mmol, 1 equiv) was added to a
suspension of 2-ethyl-4-methyl-1H-imidazole-5-carbaldehyde (68.3 mg, 0.494 mmol,
0.95 equiv), and piperidine (13.3 mg, 0.156 mmol, 0.3 equiv) in THF (7 mL). The
resulting mixture was heated to 75 °C in a sealed jar for 18 h. After cooling to room
temperature the resulting precipitate was collected by filtration, and washed with EtOAc
to give pure 29 (113 mg, 73%) as an orange solid. 'H NMR (DMSO-dq): & 1.43 (t,J="7.5
Hz, 3H), 2.45 (s, 3H), 2.75 (q, J= 7.6 Hz, 2H), 3.29 (s, 3H), 7.16 (d, J = 8.4 Hz, 1H),
7.55 (s, 1H), 8.15 (dd, /= 8.8, 2.6 Hz, 1H), 10.6 (d, /= 2.6 Hz, 1H), 12.5 (bs, 1H);
HRMS calcd for C14H;7N403 313.1301; found (EST") (M + H) 313.1293.

(Z)-5-Amino-3-((2-ethyl-4-methyl-1 H-imidazol-5-yl)methylene)-1-methylindolin-

2-one (30) JH402. Zinc dust (1.02 g, 15.6 mmol, 47 equiv) was added to a suspension of
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indolinone 29 (105 mg, 0.336 mmol, 1 equiv) in THF (40 mL) and saturated aqueous
NH4C1 (20 mL) at room temperature. The resulting mixture was vigorously stirred for 10
min, then diluted with EtOAc (150 mL), washed with water, then saturated NaCl, and
concentrated under vacuum to give pure 30 (67 mg, 71%) as a red/orange solid. "H NMR
(DMSO-de): 6 1.32 (t,J= 7.7 Hz, 3H), 2.38 (s, 3H), 2.75 (q, /= 7.6 Hz, 2H), 3.11 (s,
3H), 4.50 (bs, 2H), 6.50 (dd, J= 8.1, 2.6 Hz, 1H), 6.62 (d, J= 8.1 Hz, 1H), 7.32 (s, 1H),
8.81 (d,J =2.2 Hz, 1H), 12.2 (bs, 1H); HRMS calcd for C;sH9N4O 283.1553; found
(EST") (M + H) 283.1552.
(Z)-N-(3-((2-Ethyl-4-methyl-1H-imidazol-5-yl)methylene)-1-methyl-2-
oxoindolin-5-yl)propiolamide (31) JH404. EDC (80.3mg, 0.419 mmol, 2 equiv) was
added to a solution of indolinone 30 (59.1 mg, 0.209 mmol, 1 equiv) and propiolic acid
(22.2 mg, 0.317 mmol, 1.5 equiv) in DMF (4 mL) at 0 °C. The resulting mixture was
allowed to stir for 2 h, then diluted with EtOAc (100 mL), washed with water, then
saturated NaCl, and concentrated under vacuum to give a crude orange solid. This
material was further purified by preparative HPLC (acetonitrile/water, linear gradient
elution, 5% to 80% acetonitrile over 20 min) to give pure 31 (16 mg, 23%) as an orange
solid. "H NMR (DMSO-ds): & 1.30 (t,J= 7.7 Hz, 3H), 2.41 (s, 3H), 2.76 (q, J = 7.7 Hz,
2H), 3.18 (s, 3H), 4.29 (s, 1H), 6.89 (d, /= 8.4 Hz, 1H), 7.24 (dd, /= 8.4, 2.2 Hz, 1H),
7.43 (s, 1H), 9.70 (d, J= 1.8 Hz, 1H), 10.5 (s, 1H), 12.3 (bs, 1H); HRMS calcd for
C1oH19N40, 335.1508; found (ESI') (M + H) 335.1493.
5-(2-Chloroacetyl)-1-methylindolin-2-one (32) JH396. Chloroacetyl chloride
(1.95g, 17.3 mmol, 1.7 equiv) was added dropwise to a stirred suspension of anhydrous

AICl; (8.10 g, 60.9 mmol, 6 equiv) in carbon disulfide (40 mL). Stirring was allowed to
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continue at room temperature for 15 min. 1-Methylindolin-2-one (1.50 g, 10.2 mmol, 1
equiv) was then added, and the mixture was brought to reflux for 2 h, then cooled on ice.
After removal of the solvent by decantation the remaining thick brown residue was
treated with ice cold water. The resulting precipitate was recovered by filtration, washed
with water, and dried under vacuum to provide pure 32 (2.0 g, 88%) as a white solid. 'H
NMR (DMSO-dg): 6 3.17 (s, 3H), 3.64 (s, 2H), 5.11 (s, 2H), 7.12 (d, /= 8.4 Hz, 1H),
7.86 (d,J=1.1 Hz, 1H), 7.99 (dd, J= 8.4, 1.8 Hz, 1H); HRMS calcd for C;;H;;CINO,
224.0478; found (EST") (M + H) 224.0475.
5-(2-(Chloromethyl)-1,3-dioxolan-2-yl)-1-methylindolin-2-one (33) JH399.
Ethylene glycol (555 mg, 8.94 mmol, 2 equiv) and pTSA-H,0 (170 mg, 0.894 mmol, 0.2
equiv) were added to a suspension of indolinone 32 (1.00 g, 4.47 mmol, 1 equiv) in
benzene (200 mL). The mixture was brought to reflux using a Dean Stark trap, and
vigorous stirring for 5 h. After cooling to room temperature the mixture was washed with
5% NaHCOs, then saturated NaCl, and concentrated under vacuum to give 3 (1.2 g,
100%) as a tan solid. "H NMR (DMSO-dg): & 3.06 (s, 3H), 3.50 (s, 2H), 3.76-3.80 (m,
2H), 3.82 (s, 2H), 4.02-4.06 (m, 2H), 6.91 (d, J= 8.1 Hz, 1H), 7.31 (s, 1H), 7.33 (d, J =
8.4 Hz, 1H); HRMS calcd for C,3H;5CINO3 268.0740; found (ESI+) (M + H) 268.0737.
(Z)-5-(2-Chloroacetyl)-3-((2-ethyl-4-methyl-1 H-imidazol-5-yl)methylene)-1-
methylindolin-2-one hydrochloride (34) JH400. Indolinone 33 (50.0 mg, 0.187 mmol,
1 equiv) was added to a suspension of 2-ethyl-4-methyl-1H-imidazole-5-carbaldehyde
(25.0 mg, 0.181 mmol, 0.97 equiv), and piperidine (4.8 mg, 0.056 mmol, 0.3 equiv) in
THF (6 mL). The resulting mixture was heated to 75 °C in a sealed jar for 18 h. After

cooling to room temperature conc. HCI (300 puL) was added, and stirring was allowed to
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continue for an additional 18 h. The resulting precipitate was collected by filtration,
washed with THF, and dried under vacuum to give pure 34 (40 mg, 60%) as an orange
solid. "H NMR (DMSO-ds): & 1.30 (t,J= 7.7 Hz, 3H), 2.41 (s, 3H), 2.76 (q, J = 7.7 Hz,
2H), 3.18 (s, 3H), 4.29 (s, 1H), 6.89 (d, /= 8.4 Hz, 1H), 7.24 (dd, /= 8.4, 2.2 Hz, 1H),
7.43 (s, 1H), 9.70 (d, J= 1.8 Hz, 1H), 10.5 (s, 1H), 12.3 (bs, 1H); HRMS calcd for
C1sH19CIN30, 344.1166; found (ESI') (M + H) 344.1153.
(Z)-N-(3-((2-Ethyl-4-methyl-1H-imidazol-5-yl)methylene)-2-oxoindolin-5-yl)but-
2-ynamide (35) JH387. DMF (6 mL) was added to a solid mixture of indolinone 25
(50.0 mg, 0.147 mmol, 1 equiv), EDC (112 mg, 0.584 mmol, 4 equiv), HOBt (20.0 mg,
0.148 mmol, 1 equiv), and 2-butynoic acid (74.0 mg, 0.880 mmol, 6 equiv), followed by
DIPEA (57.0 mg, 0.441 mmol, 3 equiv). The resulting mixture was allowed to stir at
room temperature for 2 h, then diluted with 5% NaHCOj3 (20 mL), and extracted with
EtOAc. The EtOAc extract was washed with water, then saturated NaCl, then
concentrated to dryness to give pure 35 (25 mg, 51%) as an orange solid. '"H NMR
(DMSO-dg): 6 1.27 (t, J = 7.7 Hz, 3H), 2.04 (s, 3H), 2.40 (s, 3H), 2.75 (q, J = 7.6 Hz,
2H), 6.83 (d, J=8.4. 1H), 7.22 (dd, J= 8.2, 2.0 Hz, 1H), 7.53 (s, 1H), 7.92 (d,J=1.8
Hz, 1H), 10.4 (s, 1H), 10.9 (bs, 1H), 13.8 (s, 1H); HRMS caled for C;9H;9N40, 335.1503;
found (ESI") (M + H) 335.1496.
(Z)-5-Acetyl-3-((2-ethyl-4-methyl-1H-imidazol-5-yl)methylene)indolin-2-one (36)
JH379. 5-Acetylindolin-2-one (55) (100 mg, 0.571 mmol, 1 equiv) was added to a
suspension of 2-ethyl-4-methyl-1H-imidazole-5-carbaldehyde (71.0 mg, 0.514 mmol, 0.9
equiv), and piperidine (14.0 mg, 0.164 mmol, 0.3 equiv) in THF (8 mL). The resulting

mixture was heated to 75 °C in a sealed jar for 16 h. After cooling to room temperature
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the product was collected by filtration, washed with THF, then EtOAc, to give 36 (57 mg,
34%) as an orange solid. A small amount of this material was further purified by
preparative HPLC (acetonitrile/water, linear gradient elution, 5% to 80% acetonitrile over
20 min) for use in bioassays. 'H NMR (DMSO-dy): & 1.28 (t,J = 7.7 Hz, 3H), 2.46 (s,
3H), 2.59 (s, 3H), 2.78 (q, J = 7.6 Hz, 2H), 6.98 (d, J = 8.4 Hz, 1H), 7.82 (dd, /= 8.2, 1.6
Hz, 1H), 7.94 (s, 1H), 8.46 (d, /= 1.8 Hz, 1H), 11.3 (bs, 1H), 13.7 (bs, 1H); HRMS calcd
for C17H;5N30,296.1394; found (EST") (M + H) 296.1396.

(38-54). This is a general procedure for the parallel synthesis of these 5-
chloromethylketone-based inhibitors. A stock solution (2 mL) of indolinone 18 (50
mg/mL, 0.0985 mmol/mL, 1 equiv) in THF, and a stock solution (4 mL) of piperidine
(1.25 mg/mL, 0.0147 mmol/mL. 0.3 equiv) in THF were added to an 8 mL glass jar. An
aromatic aldehyde was then added. For well-soluble aldehydes 1.05 to 1.5 equivalents
were used. For aldehydes that were not completely soluble 0.9 to 0.95 equivalents were
used. This method helped to ensure that the leftover starting materials remained in
solution at the end of the reaction. The jar was then capped with a Teflon lined lid and
heated to 75 °C for 1 to 40 h in a sand bath. The progress of the reaction was monitored
by TLC (all products are visibly yellow). After completion of the reaction the mixture
was allowed to cool to room temperature. Next, to hydrolyze the 1,3-dioxolane protecting
group the reactions were treated with 4 to 6 drops of concentrated HCI for 2 to 23 h.
After the hydrolysis precipitated products were collected by filtration and washed with
THF. For products that did not precipitate, the THF was removed under vacuum and the
residue purified by trituration in EtOAc or EtOAc/Hexanes. Optionally, prior to

hydrolysis, for reactions that yielded a mixture of E and Z isomers, the THF was removed
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under vacuum and the residue purified by silica gel chromatography to resolve the
isomers, using hexanes/EtOAc as the mobile phase. Following silica gel chromatography
these products were hydrolyzed in THF/HCI, and purified as described above. A
complete listing of reaction times, yields of isomers, and chemical yields for these
compounds are presented in Table 2. The "H NMR data for compounds 38-54 are listed
below.

(Z)-3-((1H-Imidazol-2-yl)methylene)-5-(2-chloroacetyl)indolin-2-one (38) JH177.
'H NMR (DMSO-dg): & 5.18 (s, 2H), 7.07 (d, J = 8.1 Hz, 1H), 7.40 (s, 1H), 7.60 (d, J =
2.2 Hz, 1H), 7.91 (dd, J=8.1, 1.8 Hz, 1H), 8.04 (s, 1H), 8.58 (d,J = 1.§ Hz 1H), 11.6
(bs, 1H), 13.9 (bs, 1H).

(Z)-5-(2-Chloroacetyl)-3-(furan-2-ylmethylene)indolin-2-one (39) JH181. 'H
NMR (DMSO-dy): 6 5.17 (s, 2H), 6.86 (dd, J= 3.3, 1.8 Hz, 1H), 7.01 (d, J = 8.4, 1H),
7.37 (d, J=3.7 Hz, 1H), 7.45 (s, 1H), 7.95 (dd, J=8.1, 1.8 Hz, 1H), 8.25 (d, /= 1.8 Hz,
1H), 8.98 (d, J=1.5 Hz 1H), 11.1 (bs, 1H).

(Z)-5-(2-Chloroacetyl)-3-(pyridin-2-ylmethylene)indolin-2-one hydrochloride
(40) JH182. "H NMR (DMSO-dg): & 5.19 (s, 2H), 7.06 (d, J = 8.4 Hz, 1H), 7.72-7.77 (m,
1H), 8.00 (dd, J= 8.1, 1.5 Hz, 1H), 8.18 (s, 1H), 8.24-8.29 (m, 1H), 8.51 (d, /= 1.5 Hz,
1H), 8.74 (d, /= 8.4 Hz, 1H), 6 8.93-8.97 (m, 1H), 11.6 (bs, 1H).

(Z)-3-((1H-Indol-3-yl)methylene)-5-(2-chloroacetyl)indolin-2-one (41) JH184. 'H
NMR (DMSO-dy): 6 5.23 (s, 2H), 6.98 (d, J = 8.1 Hz, 1H), 7.25-7.29 (m, 2H), 7.53-7.57
(m, 1H), 7.84 (dd, J= 8.1, 1.5 Hz, 1H), 8.26-8.30 (m, 1H), 8.38 (s, 1H), 8.56 (d,J=1.5

Hz, 1H), 9.48 (d, J=2.9 Hz, 1H), 11.0 (s, 1H), 12.1 (bs, 1H).
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(Z)-5-(2-Chloroacetyl)-3-(thiazol-2-ylmethylene)indolin-2-one hydrochloride (42)
JH185. "H NMR (DMSO-dq): 6 5.19 (s, 2H), 7.05 (d, J = 8.4 Hz, 1H), 7.95 (dd, J = 8.1,
1.5 Hz, 1H), 8.10 (dd, J=3.3, 1.1 Hz, 1H), 8.18 (d, /= 2.9 Hz, 1H), 8.38 (s, 1H), 8.62 (d,
J=1.8 Hz, 1H), 11.3 (s, 1H).

5-(2-Chloroacetyl)-3-(thiophen-2-ylmethylene)indolin-2-one (43) JH186. Isolated
as a 3:1 mixture of E/Z isomers. This is the spectrum of the major isomer. "H NMR
(DMSO-dp): 6 5.16 (s, 2H), 6.98 (d, J = 8.1 Hz, 1H), 7.28 (dd, /= 5.1, 3.7 Hz, 1H), 7.90
(dd, J=8.4, 1.5 Hz, 1H), 7.97 (d, J= 5.1 Hz, 1H), 8.02 (d, /= 3.7 Hz, 1H), 8.37 (s, 1H),
8.40 (d,J=1.5Hz, 1H), 11.1 (s, 1H).

(Z)-5-(2-Chloroacetyl)-3-(2-hydroxybenzylidene)indolin-2-one (44) JH187. 'H
NMR (DMSO-ds): 6 4.95 (s, 2H), 6.90-6.98 (m, 3H), 7.31-7.35 (m, 1H), 7.64 (d, J="7.7
Hz, 1H), 7.76 (s, 1H), 7.88 (dd, J = 8.4, 1.8 Hz, 1H), 8.11 (d, J= 1.5 Hz, 1H), 10.3 (s,
1H), 11.0 (s, 1H).

(Z)-5-(2-Chloroacetyl)-3-(2-hydroxy-3-methoxybenzylidene)indolin-2-one (45)
JH188. "H NMR (DMSO-dq): 5 3.88 (s, 3H), 5.00 (s, 2H), 6.94 (t, J = 8.1 Hz, 1H), 6.99
(d, J=8.1 Hz, 1H), 7.14 (d, /= 8.1 Hz, 1H), 7.27 (d, J= 7.7 Hz, 1H), 7.81 (s, 1H), 7.92
(dd, J=8.4, 1.8 Hz, 1H), 8.16 (d, J= 1.8 Hz, 1H), 9.53 (s, 1H), 11.1 (s, 1H).

5-(2-Chloroacetyl)-3-(2-hydroxy-3-nitrobenzylidene)indolin-2-one (46) JH189.
Isolated as a clean 1:1 mixture of E/Z isomers. There was too much overlap in spectra to
accurately assign chemical shifts.

5-(2-Chloroacetyl)-3-(2-hydroxy-5-nitrobenzylidene)indolin-2-one (47) JH191B.
Isolated as a 1.3:1 mixture of E/Z isomers. This is the spectrum of the major isomer. 'H

NMR (DMSO-dg): 6 4.91 (s, 2H), 6.98 (d, J= 8.4 Hz, 1H), 7.15 (d, J=9.2 Hz, 1H), 7.66
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(s, 1H), 7.90 (dd, /= 8.4, 1.8 Hz, 1H), 7.99 (d, /= 1.5 Hz, 1H), 8.24 (dd, J=9.2, 2.9 Hz,
1H), 8.52 (d, J=2.9 Hz, 1H), 11.1 (s, 1H), 12.0 (s, 1H).
(Z)-3-(5-tert-Butyl-2-hydroxybenzylidene)-5-(2-chloroacetyl)indolin-2-one (48)
JH192B. 'H NMR (DMSO-dq): 5 1.28 (s, 9H), 5.03 (s, 2H), 6.98 (d, J = 8.9, Hz, 1H),
6.99 (d,/=8.1, Hz, 1H), 7.43 (dd, J= 8.4, 2.6 Hz, 1H), 7.65 (d, /= 2.6, Hz, 1H), 7.84
(s, 1H), 7.95 (dd, /= 8.4, 1.8 Hz, 1H), 8.22 (d, /= 1.5 Hz, 1H), 10.1 (s, 1H), 11.1 (s, 1H).
3-(3-tert-Butyl-2-hydroxybenzylidene)-5-(2-chloroacetyl)indolin-2-one (49)
JH193A. Isolated as a clean 3:1 mixture of E/Z isomers. There was too much overlap in
spectra to accurately assign chemical shifts.
5-(2-Chloroacetyl)-3-(thiophen-3-ylmethylene)indolin-2-one (50) JH194A.
Isolated as a 2:1 mixture of E/Z isomers. This is the spectrum of the major isomer. 'H
NMR (DMSO-ds): 6 5.16 (s, 2H), 6.97 (d, /= 8.4 Hz, 1H), 7.66 (dd, J= 5.1, 2.9 Hz, 1H),
7.90 (dd, J=8.4, 1.8 Hz, 1H), 8.10 (s, 1H), 8.14 (dd, J=5.1, 1.1 Hz, 1H), 8.35(d,J=1.5
Hz, 1H), 8.85 (d, J= 2.6 Hz, 1H), 11.1 (s, 1H).
(Z)-5-(2-Chloroacetyl)-3-(furan-3-ylmethylene)indolin-2-one (51) JH195A. 'H
NMR (DMSO-dg): 6 5.15 (s, 2H), 6.97 (d, /= 8.4 Hz, 1H), 7.46 (d, J = 1.8 Hz, 1H), 7.83
(t,J=1.8 Hz, 1H), 7.89 (dd, /= 8.1, 1.5 Hz, 1H), 7.93 (s, 1H), 8.31 (d, /= 1.5 Hz, 1H),
8.69 (d,J=1.1 Hz, 1H), 11.1 (s, 1H).
(Z)-5-(2-Chloroacetyl)-3-(3-hydroxybenzylidene)indolin-2-one (52) JH196A. 'H
NMR (DMSO-ds): 6 5.02 (s, 2H), 6.93 (dd, J = 8.1, 2.2 Hz, 1H), 7.00 (d, J = 8.1 Hz, 1H),
7.13 (s, 1H), 7.17 (d, J= 7.7 Hz, 1H), 7.36 (t,J = 7.7 Hz, 1H), 7.67 (s, 1H), 7.97 (dd, J =

8.1, 1.5 Hz, 1H), 8.23 (d, J= 1.2 Hz, 1H), 9.76 (s, 1H), 11.1 (s, 1H).
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(Z)-5-(2-Chloroacetyl)-3-((5-(hydroxymethyl)furan-2-yl)methylene)indolin-2-one
(53) JH198. 'H NMR (DMSO-ds): & 4.72 (s, 2H), 5.25 (s, 2H), 6.69 (d, J = 3.3 Hz, 1H),
7.02 (d,J=8.4,Hz, 1H), 7.31 (d, J=3.3, Hz, 1H), 7.42 (s, 1H), 7.94 (dd, /= 8.4, 1.8 Hz,
1H), 9.03 (d, J= 1.5, Hz, 1H), 11.0 (s, 1H).

(Z)-5-((5-(2-Chloroacetyl)-2-oxoindolin-3-ylidene)methyl)-2,4-dimethyl-1H-
pyrrole-3-carboxylic acid (54) JH156. 'H NMR (DMSO-dy): & 2.55 (s, 3H), 2.56 (s,
3H), 5.20 (s, 2H), 7.02 (d, /= 8.1, Hz, 1H), 7.82 (d, J= 8.4, Hz, 1H), 7.90 (s, 1H), 8.50
(s, IH), 11.4 (s, 1H), 13.7 (s, 1H).

5-Acetylindolin-2-one** (55) JH008. Acetyl chloride (766 mg, 9.76 mmol, 1.3
equiv) was added dropwise to a stirred suspension of anhydrous AICI; (6.11 g, 45.8
mmol, 6.1 equiv) in carbon disulfide (26 mL). Stirring was then allowed to continue at
room temperature for 10 min. Indolin-2-one (1.0 g, 7.51 mmol, 1 equiv) was then added.
The mixture was then brought to reflux for 4 h, and cooled on ice. After removal of the
solvent by decantation the remaining thick brown residue was treated with ice cold water
(100 mL). The resulting precipitate was recovered by filtration, washed with water, and
dried under vacuum to provide pure 55 (1.12 g, 85%) as a white solid. '"H NMR (DMSO-
ds): 0 2.50 (s, 3H), 3.55 (s, 2H), 6.90 (dd, J= 8.1, 3.7 Hz, 1H), 7.80 (s, 1H), 7.85 (d, J =
8.1 Hz, 1H), 10.8 (bs, 1H).

5-Ethylindolin-2-one* (56) JHO018. Tricthylsilane (451 mg, 3.88mmol, 1.36 equiv)
was added dropwise to a stirred solution of 55 (500 mg, 2.85 mmol, 1 equiv) in
trifluoroacetic acid (3.75 mL) on an ice bath. Stirring was allowed to continue for 5 h
then more triethylsilane (182 mg, 1.56 mmol, 0.55 equiv) was added. Stirring was

allowed to continue for an additional 16 h at room temperature then the reaction was
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dumped onto crushed ice (200 mL). After the ice had melted the mixture was extracted
with EtOAc. The EtOAc extract was washed with brine, dried over sodium sulfate, and
concentrated under vacuum to give the crude product as a cream-colored solid. This
material was added to boiling hexanes (30 mL) and treated with DCM (~3-4 mL) until a
clear solution formed. The DCM was then removed by distillation, and the remaining
liquid cooled. The resulting precipitate was collected by filtration, washed with hexanes,
and dried under vacuum to give pure 56 (300 mg, 65%) as a pale yellow solid. "H NMR
(DMSO-de): 6 1.22 (t,J=7.7 Hz, 3H), 2.61 (q, J = 7.7 Hz, 2H), 3.52 (s, 2H), 6.80 (d, J =
8.1 Hz, 1H), 7.05 (d, J= 7.3 Hz, 1H), 7.08 (s, 1H), 8.77 (bs, 1H).

Fluoroacetyl chloride*’ (57) JH040. Sodium fluoroacetate ([Poison! lethal in
humans at 2—-10 mg/kg], 5.25 g, 52.4 mmol, 1 equiv) was added to solid PCls (12 g, 57.6
mmol, 1.1 equiv) in a 50 mL round bottom flask. A distillation head and condenser were
immediately placed on the flask. The flask was then swirled to mix the solids and initiate
an exothermic reaction that produced HCI (Note: don’t breathe the fumes as the final
product is volatile and toxic!). The mixture was then heated on an oil bath (100 °C), and
stirred until it became a refluxing liquid. Reflux was allowed to continue for 45 min then
the bath temperature was increased to 130 °C. With this amount of heating the product
was collected by distillation to give 57 (4.5 g, 89%, d = 1.45 g/mL) as a clear liquid.

5-(2-Fluoroacetyl)indolin-2-one (58) JH044. Fluoroacetyl chloride (57) ([Poison!],
544 mg, 5.67 mmol, 1.5 equiv) was added dropwise to a stirred suspension of anhydrous
AICl; (2.5 g, 18.8 mmol, 5 equiv) in carbon disulfide (20 mL). Stirring was then allowed
to continue at room temperature for 10 min. Indolin-2-one (0.5 g, 3.76 mmol, 1 equiv)

was then added, and the mixture was shaken with venting due to the formation of HCI for
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a little over 1 min (longer reaction times promote fluorine to chlorine halogen exchange
on the desired product). The solvent was then removed by decantation, and the remaining
thick brown residue treated with ice cold water (100 mL). The resulting precipitate was
recovered by filtration, washed with water, and dried under vacuum to provide a 3:2
mixture of 58 and 3 (461 mg total for the mixture, ~61% combined yield). The desired
product, 58, was separated by preparative HPLC on a C18 column. 'H NMR (DMSO-ds):
03.56 (s, 2H), 5.73 (d, J =46 Hz, 2H), 6.93 (d, /= 8.1 Hz, 1H), 7.74 (s, 1H), 7.78 (d, J =
8.1 Hz, 1H), 10.8 (bs, 1H).

5-Nitroindolin-2-one** (59) JH054. Concentrated HNO; (2.5 mL) was added to a
stirred solution of indolin-2-one (6.5 g, 48.9 mmol, 1 equiv) in conc. H;SO4 (25 mL) at -
10 °C. The resulting mixture was stirred at 0 °C for 30 min then poured into ice water.
The resulting precipitate was recovered by filtration, washed with water, and air dried to
give pure 59 as a light tan solid (6.0 g, 69%). "H NMR (DMSO-ds): & 3.63 (s, 2H), 6.98
(d, J=8.8 Hz, 1H), 8.09 (s, 1H), 8.14 (d, J= 8.4 Hz, 1H), 11.0 (bs, 1H).

5-Aminoindolin-2-one** (60) JH056. A suspension of 59 (1.0 g, 5.61 mmol, 1 equiv)
and 10% Pd/C (500 mg) in methanol (50 mL) was placed under 1 atm of hydrogen with
stirring for 19 h. The catalyst was then removed by filtration, followed by the methanol
under reduced pressure to give pure 60 (661 mg, 80%) as an off white solid. "H NMR
(DMSO-dp): 6 3.31 (s, 2H), 4.63 (s, 2H), 6.37 (d, /= 8.4 Hz, 1H), 6.49 (d, /= 8.4 Hz,
1H), 6.50 (s, 1H), 9.91 (s, 1H).

N-(2-Oxoindolin-5-yl)methacrylamide (61) JHO082. 2-Methacryloyl chloride (211
mg, 2.02 mmol, 2 equiv) was added dropwise over the course of 5 min to a solution of 60

(150 mg, 1.01 mmol, 1 equiv) and pyridine (120 mg, 1.52 mmol, 1.5 equiv) in anhydrous
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THF (50 mL) at 0 °C. The mixture was allowed to warm to room temperature and stir for
1 h. Then water (10 mL) was added, and most of the THF removed under vacuum. After
standing overnight the resulting precipitate was collected by filtration to give pure 61 (25
mg, 15%) as a white solid. "H NMR (DMSO-ds): & 1.93 (s, 3H), 3.46 (s, 2H), 5.46 (s,
1H), 5.75 (s, 1H), 6.74 (d, /= 8.4 Hz, 1H), 7.42 (d, J= 8.4 Hz, 1H), 7.55 (s, 1H), 9.62 (s,
1H), 10.3 (s, 1H).

(E)-N-(2-oxo0indolin-5-yl)but-2-enamide (62) JH080. Crotonoyl chloride (275 mg,
2.63 mmol, 1.3 equiv) was added dropwise over the course of 5 min to a solution of 60
(300 mg, 2.02 mmol, 1 equiv) in anhydrous THF (115 mL) at 0 °C. The mixture was then
allowed to warm to room temperature and stir for 15 min. After filtration to remove some
insoluble material, water (20 mL) was added and most of the THF removed under
vacuum. The resulting precipitate was collected by filtration to give pure 62 (142 mg,
35%) as a white solid. "H NMR (DMSO-de): 6 1.85 (d, J= 7.0 Hz, 3H), 3.46 (s, 2H),

6.09 (d,J=15Hz, 1H), 6.73 (d, /= 8.1 Hz, 1H), 6.74 (dd, J= 15, 7.0 Hz, 1H), 7.38 (d, J
=8.4 Hz, 1H), 7.57 (s, 1H), 9.77 (s, 1H), 10.3 (s, 1H).

2-Cyano-N-(2-oxoindolin-5-yl)acetamide (63) JH078. To a stirred solution of 60
(150 mg, 1.01 mmol, 1 equiv) and EDC (387 mg, 2.02 mmol, 2 equiv) in acetonitrile (40
mL) was added cyanoacetic acid (95 mg, 1.11 mmol, 1.1 equiv) in acetonitrile (4 mL)
over the course of 5 min. The resulting mixture was allowed to stir for 30 minutes at
room temperature. Water (25 mL) was then added, followed by removal of most of the
acetonitrile under reduced pressure. The resulting precipitate was collected by filtration to

give pure 63 (134 mg, 62%) as a white solid. 'H NMR (DMSO-dy): 6 3.47 (s, 2H), 3.84
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(s, 2H), 6.76 (d, J= 8.4 Hz, 1H), 7.29 (d, J= 8.4 Hz, 1H), 7.44 (s, 1H), 10.1 (s, 1H), 10.3
(s, 1H).

N-(2-Oxoindolin-5-yl)ethenesulfonamide (64) JH083. 2-Chloroethanesulfonyl
chloride (412 mg, 2.53 mmol, 2.5 equiv) was added dropwise to a solution of 60 (150
mg, 1.01 mmol, 1 equiv) and DIPEA (392 mg, 3.03 mmol, 3 equiv) in anhydrous THF
(50 mL) at 0 °C. The mixture was allowed stir for 1 h. Then water (5 mL) was added, and
most of the THF removed under vacuum. The resulting precipitate was collected by
filtration to give pure 64 (135 mg, 56%) as a white solid. 'H NMR (DMSO-d):  3.45 (s,
2H), 5.97 (d, J=8.9 Hz, 1H), 6.00 (d, /=17 Hz, 1H), 6.70 (dd, J =17, 8.9 Hz, 1H), 6.73
(d, J=8.1 Hz, 1H), 6.97 (d, J= 8.4 Hz, 1H), 7.03 (s, 1H), 9.61 (s, 1H), 10.3 (s, 1H).

(Z)-3-((1H-Pyrrol-2-yl)methylene)-5-ethylindolin-2-one (65) JH048. Indolinone
56 (100 mg, 0.620 mmol, 1 equiv) was added to a solution of pyrrole-2-carboxaldehyde
(76.7 mg, 0.806 mmol, 1.3 equiv), and piperidine (5.3 mg, 0.062mmol, 0.1 equiv) in
EtOH (2 mL). The resulting mixture was refluxed for 4 h. After cooling to room
temperature EtOH (3 mL) was added. The precipitated product was recovered by
filtration, washed with EtOH, and dried under vacuum to give pure 65 (55 mg, 37%) as a
yellow solid. "H NMR (DMSO-dg): & 1.20 (t, J= 7.7 Hz, 3H), 2.60 (q, J = 7.7 Hz, 2H),
6.32-6.35 (m, 1H), 6.78 (d, J=7.7 Hz, 1H), 6.78-6.83 (m, 1H), 6.99 (d, J= 7.7 Hz, 1H),
7.31-7.35 (m, 1H), 7.49 (s, 1H), 7.73 (s, 1H), 10.8 (s, 1H), 13.3 (bs, 1H).

(Z)-3-((1H-Pyrrol-2-yl)methylene)-5-acetylindolin-2-one (66) JH049. Indolinone
55 (200 mg, 1.14 mmol, 1 equiv) was added to a solution of pyrrole-2-carboxaldehyde
(542 mg, 5.7 mmol, 5 equiv), and piperidine (9.7 mg, 0.114 mmol, 0.1 equiv) in EtOH

(11 mL). The resulting mixture was refluxed for 5.5 h, then stirred at room temperature
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for 18 h. The resulting precipitate was recovered by filtration, washed with EtOH, and
dried under vacuum to give pure 66 (170 mg, 60%) as a yellow solid. '"H NMR (DMSO-
ds): 6 2.58 (s, 3H), 6.37-6.41 (m, 1H), 6.90-6.94 (m, 1H), 6.98 (d, J = 8.1 Hz, 1H), 7.39-
7.43 (m, 1H), 7.82 (d, /= 8.1 Hz, 1H), 8.0 (s, 1H), 8.30 (s, 1H), 11.3 (s, 1H), 13.2 (bs,
1H).

(Z2)-3-((1H-Pyrrol-2-yl)methylene)-5-(2-fluoroacetyl)indolin-2-one 67 (JH050).
Indolinone 58 (13 mg, 0.067 mmol, 1 equiv) was added to a solution of pyrrole-2-
carboxaldehyde (32 mg, 0.34 mmol, 5 equiv), and piperidine (0.9 mg, 0.01 mmol, 0.2
equiv) in EtOH (2.6 mL). The resulting mixture was heated to 60 °C in a sealed jar for 3
h. After cooling to room temperature the volume of the mixture was reduced under
vacuum. The resulting precipitate was recovered by filtration, washed with EtOH, and
dried under vacuum to give pure 67 (3.5 mg, 19%) as a green-yellow solid. The NMR of
this material contained too much water accurately assign chemical shifts.

(Z)-N-(3-((1H-Pyrrol-2-yl)methylene)-2-oxoindolin-5-yl)methacrylamide (68)
JH094. Indolinone 61 (16 mg, 0.074 mmol, 1 equiv) was added to a solution of pyrrole-
2-carboxaldehyde (70.4 mg, 0.74 mmol, 10 equiv), and piperidine (1.3 mg, 0.015 mmol,
0.2 equiv) in THF (2.5 mL). The resulting mixture was heated to 75 °C in a sealed jar for
2 h. After cooling to room temperature the mixture was concentrated to dryness under
vacuum. The residue was then purified by triturating in 4:1 EtOAc:hexanes overnight.
The product was then recovered by filtration and dried under vacuum to give pure 68
(170 mg, 60%) as a yellow solid. 'H NMR (DMSO-dy): & 1.96 (s, 3H), 5.49 (s, 1H), 5.81

(s, 1H), 6.33-6.37 (m, 1H), 6.83 (d, J= 8.1 Hz, 1H), 6.89-6.92 (m, 1H), 7.30 (dd, J = 8.4,
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1.8 Hz, 1H), 7.34-7.38 (m, 1H), 7.61 (s, 1H), 7.96 (d, J = 1.5 Hz, 1H), 9.68 (s, 1H), 10.8
(s, 1H), 13.3 (bs, 1H).
(E)-N-((Z)-3-(1H-Pyrrol-2-yl)methylene)-2-oxoindolin-5-yl)but-2-enamide (69)
JHO095. Indolinone 62 (40 mg, 0.185 mmol, 1 equiv) was added to a solution of pyrrole-
2-carboxaldehyde (176 mg, 1.85 mmol, 10 equiv), and piperidine (3.2 mg, 0.037 mmol,
0.2 equiv) in THF (2.5 mL). The resulting mixture was heated to 75 °C in a sealed jar for
2 h. After cooling to room temperature the mixture was concentrated to dryness under
vacuum. The residue was then purified by triturating in 4:1 EtOAc:hexanes overnight.
The product was then recovered by filtration and dried under vacuum to give pure 69 (49
mg, 90%) as a yellow solid. 'H NMR (DMSO-dy): & 1.87 (d, J=5.9 Hz, 3H), 6.12 (d, J =
15 Hz, 1H), 6.33-6.38 (m,1H), 6.78 (dd, J= 16, 7.3 Hz, 1H), 6.82 (d, /= 8.4 Hz, 1H),
6.91-6.95 (m, 1H), 7.24 (dd, J= 8.1, 1.5 Hz, 1H), 7.34-7.37 (m, 1H), 7.60 (s, 1H), 8.02
(s, 1H), 9.85 (s, 1H), 10.8 (s, 1H), 13.3 (bs, 1H).
(Z)-N-(3-((1H-Pyrrol-2-yl)methylene)-2-oxoindolin-5-yl)ethenesulfonamide (70)
JH096. Indolinone 64 (40 mg, 0.168 mmol, 1 equiv) was added to a solution of pyrrole-
2-carboxaldehyde (160 mg, 168 mmol, 10 equiv), and piperidine (2.9 mg, 0.034 mmol,
0.2 equiv) in THF (2.5 mL). The resulting mixture was heated to 75 °C in a sealed jar for
2 h. After cooling to room temperature the mixture was concentrated to dryness under
vacuum. The residue was dissolved in EtOAc and filtered to remove some tar. The
soluble product was then purified by silica gel chromatography using 2:1 hexanes:EtOAc
as the mobile phase to give pure 70 (25 mg, 47%) as a yellow solid. '"H NMR (DMSO-
de): 6 598 (d, J=9.9 Hz, 1H), 6.03 (d, /= 17 Hz, 1H), 6.34-6.39 (m,1H), 6.75 (dd, J =

17,9.9 Hz, 1H), 6.82 (d, J= 8.1 Hz, 1H), 6.91-6.94 (m, 1H), 6.95 (dd, J=8.4,2.2 Hz,
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1H), 7.35-7.38 (m,1H), 7.41 (d, J= 1.8 Hz, 1H), 7.68 (s, 1H), 9.65 (s, 1H), 10.9 (s, 1H),
13.3 (s, 1H).

3-(Methylthio)-4-nitroindolin-2-one (71) JH117. Under an atmosphere of argon and
protection from strong light, a solution of t-butyl hypochlorite (15.7 g, 145 mmol, 1
equiv) in DCM (70 mL) was added dropwise over 10 min to a stirred solution of 3-nitro-
aniline (20 g, 145 mmol, 1 equiv) in DCM (1000 mL) at -65 °C. Care was taken to keep
the internal temperature of the mixture below -50 °C during the addition. The resulting
mixture was allowed to stir for 10 min, then a solution of ethyl (methylthio)acetate (19.5
g, 145 mmol, 1 equiv) in DCM (60 mL) was added over the course of 5 min, keeping the
internal temperature of the reaction below -60 °C. The resulting mixture was allowed to
stir for 1 h, then a solution of Et;N (14.7 g, 145 mmol, 1 equiv) in DCM (60 mL) was
added over the course of 7 min, again keeping the internal temperature of the reaction
below -60 °C. The reaction was then allowed to come to room temperature, and stir for a
total of 5 h. The mixture was then washed with water (100 mL), and concentrated under
vacuum to give a red/black residue that was treated with Et,O (420 mL) and 2 N HCI (70
mL) for 18 h at room temperature. The insoluble product was recovered by filtration, and
washed with Et,O to give pure 71 (17.8 g, 54%) as a grayish-brown solid. '"H NMR
(DMSO-de): 6 1.90 (s, 3H), 4.86 (s, 1H), 7.24 (d, J= 7.7 Hz, 1H), 7.52 (d, /= 7.7 Hz,
1H), 7.72 (d, J= 7.7 Hz, 1H), 11.0 (s, 1H).

4-Aminoindolin-2-one (72) JH118. Indolinone 71 (17.6 g, 68.8 mmol, 1 equiv) was
added to a solution of zinc dust (54 g, 826 mmol, 12 equiv) in glacial acetic acid (530
mL) at room temperature. Concentrated HCI (31.6 mL) was then added dropwise over the

course of 15 min, using an external ice bath to keep the temperature of the reaction below
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60 °C (40 °C may be a better celing). The reaction was allowed to stir at room
temperature for 105 min, then filtered through celite to remove solids. The acetic acid
was removed by vacuum distillation to give an off-white slurry. This slurry was
suspended in 800 mL of water and treated with solid NaOH to bring the pH to 13. The
resulting mixture was extracted with warm EtOAc (2.2 L) in 500 mL portions. The
combine EtOAc extracts were washed with water, then brine, and reduced in volume
under vacuum to precipitate the product. The product was collected by filtration and
washed with EtOAc to give pure 72 (6.5 g, 64%) as a grey solid. "H NMR (DMSO-dq): &
3.12 (s, 2H), 4.97 (s, 2H), 6.01 (d, J=7.3 Hz, 1H), 6.17 (d, /= 8.4 Hz, 1H), 6.79 (t, J =
7.7 Hz, 1H), 10.1 (s, 1H).

2-Chloro-1-(3-nitrophenyl)ethanone (73) JH086. N-Chlorosuccinimide (11.3 g,
84.3 mmol, 1.4 equiv) was added to a solution of pTSA-H,O (16.03 g, 84.3 mmol, 1.4
equiv) and 3-nitro-acetophenone (10 g, 60.2 mmol, 1 equiv) in acetonitrile (300 mL) at
room temperature. The resulting mixture was allowed to stir at room temperature for 18
h, then concentrated to dryness under vacuum. The resulting residue was dissolved in
EtOAc (300 mL) and washed with sat. NaHCOs, then water, then brine. The EtOAc was
then removed under reduced pressure to give pure 73 (10.2 g, 100%) as a white solid. 'H
NMR (DMSO-dg): 6 5.33 (s, 2H), 7.87 (t, J= 8.1 Hz, 1H), 8.39 (dt,J= 7.7, 1.5 Hz, 1H),
8.51 (dd, J=8.1,2.2 Hz, 1H), 8.68 (t,J= 1.8 Hz, 1H).

1-(3-Aminophenyl)-2-chloroethanone (74) JH097. Compound 73 (16.0 g, 30.0
mmol, 1 equiv) was suspended in EtOH (250 mL). The resulting mixture was treated with
SnCl, (22.8 g, 120 mmol, 4 equiv) and stirred at room temperature for 22 h. Most of the

EtOH was then removed under reduced pressure. The residual suspension was then added
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to 5% NaHCOs (1 L). The resaulting mixture was extracted with EtOAc (1.5 L) in 500
mL portions. The combined EtOAc extracts were then concentrated under reduced
pressure to give pure 74 (4.4g, 87%) as a white solid. "H NMR (DMSO-ds): 6 5.08 (s,
2H), 6.83-6.86 (m, 1H), 7.11-7.18 (m, 3H).
4-(2-Chloroacetyl)-3-(methylthio)indolin-2-one (75) JH110. Under an atmosphere
of argon and protection from strong light, a solution of t-butyl hypochlorite (2.94 g, 0.027
mmol, 1.05 equiv) in DCM (12 mL) was added dropwise over 5 min to a stirred solution
of 74 (4.37 g, 0.026 mmol, 1 equiv) in DCM (120 mL) at -65 °C. Care was taken to keep
the internal temperature of the mixture below -50 °C during the addition. The resulting
mixture was allowed to stir for 10 min, then a solution of ethyl (methylthio)acetate (3.64
g, 0.027 mmol, 1.05 equiv) in DCM (12 mL) was added over the course of 5 min,
keeping the internal temperature of the reaction below -60 °C. The resulting mixture was
allowed to stir for 1 h, then a solution of Et;N (2.74 g, 0.027 mmol, 1.05 equiv) in DCM
(12 mL) was added over the course of 5 min, again keeping the internal temperature of
the reaction below -60 °C. The reaction was then allowed to come to room temperature
and stir for a total of 80 min. The mixture was then concentrated under vacuum to give a
red/black residue that was treated with Et,O (100 mL) and 2 N HCI1 (12 mL) for 20 h at
room temperature. The insoluble material was then recovered by filtration. This material
was purified by extracting with boiling methaol, filtering to remove solids. The methanol
extract was then cooled to room temperature. The resulting precipitate was collected by
filtration and washed with methanol to give pure 75 (1.3 g, 20%) as a grayish-brown

solid. "H NMR (DMSO-dy): 8 1.90 (s, 3H), 4.68 (s, 1H), 5.03 (d, J = 16 Hz, 1H), 5.21 (d,
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J=16 Hz, 1H), 7.08 (d, J= 7.7 Hz, 1H), 7.40 (t, /= 8.1 Hz, 1H), 7.50 (d, J= 8.1 Hz,
1H), 10.7 (s, 1H).

2-(Hydroxyimino)-N-(3-iodophenyl)acetamide (76) JH221.** A solution of 3-iodo-
aniline (24.4 g, 111 mmol, 1 equiv) and conc HCI (9.63 mL) in water (436 mL), was
added to a mixture of chloral hydrate (20.3 g, 123 mmol, 1.1 equiv), water (261 mL), and
Na;SO04 (290 g, 2.04 mol, 18.4 equiv), followed by a solution of hydroxylamine
hydrochloride (20 g, 288 mmol, 2.6 equiv) in water (72 mL). The resulting mixture was
heated to reflux for 45 min, then immediately cooled on ice. The resulting precipitate was
removed by filtration, washed with water, and dried under vacuum. The resulting residue
was triturated in DCM (80 mL), recovered by filtration, washed with DCM (50 mL), and
dried under vacuum to give 76 (18.3 g, 57%). This material was used as is in the
synthesis of 78 and 79.

4-TIodoindoline-2,3-dione*® (77) JH227, and 6-iodoindoline-2,3-dione*® (78)
JH227B. Compound 76 (18.3 g, 63 mmol) was added to concentrated H,SO4 (83 g) at 50
°C. The addition was done in small portions to keep the temperature of the reaction below
55 °C using an ice bath when needed. The resulting mixture was then heated to 80 °C for
10 min, then immediately cooled to 25 °C, and poured onto crushed ice (450 g). Once the
ice had melted the resulting red-precipitate was collected by filtration, washed with
water, and dissolved in 2 N NaOH (150 mL). This solution was filtered to remove some
insoluble material, washed with DCM (25 mL), cooled to 0 °C, then acidified to pH 4
with glacial acetic acid (~70 mL). The resulting precipitate was recovered by filtration,
washed with water (250 mL), and dried under vacuum to give pure 77 (7.5g, 10%). The

filtrate was allowed to stand for 15 days. The resulting precipitate was recovered by
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filtration, washed with water and dried under vacuum to give pure 78 (1.9 g, 2%). 77 'H
NMR (DMSO-dg): 6 6.90 (d, J=8.1 Hz, 1H), 7.25 (t, J= 8.1 Hz, 1H), 7.48 (d, /= 8.1
Hz, 1H), 11.0 (s, 1H).
78 '"H NMR (DMSO-dy): & 7.25 (d, J= 7.7 Hz, 1H), 7.27 (d, J = 1.5 Hz, 1H), 7.47 (dd, J
=7.7,1.5 Hz, 1H), 11.1 (s, 1H).

4-lodoindolin-2-one (79) JH321. Compound 77 (6.0 g, 22 mmol, 1 equiv) was added
to hydrazine monohydrate (25.8 g, 506 mmol, 23 equiv). The resulting mixture was
heated using a 125 °C oil bath for 15 min. During this time a precipitate formed and re-
dissolved. This precipitate was probably the intermediate hydrazone, as it stained with p-
anise aldehyde on TLC (the final product does not stain). After heating, the reaction was
cooled to 25 °C, diluted with water (100 mL), and made strongly acidic with concentrated
HCI. The resulting mixture was cooled on ice. The resulting precipitate was recovered by
filtration, washed with water (250 mL), and dried under vacuum to give pure 79 (4.1 g,
72%). "H NMR (DMSO-ds): & 3.29 (s, 2H), 6.77 (d, J= 7.7 Hz, 1H), 6.92 (t, J = 7.7 Hz,
1H), 7.25 (d, J= 8.1 Hz, 1H), 10.6 (s, 1H).

N-(3-Bromophenyl)-2-(hydroxyimino)acetamide (80) JH311. A solution of 3-
bromo-aniline (47 g, 273 mmol, 1 equiv) and conc HCI (24.2 mL) in water (280 mL),
was added to a mixture of tri-bromo-acetaldehyde (100 g, 356 mmol, 1.3 equiv), water
(745 mL), and Na,;SOy4 (82 g, 573 mmol, 2.1 equiv), followed by a solution of
hydroxylamine hydrochloride (71.2 g, 1.02 mol, 3.75 equiv) in water (317 mL). The
resulting mixture was heated to reflux for 10 min, then immediately cooled on ice. The

resulting precipitate was removed by filtration, washed with water (5 L), and dried under
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vacuum to give 80 (67.5 g, 100%). 'H NMR (DMSO-dy): & 7.28-7.31 (m, 2H), 7.62-7.65
(m, 2H), 8.02 (s, 1H), 10.3 (s, 1H), 12.2 (s, 1H).

4-Bromoindoline-2,3-dione (81) JH312, and 6-bromoindoline-2,3-dione (82)
JH312B. Compound 80 (67.5 g, 280 mmol) was added to concentrated HSO4 (800 mL).
The addition was done in small portions to keep the temperature of the reaction below 40
°C using an ice bath when needed. The resulting mixture was then heated to 83 °C for 10
min (it took 30 min to reach 80 °C) then immediately cooled to 25 °C, and poured onto
crushed ice (3500 mL). Once the ice melted, the resulting red-precipitate was collected
by filtration and washed with water (1.5 L). The filter cake was suspended in water (700
mL) and treated with 50% w/v NaOH (50 mL.: this is probably more than required). The
resulting solution was filtered to remove some insoluble material then acidified to pH 4
with concentrated HCI and cooled on an ice bath. The resulting precipitate was recovered
by filtration, washed with water (2 L), and dried under vacuum to give pure 81 (14.1 g,
23 %). The filtrate was then made strongly acidic with concentrated HCI. The resulting
precipitate was recovered by filtration, washed with water and dried under vacuum to
give a 1:1 mixture of 81 and 82 (31 g, 49% combined yield). 81 'H NMR (DMSO-dy): &
6.89 (d,J=7.7 Hz, 1H), 7.23 (d, J= 8.1 Hz, 1H), 7.46 (d, /= 8.1 Hz, 1H), 11.2 (s, 1H).
82 'H NMR (DMSO-dy): & 7.08 (s, 1H), 7.27 (d, J= 7.7 Hz, 1H), 7.44 (d, J = 7.7 Hz,
1H), 11. (s, 1H).

4-Bromoindolin-2-one (83) JH316. Compound 81 (4.0 g, 17.7 mmol, 1 equiv) was
added to hydrazine monohydrate (20.6 g, 404 mmol, 23 equiv). The resulting mixture
was heated using a 125 °C oil bath for 25 min. Note: the intermediate hydrazone runs on

top of the product by TLC however it stains with p-anise aldehyde (the final product does
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not stain). After heating, the reaction was cooled to 25 °C, diluted with water (50 mL),
and made strongly acidic with concentrated HCI. The resulting mixture was cooled on ice
and extracted with EtOAc (750 mL) in five 150 mL portions. The combined EtOAc
extracts were washed with water, then brine, then clarified with activated carbon, and
concentrated under vacuum to give pure 83 (3 g, 80%) as a orange solid. 'H NMR
(DMSO-dg): 6 3.44 (s, 1H), 6.81 (d, J = 6.6 Hz, 1H), 7.06-7.16 (m, 2H), 10.6 (s, 1H).

(Z)-3-((1H-Pyrrol-2-yl)methylene)-4-aminoindolin-2-one (84) JH119. Indolinone
72 (1.5 g, 10.1 mmol, 1 equiv) was added to a solution of pyrrole-2-carboxaldehyde (1.01
g, 10.6 mmol, 1.05 equiv), and piperidine (172 mg, 2.02 mmol, 0.2 equiv) in THF (60
mL). The resulting mixture was heated to 75 °C in a sealed jar for 24 h. Some molecular
sieves were then added and heating continued for 21.5 h. After cooling to room
temperature the molecular sieves were removed by filtration. The filtrate was
concentrated to dryness under vacuum. The residue was then purified by recrystallization
from methanol to give pure 84 (1.7 g, 66%) as a yellow solid. '"H NMR (DMSO-ds): &
5.52 (s, 2H), 6.19 (d, J= 7.3 Hz, 1H), 6.27-6.30 (m, 1H), 6.39 (d, /= 8.1 Hz, 1H), 6.72-
6.75 (m, 1H), 6.87 (t, J= 7.7 Hz, 1H), 7.21-7.30 (m, 1H), 7.59 (s, 1H), 10.7 (s, 1H), 13.3
(s, 1H).

(Z)-N-(3-((1H-Pyrrol-2-yl)methylene)-2-oxoindolin-4-yl)acrylamide (85) JH120.
Pyridine (63.2 mg, 0.799 mmol, 1.2 equiv) was added to a solution of 84 (150 mg, 0.666
mmol, 1 equiv) in anhydrous THF (50 mL). The mixture was cooled to 0 °C then a
solution of acryloyl chloride (72.3 mg, 0.799 mmol, 1.2 equiv) in THF (5 mL) was added
dropwise. The resulting mixture was allowed stir at 0 °C for 15 min, then allowed to

come to room temperature and stir for 15 min. Water (6 mL) was then added and most of
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the THF was removed under vacuum. The resulting precipitate was recovered by
filtration, washed with water, and dried under vacuum to give pure 85 (104 mg, 65%) as
a yellow solid. '"H NMR (DMSO-dg): & 5.83 (d, J = 9.9 Hz, 1H), 6.20-6.38 (m, 2H), 6.51-
6.69 (m, 2H), 6.74-6.96 (m, 2H), 7.14 (t, J= 8.1 Hz, 1H), 7.36 (s, 1H), 7.54 (s, 1H), 10.1
(s, 1H), 11.0 (s, 1H), 13.4 (s, 1H).
(E)-N-((Z)-3-((1H-Pyrrol-2-yl)methylene)-2-oxoindolin-4-yl)but-2-enamide (86)
JH121. Pyridine (65.9 mg, 0.833 mmol, 1.25 equiv) was added to a solution of 84 (150
mg, 0.666 mmol, 1 equiv) in anhydrous THF (50 mL). The mixture was cooled to 0 °C
then crotonoyl chloride (87.0 mg, 0.833 mmol, 1.25 equiv) was added dropwise. The
mixture was allowed to come to room temperature and stir for 1 h. Water (10 mL) was
then added and most of the THF was removed under vacuum. The resulting precipitate
was recovered by filtration, washed with water, and dried under vacuum to give pure 86
(115 mg, 59%) as a yellow solid. 'H NMR (DMSO-dy): & 1.91 (d, J = 6.6 Hz, 3H), 6.19-
6.38 (m, 2H), 6.63-6.68 (m, 1H), 6.74-6.92 (m, 3H), 7.12 (t, J= 8.1 Hz, 1H), 7.35 (s,
1H), 7.54 (s, 1H), 9.86 (s, 1H), 11.0 (s, 1H), 13.4 (s, 1H).
(Z)-N-(3-((1H-Pyrrol-2-yl)methylene)-2-oxoindolin-4-yl)methacrylamide (87)
JH122. Pyridine (79.0 mg, 0.999 mmol, 1.5 equiv) was added to a solution of 84 (150
mg, 0.666 mmol, 1 equiv) in anhydrous THF (50 mL). The mixture was cooled to 0 °C
then 2-methacryloyl chloride (104 mg, 0.999 mmol, 1.5 equiv) was added dropwise. The
mixture was allowed to stir at 0 °C for 2 h. Water (10 mL) was then added and most of
the THF was removed under vacuum. The resulting precipitate was recovered by
filtration, washed with water, and dried under vacuum. This material was purified by

dissolving in THF, concentrating to saturation under vacuum, then diluting with one
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volume of EtOAc. The resulting precipitate was collected by filtration, and subjected to
the same purification procedure again to give 87 (small amount) as a yellow solid. 'H
NMR (DMSO-ds): 6 2.02 (s, 3H), 5.61 (s, 1H), 5.94 (s, 1H), 6.33-6.37 (m, 1H), 6.57-6.60
(m, 1H), 6.80 (d, J=7.7 Hz, 1H), 6.84 (d, J= 8.1 Hz, 1H), 7.14 (t,J = 8.1 Hz, 1H), 7.34-
7.38 (m, 1H), 7.49 (s, 1H), 9.90 (s, 1H), 11.0 (s, 1H), 13.3 (s, 1H).

(Z)-N-(3-((1H-Pyrrol-2-yl)methylene)-2-oxoindolin-4-yl)-2-chloroacetamide (88)
JH123. Pyridine (63.2 mg, 0.799 mmol, 1.2 equiv) was added to a solution of 84 (150
mg, 0.666 mmol, 1 equiv) in anhydrous THF (50 mL). The mixture was cooled to 0 °C
then chloroacetyl chloride (90.2 mg, 0.799 mmol, 1.2 equiv) was added dropwise. The
mixture was allowed to come to room temperature and stir for 30 min. Water (10 mL)
was then added and most of the THF was removed under vacuum. The resulting
precipitate was recovered by filtration, washed with water, and dried under vacuum to
give pure 88 (180 mg, 90%) as a yellow solid. 'H NMR (DMSO-d): & 4.38 (s, 2H), 6.35-
6.37 (m, 1H) 6.80 (d, /= 7.7 Hz, 1H), 6.80-6.83 (m, 1H), 6.87 (d, /= 8.1 Hz, 1H), 7.14
(t,J=8.1 Hz, 1H), 7.35-7.38 (m, 1H), 7.67 (s, 1H), 10.3 (s, 1H), 11.0 (s, 1H), 13.4 (bs,
1H).

(Z)-N-(3-((1H-Pyrrol-2-yl)methylene)-2-oxoindolin-4-yl)-2-cyanoacetamide (89)
JH126. To a stirred solution of 84 (150 mg, 0.666 mmol, 1 equiv) and EDC (255 mg,
1.33 mmol, 2 equiv) in acetonitrile (50 mL) was added cyanoacetic acid (62.3 mg, 1.11
mmol, 1.1 equiv) in acetonitrile (3 mL) over the course of 5 min. The resulting mixture
was allowed to stir for 15 minutes at room temperature. Water (25 mL) was then added,
followed by removal of most of the acetonitrile under reduced pressure. The resulting

precipitate was collected by filtration to give pure 89 (120 mg, 62%) as a yellow solid. 'H
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NMR (DMSO-ds): 6 3.99 (s, 2H), 6.30-6.33 (m, 1H), 6.75 (d, /= 8.4 Hz, 1H), 6.84 (d, J
=8.1 Hz, 1H), 6.92-6.94 (m, 1H), 7.09 (t,J=7.7 Hz, 1H), 7.31-7.33 (m, 1H), 7.60 (s,
1H), 10.2 (s, 1H), 11.0 (s, 1H), 13.3 (s, 1H).

(E)-Ethyl 4-((Z)-3-((1H-pyrrol-2-yl)methylene)-2-oxoindolin-4-ylamino)-4-
oxobut-2-enoate (90) JH130. Monoethyl fumarate (128 mg, 0.888 mmol, 2 equiv) was
added to a solution of thionyl chloride (119 mg, 0.888 mmol, 2 equiv) in THF (20 mL).
The resulting mixture was refluxed for 1h then concentrated to dryness under vacuum.
The residue from this reaction was dissolved in THF (2 mL) then added dropwise to a
solution of pyridine (70.2 mg, 0.888 mmol, 2 equiv) and 84 (100 mg, 0.444 mmol, 1
equiv) in anhydrous THF (40 mL) at 0 °C. The resulting mixture was allowed to stir at 0
°C for 15 min, then at room temperature for 15 min. Water (15 mL) was then added and
most of the THF was removed under vacuum. The resulting mixture was then treated
with sat. NaHCOs3 (2 mL). The resulting precipitate was recovered by filtration, washed
with 1 N HCI, then water, and dried under vacuum to give pure 90 (105 mg, 67%) as a
yellow solid. "H NMR (DMSO-dg): & 1.29 (t, J= 7.7 Hz, 3H), 4.25 (q, J = 7.3 Hz, 2H),
6.32-6.36 (m, 1H), 6.72-6.75 (m, 1H), 6.75 (d, /=15 Hz, 1H), 6.80 (d, /= 7.3 Hz, 1H),
6.96 (d, J=8.1 Hz, 1H), 7.15 (t, J= 7.7 Hz, 1H), 7.35-7.38 (m, 1H), 7.37 (d, J= 15 Hz,
1H), 7.55 (s, 1H), 10.5 (s, 1H), 11.0 (s, 1H), 13.4 (bs, 1H).

4-lodo-5-nitroindolin-2-one (91) JH331."’ A solution of concentrated HNO; (700
uL) in concentrated H;SO4 (3.6 mL) was slowly added dropwise over the course of 10
minutes to a solution of 79 (2.5 g, 9.7 mmol, 1 equiv) in concentrated H,SO,4 (30 mL) at -
5 °C. The resulting mixture was allowed to stir for 20 min at -5 °C then added to crushed

ice (300 mL). After the ice melted the resulting precipitate was collected by filtration,
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washed with water, and dried under vacuum to give pure 91 (2.4 g, 82%) as a solid. 'H
NMR (DMSO-dg): 8 3.51 (s, 2H), 6.93 (d, J= 8.8 Hz, 1H), 7.94 (d, /= 8.4 Hz, 1H), 11.2
(s, 1H).

(Z)-4-1odo-3-((4-methyl-1 H-imidazol-5-yl)methylene)-5-nitroindolin-2-one (92)
JH334. Indolinone 91 (195 mg, 0.641 mmol, 1 equiv) was added to a suspension of 4-
methyl-1H-imidazole-5-carbaldehyde (81.2 mg, 0.737 mmol, 1.2 equiv), and piperidine
(11 mg, 0.13 mmol, 0.2 equiv) in THF (6 mL). The resulting mixture was heated to 75 °C
in a sealed jar for 30 h. After cooling to room temperature the resulting precipitate was
collected by filtration, washed with EtOAc, and dried under vacuum to give pure 92 (130
mg, 52%) as a yellow solid. 'H NMR (DMSO-dy): 8 2.47 (s, 3H), 7.03 (d, J = 8.4 Hz,
1H), 7.69 (d, J= 8.1 Hz, 1H), 8.05 (s, 1H), 9.19 (s, 1H), 11.5 (s, 1H), 13.6 (bs, 1H).

4-Bromo-5-nitroindolin-2-one (93) JH355.* A solution of concentrated HNO5 (2.37
mL) in concentrated H,SO4 (12 mL) was slowly added dropwise over the course of 10
minutes to a solution of 83 (6.6 g, 31 mmol, 1 equiv) in concentrated H,SO4 (67 mL) at -
5 °C. The resulting mixture was allowed to stir for 45 min at -5 °C then added to a
mixture of crushed ice (150 mL) and water (60 mL). After the ice melted the resulting
precipitate was collected by filtration, washed with water, and dried under vacuum to
give pure 99 (7.2 g, 90%) as a tan solid. "H NMR (DMSO-dq): & 3.59 (s, 2H) 6.94 (d, J =
8.4 Hz, 1H), 8.01 (d, J = 8.4 Hz, 1H), 11.1 (bs, 1H).

(Z)-3-((1H-Pyrrol-2-yl)methylene)-4-bromo-5-nitroindolin-2-one (94) JH319.
Indolinone 93 (100 mg, 0.394 mmol, 1 equiv) was added to a solution of pyrrole-2-
carboxaldehyde (43 mg, 0.453 mmol, 1.2 equiv), and piperidine (6.7 mg, 0.079 mmol,

0.2 equiv) in THF (6 mL). The resulting mixture was heated to 75 °C in a sealed jar for
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24 h. After cooling to room temperature the mixture was decanted from some precipitated
tar and concentrated under reduced pressure. The resulting residue was triturated in
EtOAc, recovered by filtration, washed with 1:1 hexanes:EtOAc, and dried under vacuum
to give pure 94 (82 mg, 63%) as a yellow solid. 'H NMR (DMSO-dy): & 6.45-6.47 (m,
1H), 7.04 (d, /= 8.4 Hz, 1H), 7.09-7.11 (m, 1H), 7.52-7.54 (m, 1H), 7.79 (d, J = 8.4 Hz,
1H), 8.79 (s, 1H), 11.6 (bs, 1H), 13.4 (bs, 1H).

(Z)-4-Bromo-3-((4-methyl-1H-imidazol-5-yl)methylene)-5-nitroindolin-2-one
(95) JH318. Indolinone 93 (100 mg, 0.394 mmol, 1 equiv) was added to a suspension of
4-methyl-1H-imidazole-5-carbaldehyde (49.9 mg, 0.453 mmol, 1.2 equiv), and piperidine
(6.7 mg, 0.079 mmol, 0.2 equiv) in THF (5 mL). The resulting mixture was heated to 75
°C in a sealed jar for 3.5 h. After cooling to room temperature the resulting precipitate
was collected by filtration, washed with EtOAc, and dried under vacuum to give pure 95
(109 mg, 81%) as a yellow solid. "H NMR (DMSO-dy): § 2.39 (s, 3H), 7.00 (d, J = 8.4
Hz, 1H), 7.78 (d, J = 8.4 Hz, 1H), 7.99 (s, 1H), 8.79 (s, 1H), 13.5 (bs, 1H).

(Z)-tert-Butyl 1-(3-((1H-pyrrol-2-yl)methylene)-5-nitro-2-oxoindolin-4-
yl)piperidin-4-ylcarbamate (96) JH320. A mixture of 94 (75 mg, 0.225 mmol, 1 equiv),
tert-butyl piperidin-4-ylcarbamate (450 mg, 2.25 mmol, 10 equiv), DIPEA (725 mg, 5.61
mmol, 25 equiv), and dioxane (7 mL) was heated to 120 °C for 6.5 h in a sealed jar. The
resulting mixture was then concentrated to dryness under reduced pressure. The resulting
residue was extracted with EtOAc (5 mL). The EtOAc extract was then concentrated to a
volume of 1.5 mL and purified by silica gel chromatography, using 2.5:1 hexanes:EtOAc
as the mobile phase, to give almost pure 96 (70 mg, 68%) as a thick red semi-solid. 'H

NMR (CDCls) note: the cyclohexyl protons are not assigned: 6 1.49 (s, 9H), 6.37-6.46
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(m, 1H), 6.73 (d, /= 8.4 Hz, 1H), 6.83-6.87 (m, 1H), 7.19-7.23 (m, 1H), 7.45 (d,/=8.4
Hz, 1H), 8.62 (s, 1H), 9.32 (s, 1H), 13.2 (bs, 1H).
(Z)-3-((1H-Pyrrol-2-yl)methylene)-4-(4-aminopiperidin-1-yl)-5-nitroindolin-2-
one hydrochloride (97) JH346. To a solution of acetyl chloride (24 mg, 0.4 mmol, 20
equiv) in methanol (1 mL) was added 96 (7 mg, 0.02 mmol, 1 equiv). The resulting
mixture was allowed to stir at room temperature for 2 h, then concentrated to dryness to
give pure 97 (6 mg, 100%). "H NMR (DMSO-dq): & note: the cyclohexyl protons are not
assigned: § 6.42-6.46 (m, 1H), 6.83 (d, J= 8.4 Hz, 1H), 7.37-7.40 (m, 1H), 7.46-7.49 (m,
1H), 7.55 (d, J= 8.4 Hz, 1H), 8.38 (s, 1H), 11.4 (s, 1H), 13.3 (bs, 1H).
(Z)-3-((1H-pyrrol-2-yl)methylene)-4-morpholino-5-nitroindolin-2-one (98)
JH336. A mixture of 94 (100 mg, 0.299 mmol, 1 equiv), morpholine (261 mg, 2.99
mmol, 10 equiv), DIPEA (890 mg, 6.88 mmol, 23 equiv), and DMF (2.7 mL) was heated
to 125 °C for 18 h in a sealed jar. After cooling to room temperature water (50 mL) was
added. The resulting mixture was extracted with EtOAc (250 mL) in five 50 mL portions.
The combined EtOAc extracts were washed with water, then brine, and concentrated to
dryness under vacuum. The residue was purified by trituration in methanol to give pure
98 (15 mg, 15%). "H NMR (DMSO-ds): & 2.94-3.2 (m, 4H), 3.84 (bs, 4H), 6.41-6.45 (m,
1H), 6.83 (d, J = 8.4 Hz, 1H), 7.00-7.03 (m, 1H), 7.45-7.48 (m, 1H), 7.57 (d, J= 8.4 Hz,
1H), 8.59 (s, 1H), 11.4 (s, 1H), 13.3 (bs, 1H).
(Z)-3-((4-Methyl-1H-imidazol-5-yl)methylene)-4-morpholino-5-nitroindolin-2-
one (99) JH335. A mixture of 95 (123 mg, 0.352 mmol, 1 equiv), morpholine (307 mg,
3.52 mmol, 10 equiv), DIPEA (1.05 g, 8.1 mmol, 23 equiv), and DMF (3 mL) was heated

to 125 °C for 18 h in a sealed jar. After cooling to room temperature water (50 mL) was
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added. The resulting mixture was extracted with EtOAc (250 mL) in five 50 mL portions.
The combined EtOAc extracts were washed with water, then brine, and concentrated to
dryness under vacuum. The residue was purified by trituration in methanol to give pure
99 (30 mg, 24%). "H NMR (DMSO-dq): & 2.52 (s, 3H), 3.05-3.18 (m, 4H), 3.81-3.88 (m,
4H), 6.85 (d, J= 8.4 Hz, 1H), 7.58 (d, J= 8.4 Hz, 1H), 8.00 (s, 1H), 8.70 (s, 1H), 11.5 (s,
1H), 13.8 (bs, 1H).

(But-3-yn-2-yloxy)(tert-butyl)dimethylsilane (100) JH343. A mixture of 3-butyn-
2-0l (6.94 g, 99 mmol, 1.4 equiv), TBDMS-CI (11 g, 73 mmol, 1 equiv), and imidazole
(10 g, 147 mmol, 2 equiv) in DMF (25 mL) was allowed to stir at room temperature for 5
h. The resulting mixture was then dumped into water (250 mL) and extracted with
hexanes (150 mL) in three 50 mL portions. The combine hexanes extract was washed
with water, then brine, and concentrated under reduced pressure to give pure 100 (12.3 g,
68%) as a clear liquid (volatile under strong vacuum). "H NMR (CDCls): 6 0.117 (s, 3H),
0.131 (s, 3H), 0.905 (s, 9H), 1.42 (d, /= 6.6 Hz, 3H), 2.35 (d, J = 2.2 Hz, 1H), 4.52 (dq, J
=6.6,2.2 Hz, 1H).

(Z2)-4-(3-(tert-Butyldimethylsilyloxy)but-1-ynyl)-3-((4-methyl-1 H-imidazol-5-
yl)methylene)-5-nitroindolin-2-one (101) JH351. To an oven-dried, argon-purged
Schlenk flask was added 95 (50 mg, 0.143 mmol, 1 equiv), (Phs;P),Pd (16.5 mg, 0.014
mmol, 0.1 equiv), Cul (3 mg, 0.014 mmol, 0.1 equiv), DMF (1.5 mL), Et;N (2 g, 19
mmol, 138 equiv), and 100 (66 mg, 0.358 mmol, 2.5 equiv). The flask was further purged
with argon then heated to 85 °C for 3 h. After cooling to room temperature the resulting
mixture was diluted with EtOAc (20 mL) and washed with 10% aq NH4Cl1 (100 mL). The

NH4CI1 wash was back-extracted with EtOAc. The combine EtOAc extracts were then
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washed with 5% NaHCOj, then water, then brine, and concentrated to dryness under
vacuum. The resulting residue was purified by silica gel chromatography using 2:1
hexanes:EtOAc as the mobile phase, followed by preparative silica gel TLC, to give pure
101 (12.5 mg, 20%). "H NMR (CDCls): & 0.133 (s, 3H), 0.156 (s, 3H), 0.898 (s, 9H),
1.62 (d, J=6.6 Hz, 3H), 2.63 (s, 3H), 4.96 (q, /= 6.6 Hz, 1H), 6.94 (d, /= 8.4 Hz, 1H),
7.26 (s, 1H), 7.86 (s, 1H), 7.92 (d, J= 8.8 Hz, 1H), 9.02 (s, 1H), 13.8 (bs, 1H).
(Z)-4-(3-Hydroxybut-1-ynyl)-3-((4-methyl-1 H-imidazol-5-yl)methylene)-5-
nitroindolin-2-one (102) JH357. Concentrated HCI (10 uL) was added to a solution of
101 (12.5 mg, 0.028 mmol, 1 equiv) in THF (2 mL). The resulting mixture was allowed
to stir at room temperature for 2 h (during this time a yellow precipitate formed) then
concentrated to dryness. The resulting residue was triturated in EtOAc, recovered by
filtration, washed with EtOAc, and dried under vacuum to give pure 102 (5.1 mg, 49%)
as a yellow solid. "H NMR (DMSO-d): & 1.49 (d, J= 6.6 Hz, 3H), 2.61 (s, 3H), 4.85 (q,
J=6.6 Hz, 1H), 7.13 (d, /= 8.8 Hz, 1H), 8.08 (d, /= 8.8 Hz, 1H), 8.68 (s, 1H), 8.98 (s,
1H), 12.1 (s, 1H), 13.8 (bs, 1H).
(Z)-3-((1H-Pyrrol-2-yl)methylene)-4-(3-(tert-butyldimethylsilyloxy)but-1-ynyl)-
5-nitroindolin-2-one (103) JH359. To an oven-dried, argon-purged Schlenk flask was
added 94 (700 mg, 2.1 mmol, 1 equiv), (Ph3P)4Pd (25 mg, 0.021 mmol, 0.01 equiv), Cul
(38 mg, 0.2 mmol, 0.1 equiv), DMF (20 mL), Et;N (14.9 g, 147 mmol, 70 equiv), and
100 (968 mg, 5.3 mmol, 2.5 equiv). The flask was further purged with argon then heated
to 85 °C for 5 h. After cooling to room temperature the resulting mixture was diluted with
EtOAc (275 mL) then washed with 20% aq NH4Cl (800 mL) in four 200 mL portions,

then water, then brine, and concentrated to dryness under vacuum. The resulting residue
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was purified by silica gel chromatography, using 3:1 hexanes:EtOAc as the mobile phase,
to give pure 103 (430 mg, 49%) as a orange solid (this material could probably be
purified by recrystallization from chloroform). This material was used as is in following
reactions.
(Z)-3-((1H-Pyrrol-2-yl)methylene)-4-(3-hydroxybut-1-ynyl)-5-nitroindolin-2-one
(104) JH361. Concentrated HCI (10 uL) was added to a solution of 103 (20 mg, 0.046
mmol, 1 equiv) in THF (1 mL). The resulting mixture was allowed to stir at room
temperature for 18 h then 3 drops of concentrated HCI were added and stirring was
allowed to continue for an additional 24 h. The mixture was then concentrated to dryness
under vacuum. The resulting residue was purified by silica gel chromatography, using 2:1
hexanes:EtOAc as the mobile phase, to give pure 104 (5 mg, 28%) as a yellow solid. 'H
NMR (DMSO-dg): 6 1.46 (d, J= 6.6 Hz, 3H), 4.77-4.83 (m, 1H), 5.87 (d, /= 5.9 Hz,
1H), 6.40-6.43 (m, 1H), 6.97-7.00 (m, 1H), 7.47-7.50 (m, 1H), 7.91 (d, /= 8.9 Hz, 1H),
8.90 (s, 1H), 11.6 (s, 1H), 13.3 (bs, 1H).
(Z)-3-((1H-Pyrrol-2-yl)methylene)-5-amino-4-(3-(tert-butyldimethylsilyloxy)but-
1-ynyl)indolin-2-one (105) JH368. Zinc dust (1.12 g, 17.5 mmol, 68 equiv) was added
to a suspension of indolinone 103 (112 mg, 0.256 mmol, 1 equiv) in THF (22 mL) and
saturated aqueous NH4Cl (11.2 mL). The resulting mixture was vigorously stirred and
heated to 80 °C for 30 min. The THF layer was then separated, diluted with EtOAc (100
mL), washed with water, then saturated NaCl, and concentrated under vacuum to give
pure 105 (105 mg, 100%) as a red solid. "H NMR (DMSO-dq): & 0.181 (s, 3H), 0.194 (s,

3H), 0.94 (s, 9H), 1.68 (d, J = 6.6 Hz, 3H), 4.95 (q, J = 6.6 Hz, 1H), 6.37-6.40 (m, 1H),
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6.55 (d, /= 8.4 Hz, 1H), 6.69 (d, J= 8.4 Hz, 1H), 6.77-9.79 (m, 1H), 7.19-7.21 (m, 1H),
7.26 (s, 1H), 8.62 (s, 1H), 13.4 (bs, 1H).
(Z)-N-(3-((1H-Pyrrol-2-yl)methylene)-4-(3-(tert-butyldimethylsilyloxy)but-1-
ynyl)-2-oxoindolin-5-yl)propiolamide (106) JH374. A solution of propiolic acid (32.15
mg, 0.456 mmol, 6 equiv) in acetonitrile (1 mL) was added to a solution of 105 (31 mg,
0.076 mmol, 1 equiv), EDC (58.2 mg, 0.30 mmol, 4 equiv), and HOBt (11 mg, 0.080
mmol, 1.05 equiv) in 1:1 DMF:acetonitrile (10 mL). The resulting mixture was allowed
to stir at room temperature for 30 min then 1 N HCI (50 mL) was added. The resulting
mixture was extracted with EtOAc. The EtOAc extract was washed with water, then
saturated NaCl, then concentrated to dryness. The resulting residue was purified by
preparative TLC to give pure 106 (8.4 mg, 25%) as an orange solid. '"H NMR (DMSO-
ds): 0 0.206 (s, 3H), 0.216 (s, 3H), 0.951 (s, 9H), 1.73 (d, J = 6.6 Hz, 3H), 2.95 (s, 1H),
4.98 (q, /= 6.6 Hz, 1H), 6.40-6.43 (m, 1H), 6.80-6.83 (m, 1H), 6.87 (d, /= 8.8 Hz, 1H),
7.21-7.25 (m, 1H), 7.91 (s, 1H), 8.16 (d, /= 8.4 Hz, 1H), 8.19 (s, 1H), 8.56 (s, 1H), 13.4
(bs, 1H).
(Z)-N-(3-((1H-Pyrrol-2-yl)methylene)-4-(3-hydroxybut-1-ynyl)-2-oxoindolin-5-
yl)propiolamide (107) JH375. Aqueous HCI (1 N, 400 uL) was added to a solution of
106 (7.6 mg, 0.017 mmol, 1 equiv) in THF (800 pL). The resulting mixture was allowed
to stir at room temperature for 4 h then filtered to remove some insoluble material. The
filtrate was then concentrated to dryness under vacuum. The resulting residue was
suspended in chloroform (1.5 mL) and filtered to remove some insoluble material. The
filtrate was concentrated to dryness to give pure 107 (1.5 mg, 26%) as a yellow solid. 'H

NMR (DMSO-dg): 6 1.51 (d, J= 6.6 Hz, 3H), 4.34 (s, 1H), 4.79 (q, /= 6.6 Hz, 1H), 6.38-
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6.42 (m, 1H), 6.86-6.92 (m, 1H), 6.89 (d, J=8.1 Hz, 1H), 7.20 (d, /= 8.4 Hz, 1H), 7.43
(s, 1H), 8.67 (s, 1H), 10.1 (s, 1H), 11.1 (s, 1H), 13.4 (bs, 1H).
(Z)-5-((5-Acetyl-2-oxoindolin-3-ylidene)methyl)-2,4-dimethyl-1 H-pyrrole-3-
carboxylic acid (109) JH152. Indolinone 55 (100 mg, 0.571 mmol, 1 equiv) was added
to a solution of 108 (143 mg, 0.856 mmol, 1.5 equiv), and piperidine (87 mg, 0.861
mmol, 1.8 equiv) in THF (7 mL). The resulting mixture was heated to 75 °C in a sealed
jar for 2 h. After cooling to room temperature the mixture was treated with 1.3 N HCI (3
mL) and EtOAc (5 mL). The resulting mixture was reduced in volume by 50% under
reduced pressure. The resulting precipitate was collected by filtration then dried under
vacuum to give pure 109 (144 mg, 78%) as a greenish-brown solid. 'H NMR (DMSO-
ds): 0 2.54 (s, 3H), 2.55 (s, 3H), 2.60 (s, 3H), 6.98 (d, /= 8.4 Hz, 1H), 7.80 (dd, J = 8.4,
1.8 Hz, 1H), 7.88 (s, 1H), 8.85 (d, J= 1.5 Hz, 1H), 11.3 (bs, 1H), 13.7 (bs, 1H).
(Z)-5-((5-Acetyl-2-oxoindolin-3-ylidene)methyl)- V-(2-(diethylamino)ethyl)-2,4-
dimethyl-1H-pyrrole-3-carboxamide (110) JH381. N',N'-Diethylethane-1,2-diamine
(69.5 mg, 0.555 mmol, 3 equiv) was added to a solution of 109 (60 mg, 0.185 mmol, 1
equiv), EDC (106.4 mg, 0.555 mmol, 3 equiv), HOBt (37.5 mg, 0.278 mmol, 1.5 equiv),
and DIPEA (71.9 mg, 0.555 mmol, 3 equiv) in DMF (6 mL). The resulting mixture was
allowed to stir at room temperature for 13 h then 0.5 N HCI (24mL) was added. The
resulting mixture was washed with EtOAc then made basic with 1N NaOH. The resulting
mixture was then extracted with EtOAc. The EtOAc extract was washed with water, then
saturated NaCl, then concentrated to dryness to give pure 110 (40 mg, 51%). 'H NMR
(DMSO-dp) note: due to overlap with the DMSO peak the four internal methylene

protons could not be assigned: 6 0.977 (t,J= 7.0 Hz, 6H), 2.45 (s, 3H), 2.47 (s, 3H), 2.60
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(s, 3H), 3.28 (q,J = 7.0 Hz, 4H), 6.98 (d, /= 8.1 Hz, 1H), 7.44 (t,J= 5.9 Hz, 1H), 7.79
(dd, J=8.4, 1.8 Hz, 1H), 7.85 (s, 1H), 8.43 (d, /= 1.5 Hz, 1H), 11.3 (bs, 1H), 13.6 (bs,
1H).

(Z)-5-((5-(2-(Chloromethyl)-1,3-dioxolan-2-yl)-1-methyl-2-oxoindolin-3-
ylidene)methyl)-2,4-dimethyl-1H-pyrrole-3-carboxylic acid (111) JH401. Indolinone
33 (100 mg, 0.374 mmol, 1.05 equiv) was added to a solution of 108 (59.4 mg, 0.355
mmol, 1 equiv), and piperidine (39.3 mg, 0.462 mmol, 1.3 equiv) in THF (7 mL). The
resulting mixture was heated to 75 °C in a sealed jar for 24 h. After cooling to room
temperature the resulting precipitate was collected by filtration, washed with 0.1 N HCI,
then water, then methanol, then EtOAc, and dried under vacuum to give pure 111 (82 mg,
53%). '"H NMR (DMSO-ds): & 2.54 (s, 3H), 2.55 (s, 3H), 3.32 (s, 3H), 3.86-3.90 (m, 2H),
3.96 (s, 2H), 4.10-4.13 (m, 2H), 7.05 (d, /= 8.4 Hz, 1H), 7.36 (dd, J= 8.1, 1.8 Hz, 1H),
7.79 (s, 1H), 8.00 (d, J= 1.5 Hz, 1H), 12.2 (s, 1H), 13.7 (bs, 1H).

(Z)-5-((5-(2-Chloroacetyl)-1-methyl-2-oxoindolin-3-ylidene)methyl)-N-(2-
(diethylamino)ethyl)-2,4-dimethyl-1H-pyrrole-3-carboxamide (112) JH405. N',N'-
Diethylethane-1,2-diamine (27.9 mg, 0.24 mmol, 2 equiv) was added to a suspension of
111 (50 mg, 0.12 mmol, 1 equiv), EDC (46 mg, 0.24 mmol, 2 equiv), HOBt (16.2 mg,
0.12 mmol, 1 equiv), and Et;N (36.4 mg, 0.38 mmol, 3 equiv) in DMF (6 mL). The
resulting mixture was allowed to stir at room temperature for 18 h then 5% NaHCOs3 (50
mL) was added. The resulting mixture was then extracted with EtOAc. The EtOAc
extract was washed with water, then saturated NaCl, then concentrated to dryness. The
resulting residue was dissolved in THF (4 mL) and treated with 4 drops of concentrated

HCI. The resulting mixture was allowed to stir at room temperature for 18 h then
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concentrated to dryness under vacuum to give pure 111 (35 mg, 62%) as a yellow solid.
'H NMR (DMSO-dj) note: due to overlap with the DMSO peak the four internal
methylene protons could not be assigned: 6 0.984 (t, /= 7.0 Hz, 6H), 2.47 (s, 3H), 2.48
(s, 3H), 3.37 (s, 3H), 5.20 (s, 2H), 7.22 (d, /= 8.4 Hz, 1H), 7.49 (bs, 1H), 7.87 (s, 1H),
7.88 (d, J= 8.1 Hz, 1H), 8.49 (s, 1H), 13.5 (bs, 1H).

(Z)-5-((5-(2-(Chloromethyl)-1,3-dioxolan-2-yl)-2-oxoindolin-3-ylidene)methyl)-
2,4-dimethyl-1H-pyrrole-3-carboxylic acid (113) JH15S5. Indolinone 18 (1.14 g, 4.51
mmol, 1 equiv) was added to a solution of 108 (905 mg, 5.41 mmol, 1.2 equiv), and
piperidine (576 mg, 6.77 mmol, 1.5 equiv) in THF (70 mL). The resulting mixture was
heated to 75 °C in a sealed jar for 4 h. After cooling to room temperature for 18 h, 1 N
HCI (20 mL) and EtOAc (70 mL) were added. The resulting precipitate was collected by
filtration (from the two phase mixture), washed with water, and dried under vacuum to
give pure 113 (950 mg, 52%). 'H NMR (DMSO-dq): & 2.52 (s, 3H), 2.54 (s, 3H) 3.86-
3.89 (m, 2H), 3.94 (s, 2H), 4.09-4.12 (m, 2H), 6.87 (d, /= 8.1 Hz, 1H), 7.27 (dd, J = 8.1,
1.5 Hz, 1H), 7.75 (s, 1H), 7.94 (d, J = 1.1 Hz, 1H), 11.0 (s, 1H), 12.1 (s, 1H), 13.8 (s,
1H).

(Z)-5-((5-(2-Chloroacetyl)-2-oxoindolin-3-ylidene)methyl)-/NV-(2-
(diethylamino)ethyl)-2,4-dimethyl-1H-pyrrole-3-carboxamide (114) JH175. N',N'-
Diethylethane-1,2-diamine (17.3 mg, 0.149 mmol, 1.2 equiv) was added to a solution of
113 (50 mg, 0.124 mmol, 1 equiv), EDC (47.5 mg, 0.25 mmol, 2 equiv), HOBt (16.8 mg,
0.12 mmol, 1 equiv), and Et;N (37.6 mg, 0.37 mmol, 3 equiv) in DMF (5 mL). The
resulting mixture was allowed to stir at room temperature for 16 h then 1 N HCI (50 mL)

was added. After 10 minutes the resulting mixture was washed with EtOAc then made
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basic with 5% NaHCOs. The resulting mixture was then extracted with EtOAc. The
EtOAc extract was washed with water, then saturated NaCl, then concentrated to dryness
to give pure 114 (43 mg, 76%) as a yellow solid. 'H NMR (DMSO-ds): 8 0.983 (t, J = 6.6
Hz, 6H), 2.46 (s, 3H), 2.48 (s, 3H), 2.50-2.58 (m, 4H), 3.24-3.32 (m, 4H), 5.20 (s, 2H),
7.02 (d, J=8.1 Hz, 1H), 7.48 (bs, 1H), 7.81 (dd, /= 8.1, 1.5 Hz, 1H), 7.85 (s, 1H), 8.47
(d,/J=1.5Hz, 1H), 11.4 (s, 1H), 13.5 (s, 1H).
(S,Z)-5-((5-(2-Chloroacetyl)-2-oxoindolin-3-ylidene)methyl)-/V-(2-hydroxy-3-
morpholinopropyl)-2,4-dimethyl-1H-pyrrole-3-carboxamide hydrochloride (115)
JH386. (S)-1-Amino-3-morpholinopropan-2-ol hydrochloride (80 mg, 0.327 mmol, 3
equiv) was added to a solution of 113 (50 mg, 0.125 mmol, 1 equiv), EDC (71.3 mg,
0.372 mmol, 3 equiv), HOBt (25 mg, 0.186 mmol, 1.5 equiv), and DIPEA (48 mg, 0.372
mmol, 3 equiv) in DMF (6 mL). The resulting mixture was allowed to stir at room
temperature for 13 h then 0.5 N HCI1 (24mL) was added. The resulting mixture was
washed with EtOAc then made basic with 1N NaOH. The resulting mixture was then
extracted with EtOAc. The EtOAc extract was washed with water, then saturated NaCl,
then concentrated to dryness. The residue was dissolved in THF (50 mL) and treated with
10 drops of concentrated HCI. The resulting mixture was allowed to stir at room
temperature for 18 h then concentrated to dryness under reduced pressure to give pure
115 (30 mg, 45%). 'H NMR (DMSO-ds) note: the aliphatic methylene protons are not
assingned: 6 2.50 (s, 3H), 2.51 (s, 3H), 5.21 (s, 2H), 7.03 (d, /= 8.1 Hz, 1H), 7.82 (d, J =
9.1 Hz, 1H), 7.84 (bs, 1H), 7.87 (s, 1H), 8.49 (s, 1H), 11.4 (s, 1H), 13.6 (s, 1H).
(Z)-N-(5-Aminopentyl)-5-((5-(2-chloroacetyl)-2-oxoindolin-3-ylidene)methyl)-

2,4-dimethyl-1H-pyrrole-3-carboxamide hydrochloride (116) JH165. tert-Butyl 5-
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aminopentylcarbamate (75.4 mg, 0.373 mmol, 1.1 equiv) was added to a solution of 113
(137 mg, 0.339 mmol, 1 equiv), EDC (130 mg, 0.678 mmol, 2 equiv), HOBt (45.8 mg,
0.339 mmol, 1 equiv), and Et;N (68.6 mg, 0.678 mmol, 2 equiv) in DMF (12 mL). The
resulting mixture was allowed to stir at room temperature for 6 h then water (150 mL)
was added. The resulting mixture was then extracted with EtOAc. The EtOAc extract was
washed with water then concentrated to dryness. The residue was purified by silica gel
chromatography, using 3:1 hexanes:EtOAc as the mobile phase, to give pure 116 (148
mg, 75%). "H NMR (DMSO-d): & 1.35-1.41 (m, 2H), 1.49-1.57 (m, 2H), 1.57-1.65 (m,
2H), 2.45 (s, 3H), 2.46 (s, 3H), 2.73-2.79 (m, 2H), 3.20-3.25 (m, 2H), 5.21 (s, 2H), 7.03
(d, J=8.1 Hz, 1H), 7.72 (t, J= 5.5 Hz, 1H), 7.81 (dd, J= 8.1, 1.5 Hz, 1H), 7.86 (s, 1H),
8.48 (d,J=1.5Hz, 1H), 11.4 (s, 1H), 13.5 (s, 1H).
(Z)-5-((5-(2-Chloroacetyl)-2-oxoindolin-3-ylidene)methyl)-2,4-dimethyl-/NV-(3-
(prop-2-ynyloxy)propyl)-1H-pyrrole-3-carboxamide (117) JH391. Compound 119 (84
mg, 0.558 mmol, 3 equiv) was added to a solution of 113 (75 mg, 0.188 mmol, 1 equiv),
EDC (107 mg, 0.558 mmol, 3 equiv), HOBt (37.5 mg, 0.279 mmol, 1.5 equiv), and
DIPEA (72 mg, 0.558 mmol, 3 equiv) in DMF (8 mL). The resulting mixture was
allowed to stir at room temperature for 20 h then 1 N HCI (40 mL) and water (100 mL)
were added. The resulting mixture was then extracted with EtOAc. The EtOAc extract
was washed with 5% NaHCOs3, then water, then brine, and concentrated to dryness under
reduced pressure. The residue was suspended in THF (4 mL) and treated with
concentrated HCI1 (160 puL). The resulting mixture was allowed to stir at room
temperature for 20 h then concentrated to dryness under reduced pressure to give pure

117 (30 mg, 53%). 'H NMR (DMSO-dg): § 1.78 (p, J = 6.6 Hz, 2H), 2.45 (s, 3H), 2.46 (s,
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3H), 3.29 (dt, J= 6.6, 5.6 Hz, 2H), 3.42 (t, J=2.6 Hz, 1H), 3.52 (t,J = 2.5 Hz, 2H), 4.14
(d, J=2.2 Hz, 2H), 5.20 (s, 2H), 7.02 (d, J = 8.4 Hz, 1H), 7.66 (t, J= 5.5 Hz, 1H), 7.81
(dd, J=8.4, 1.8 Hz, 1H), 7.85 (s, 1H), 8.46 (d, /= 1.1 Hz, 1H), 11.3 (s, 1H), 13.5 (s, 1H).

tert-Butyl 3-(prop-2-ynyloxy)propylcarbamate (118) JH389. A solution of tert-
butyl 3-hydroxypropylcarbamate (2.5 g, 14.3 mmol, 1 equiv) in THF (5 mL) was added
dropwise to a suspension of NaH (377 mg, 15.7 mmol, 1.1 equiv) in THF (5 mL) at 0 °C.
The resulting mixture was allowed to stir for 1h then propargyl bromide (1.88 g, 15.7
mmol, 1.1 equiv) was added dropwise. The resulting mixture was allowed to stir at room
temperature for 24 h then water (50 mL) was added. The resulting mixture was extracted
with hexanes. The hexanes extract was concentrated to dryness under reduced pressure.
The residue was purified by vacuum distillation to give pure 118 (1.6 g, 53%) as a clear
viscous liquid. "H NMR (DMSO-dg): & 1.44 (s, 9H), 1.78 (p, J = 6.2 Hz, 2H), 2.43 (t, J =
2.6 Hz, 1H), 3.20-3.26 (m, 2H), 3.59 (t, J = 6.2 Hz, 2H), 4.14 (d, /= 2.6 Hz, 2H).

3-(Prop-2-ynyloxy)propan-1-amine hydrochloride (119) JH390. To a solution of
acetyl chloride (1.4 g, 17.8 mmol, 2 equiv) in methanol (20 mL) was added 118 (1.25 g,
8.7 mmol, 1 equiv). The resulting mixture was allowed to stir at room temperature for 3
h, then concentrated to dryness to give pure 119 (950 mg, 80%) as a white solid. '"H NMR
(DMSO-dg): 6 1.82 (p, J=7.3 Hz, 2H), 2.76-2.84 (m, 2H), 3.45 (t, J = 2.2 Hz, 1H), 3.50
(t,J=5.9 Hz, 2H), 4.13 (d, J= 2.6 Hz, 2H), 8.06 (bs, 3H).

120 (JH168). A solution of 5(6)-rhodamine NHS ester (4.6 mg, 0.0087 mmol, 1
equiv) in DMF (200 uL) was added to a solution of 116 (5 mg, 0.010 mmol, 1.2 equiv),
and DIPEA (4.0 mg, 0.031 mmol, 3 equiv) in DMF (200 uL). The resulting mixture was

allowed to stir at room temperature for 2.5 h then concentrated to dryness under reduced
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pressure. The residue was purified by preparative HPLC on a C18 column using 10-60%
acetonitrile with 0.1% TFA. The isomer with a longer retention time was isolated, and
dissolved in DMSO. The concentration of this stock solution (1.2 mM) was determined
by diluting into methanol with 0.1% TFA, and comparing of the absorbance at 551 nm to
that of a rhodamine stock solution. ESI MS, found (M +1) 855.1.
(Z2)-2,4-Dimethyl-5-((5-nitro-2-oxoindolin-3-ylidene)methyl)-1 H-pyrrole-3-
carboxylic acid (121) JH23S5. Indolinone 59 (100 mg, 0.561 mmol, 1 equiv) was added
to a solution of 108 (103 mg, 0.617 mmol, 1.1 equiv), and piperidine (67 mg, 0.785
mmol, 1.4 equiv) in THF (7 mL). The resulting mixture was heated to 75 °C in a sealed
jar for 18 h. After cooling to room temperature 1 N HCI (2 mL) and methanol (14 mL)
were added. The resulting precipitate was collected by filtration and dried under vacuum
to give pure 121 (152 mg, 85%) as an orange brown solid. "H NMR (DMSO-dg): & 2.50
(s, 3H), 2.51 (s, 3H), 7.00 (d, J= 8.9 Hz, 1H), 8.01 (s, 1H), 8.02 (dd, /= 8.8, 2.2 Hz, 1H),
8.83 (d,J=2.2 Hz, 1H), 11.5 (s, 1H), 12.2 (s, 1H), 13.6 (a, 1H).
(Z2)-2,4-Dimethyl-5-((5-nitro-2-oxoindolin-3-ylidene)methyl)-/NV-(3-(prop-2-
ynyloxy)propyl)-1H-pyrrole-3-carboxamide (122) JH393. Compound 119 (214 mg,
1.43 mmol, 4 equiv) was added to a solution of 121 (117 mg, 0.357 mmol, 1 equiv), EDC
(205 mg, 1.07 mmol, 3 equiv), HOBt (46.1 mg, 0.357 mmol, 1 equiv), and DIPEA (139
mg, 1.07 mmol, 3 equiv) in DMF (8 mL). The resulting mixture was allowed to stir at
room temperature for 20 h then EtOAc (200 mL) was added. The resulting mixture was
washed with 1 N HCI, then 5% NaHCOs, then water, then brine, and concentrated to
dryness under reduced pressure to give pure 122 (80 mg, 53%). '"H NMR (DMSO-d): &

1.78 (p, J = 6.6 Hz, 2H), 2.45 (s, 3H), 2.47 (s, 3H), 3.28 (dt, J = 6.2, 6.2 Hz, 2H), 3.42 (t,
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J=2.6Hz, 1H), 3.52 (t,J = 6.2 Hz, 2H), 4.14 (d, J = 2.2 Hz, 2H), 7.05 (d, J = 8.4 Hz,
1H), 7.69 (t,J = 5.9 Hz, 1H), 8.03 (s, 1H), 8.07 (dd, J = 8.4,2.2 Hz, 1H), 8.86 (d, J =2.2
Hz, 1H), 11.5 (s, 1H), 13.5 (bs, 1H).
(Z)-5-((5-Amino-2-oxoindolin-3-ylidene)methyl)-2,4-dimethyl- V-(3-(prop-2-
ynyloxy)propyl)-1H-pyrrole-3-carboxamide (123) JH394. Zinc dust (1g) was added to
a suspension of indolinone 122 (90 mg, 0.213 mmol, 1 equiv) in THF (50 mL) and
saturated aqueous NH4Cl (10 mL) at room temperature. The resulting mixture was
vigorously stirred for 18 h, then diluted with EtOAc (200 mL), washed with water, then
saturated NaCl, and concentrated under vacuum to give pure 123 (65 mg, 97%) as a red
solid. '"H NMR (DMSO-ds): & 1.76 (p, J = 6.6 Hz, 2H), 2.35 (s, 3H), 2.41 (s, 3H), 3.27
(dt,J =6.6,5.9 Hz, 2H), 3.42 (t,J = 2.2 Hz, 1H), 3.52 (t, J = 6.2 Hz, 2H), 4.13 (d, J =
2.6 Hz, 2H), 4.62 (bs, 2H), 6.41 (dd, J = 8.4, 2.2 Hz, 1H), 6.57 (d, J = 8.4 Hz, 1H), 6.94
(d,J=1.8Hz, 1H), 7.36 (s, 1H) 7.57 (t, J = 5.9 Hz, 1H), 10.5 (s, 1H), 13.7 (bs, 1H).
(Z)-N-(2-(Diethylamino)ethyl)-2,4-dimethyl-5-((5-nitro-2-oxoindolin-3-
ylidene)methyl)-1H-pyrrole-3-carboxamide (124) JH230. Compound 121 (300 mg,
0.917 mmol, 1 equiv) was added to a solution of SOCI, (4.91 g, 41 mmol, 45 equiv) in
THF (300 mL). The resulting mixture was heated to reflux for 2 h then concentrated to
dryness under reduced pressure. The residue was then dissolved in THF (300 mL) and
treated with N',N 1-Diethylethane-l,2-diamine (491 mg, 4.23 mmol, 5 equiv). The
resulting mixture was allowed to stir at room temperature for 4 h then concentrated to
dryness under vacuum. The residue was partitioned between 1 N NaOH (10 mL) and
EtOAc (120 mL). From this two-phase mixture a solid was recovered by filtration to give

pure 124 (148 mg) as an orange solid. The EtOAc layer was separated and concentrated
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under vacuum to 20 mL. The resulting precipitate was recovered by filtration to give
more pure 124 (139 mg, total yield 287 mg, 74%) as an orange solid. '"H NMR (DMSO-
ds): 0 0.977 (t,J = 7.0 Hz, 6H), 2.46 (s, 3H), 2.48 (s, 3H), 2.48-2.56 (m, 4H), 3.29 (q, J =
7.0 Hz, 4H), 7.05 (d, J = 8.8 Hz, 1H), 7.49 (t, J = 5.5 Hz, 1H), 8.03 (s, 1H), 8.06 (dd, J =
8.4,2.2 Hz, 1H), 8.85 (d, J = 2.2 Hz, 1H), 11.5 (bs, 1H), 13.5 (bs, 1H).

(Z)-tert-Butyl 5-(2,4-dimethyl-5-((5-nitro-2-oxoindolin-3-ylidene)methyl)-1H-
pyrrole-3-carboxamido)pentylcarbamate (125) JH248. Compound 121 (400 mg, 1.22
mmol, 1 equiv) was added to a solution of SOCl, (4.91 g, 41 mmol, 34 equiv) in THF
(500 mL). The resulting mixture was heated to reflux for 2 h then concentrated to dryness
under reduced pressure. The resulting residue was dissolved in THF (300 mL) then
treated with DIPEA (394 mg, 3.05 mmol, 2.5 equiv), and tert-butyl 5-
aminopentylcarbamate (494 mg, 2.44 mmol, 2 equiv). The resulting mixture was allowed
to stir at room temperature for 4 h then concentrated to dryness under vacuum. The
residue was dissolved in EtOAc (300 mL) and methanol (30 mL). The resulting solution
was washed with 0.5 N HCI1 (150 mL), then 0.5 N NaOH (100 mL), then water, then
brine, and concentrated to dryness under reduced pressure to give pure 125 (400 mg,
64%) as an orange solid. 'H NMR (DMSO-de): & 1.23-1.29 (m, 2H), 1.33 (s, 9H), 1.33-
1.40 (m, 2H), 1.40-1.49 (m, 2H), 2.40 (s, 3H), 2.42 (s, 3H), 2.84-2.89 (m, 2H), 3.13-3.18
(m, 2H), 6.73 (t,J = 7.0 Hz, 1H), 7.02 (d, J = 8.8 Hz, 1H), 7.65 (t,J = 5.5 Hz, 1H), 8.00
(s, 1H), 8.02 (dd, J = 8.4, 2.1 Hz, 1H), 8.82 (d, J = 2.6 Hz, 1H), 11.5 (s, 1H), 13.5 (s, 1H)

(Z)-tert-Butyl 5-(5-((5-amino-2-oxoindolin-3-ylidene)methyl)-2,4-dimethyl-1H-
pyrrole-3-carboxamido)pentylcarbamate (126) JH251. A suspension of 125 (300 mg,

0.587 mmol, 1 equiv) and 10% Pd/C (100 mg) in methanol (125 mL) was placed under 1
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atm of hydrogen with stirring for 18 h. The catalyst was then removed by filtration,
followed by the methanol under reduced pressure. The residue was purified by trituration
in EtOAc/DCM to give pure 126 (254 mg, 90%) as a red solid. 'H NMR (DMSO-dy): &
1.22-1.56 (m, 6H), 1.37 (s, 9H), 2.35 (s, 3H), 2.40 (s, 3H), 2.85-2.95 (m, 2H), 3.13-3.23
(m, 2H), 4.66 (bs, 2H), 6.41 (d, J = 8.1 Hz, 1H), 6.58 (d, J = 8.1 Hz, 1H), 6.77 (t, J = 6.6
Hz, 1H), 6.94 (s, 1H), 7.36 (s, 1H), 7.56 (t, J = 5.2 Hz, 1H), 10.5 (s, 1H), 13.7 (s, H).
(Z)-5-((5-Amino-2-oxoindolin-3-ylidene)methyl)-NV-(2-(diethylamino)ethyl)-2,4-
dimethyl-1H-pyrrole-3-carboxamide (127) JH232. A suspension of 124 (250 mg,
0.585 mmol, 1 equiv) and 10% Pd/C (75 mg) in methanol (600 mL) was placed under 1
atm of hydrogen with stirring for 5 h. The catalyst was then removed by filtration,
followed by the methanol under reduced pressure to give pure 127 (221 mg, 96%) as a
red solid. "H NMR (DMSO-ds): & 0.972 (t, J = 7.3 Hz, 6H), 2.36 (s, 3H), 2.42 (s, 3H),
2.49-2.55 (m, 4H), 3.27 (q, J = 6.6 Hz, 4H), 4.61 (bs, 2H), 6.41 (dd, J = 8.1, 2.2 Hz, 1H),
6.57 (d,J = 8.1 Hz, 1H), 6.95 (d, J = 2.2 Hz, 1H), 7.36 (s, 1H), 10.5 (s, 1H), 13.7 (s, 1H).
(Z)-5-((5-But-2-ynamido-2-oxoindolin-3-ylidene)methyl)-/V-(2-
(diethylamino)ethyl)-2,4-dimethyl-1H-pyrrole-3-carboxamide (128) JH388. DMF (5
mL) was added to a solid mixture of indolinone 127 (50 mg, 0.127 mmol, 1 equiv), EDC
(99 mg, 0.561 mmol, 4 equiv), HOBt (17 mg, 0.126 mmol, 1 equiv), and 2-butynoic acid
(64 mg, 0.756 mmol, 6 equiv), followed by DIPEA (33 mg, 0.252 mmol, 2 equiv). The
resulting mixture was allowed to stir at room temperature for 2 h, then diluted with 5%
NaHCO; (20 mL), and extracted with EtOAc. The EtOAc extract was washed with water,
then saturated NaCl, then concentrated to dryness. The resulting residue was purified by

trituration in methanol to give pure 128 (20 mg, 34%) as an orange solid. '"H NMR
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(DMSO-de): 6 0.973 (t,J = 7.3 Hz, 6H), 2.04 (s, 3H), 2.39 (s, 3H), 2.44 (s, 3H), 2.46-
2.56 (m, 4H), 3.28 (q, J = 6.6 Hz, 4H), 6.82 (d, J = 8.1 Hz, 1H), 7.22 (dd, J = 8.4, 2.2
Hz, 1H), 7.42 (t,J = 5.5 Hz, 1H), 7.45 (s, 1H), 7.89 (d, J = 1.8 Hz, 1H), 10.4 (s, 1H),
10.9 (s, 1H), 13.6 (s, 1H).

(Z2)-2,4-Dimethyl-5-((2-oxo0-5-propiolamidoindolin-3-ylidene)methyl)-V-(3-(prop-
2-ynyloxy)propyl)-1H-pyrrole-3-carboxamide (129) JH395. Propiolic acid (64 mg,
0.756 mmol, 6 equiv) was added to a suspension of indolinone 123 (50 mg, 0.127 mmol,
1 equiv), EDC (97.4 mg, 0.508 mmol, 4 equiv), and HOBt (18 mg, 0.127 mmol, 1 equiv),
in DMF (4 mL) and acetonitrile (10 mL). The resulting mixture was allowed to stir on an
ice bath for 2 h then diluted with 5 % NaHCO3 (20 mL). The resulting suspension was
extracted with EtOAc. The EtOAc extract was washed with water, then saturated NaCl,
then concentrated to dryness to give 129 (30 mg, 53%) as an orange solid. 'H NMR
(DMSO-de): 6 1.76 (p, J = 6.6 Hz, 2H), 2.34 (s, 3H), 2.43 (s, 3H), 3.27 (dt,J = 6.2, 6.2
Hz, 2H), 3.42 (t,J = 2.5 Hz, 1H), 3.52 (t, J = 6.2 Hz, 2H), 4.14 (d, J = 2.2 Hz, 2H), 4.35
(s, 1H), 6.84 (d, J = 8.1 Hz, 1H), 7.25 (dd, J = 8.4, 1.8 Hz, 1H), 7.47 (s, 1H), 7.63 (t,J =
5.5Hz, 1H), 7.88 (d, J = 1.5 Hz, 1H), 10.6 (s, 1H), 10.9 (s, 1H), 13.6 (s, 1H).

(Z)-tert-Butyl 5-(2,4-dimethyl-5-((2-0x0-5-(vinylsulfonamido)indolin-3-
ylidene)methyl)-1H-pyrrole-3-carboxamido)pentylcarbamate (130) JH258. 2-
Chloroethanesulfonyl chloride (21.2 mg, 0.13 mmol, 2.5 equiv) was added dropwise to a
solution of 126 (25 mg, 0.052 mmol, 1 equiv) and DIPEA (20.2 mg, 0.156 mmol, 3
equiv) in anhydrous THF (8 mL) at 0 °C. The mixture was allowed stir for 20 min, then
for 18 h at room temperature, then concentrated to dryness. The residue was then

suspended in EtOAc (50 mL). This suspension was washed with 1 N HCI (20 mL), then
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5% NaHCO; (50 ML), then water, then brine, and concentrated to dryness under reduced
pressure to give pure 130 (18 mg, 61%). 'H NMR (DMSO-dy): & 1.26-1.52 (m, 6H), 1.37
(s, 9H), 2.39 (s, 3H), 2.42 (s, 3H), 2.85-2.93 (m, 2H), 3.17-3.22 (m, 2H), 5.96-6.02 (m.
2H), 6.73-6.83 (m, 3H), 6.92-6.95 (m, 1H), 7.52 (bs, 2H), 7.61 (t,J = 6.5 Hz, 1H), 9.54
(s, 1H), 10.9 (s, 1H), 13.6 (s, 1H).

(Z)-tert-Butyl 5-(2,4-dimethyl-5-((2-oxo0-5-propiolamidoindolin-3-
ylidene)methyl)-1H-pyrrole-3-carboxamido)pentylcarbamate (131) JH268. Propiolic
acid (18 mg, 0.725 mmol, 1.2 equiv) was added to a suspension of indolinone 126 (100
mg, 0.208 mmol, 1 equiv), and EDC (80 mg, 0.416 mmol, 2 equiv) in DMF (8 mL) and
acetonitrile (40 mL). The resulting mixture was allowed to stir at room temperature for
2.5 h then concentrated to dryness under reduced pressure. The resulting residue was
purified by silica gel chromatography, using EtOAc as the mobile phase, to give 131 (52
mg, 49%) as an orange solid. 'H NMR (DMSO-dg): 6 1.22-1.47 (m, 6H), 1.32 (s, 9H),
2.33 (s, 3H), 2.37 (s, 3H), 2.84-2.89 (m, 2H), 3.12-3.1. (m, 2H), 4.30 (s, 1H), 6.72 (t, J =
5.5Hz, 1H), 6.79 (d, J = 8.1 Hz, 1H), 7.20 (dd, J = 8.4, 1.8 Hz, 1H), 7.42 (s, 1H), 7.57 (t,
J=5.9Hz, 1H), 7.84 (d, J = 1.8 Hz, 1H), 10.6 (s, 1H), 10.9 (s, 1H), 13.6 (s, 1H).

132 (JH283). Dry TFA (0.5 mL) was added to a solution of Indolinone 130 (20 mg)
in DCM (2 mL). The resulting mixture was allowed to stir at room temperature for 2 h
then concentrated to dryness to give the TFA salt of the free amine. To a solution of this
amine (13.8 mg, 0.024 mmol, 1.2 equiv), and DIPEA (7.8 mg, 0.06 mmol, 3 equiv) in
DMF (1 mL) was added a solution of 5(6)-rhodamine NHS ester (10.6 mg, 0.02 mmol, 1
equiv) in DMF (200 uL). The resulting mixture was allowed to stir at room temperature

for 18 h then concentrated to dryness under reduced pressure. The residue was purified
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by preparative HPLC on a C18 column using a gradient of 10-60% acetonitrile over 30
min. The product was dissolved in DMSO. The concentration of this stock solution (2.0
mM) was determined by diluting into methanol with 0.1% TFA, and comparing of the
absorbance at 551 nm to that of a rhodamine stock solution. ESI MS, found (M +1)
884.3.

133 (JH278). Dry TFA (2 mL) was added to Indolinone 131 (30 mg). The resulting
mixture was allowed to stir at room temperature for 3.5 h then concentrated to dryness to
give the TFA salt of the free amine. To a solution of this amine (15 mg, 0.027 mmol, 1
equiv), and DIPEA (10.6 mg, 0.08 mmol, 3 equiv) in DMF (1 mL) was added a solution
of 5(6)-rhodamine NHS ester (16 mg, 0.035 mmol, 1.1 equiv) in DMF (200 pL). The
resulting mixture was allowed to stir at room temperature for 4.5 h then concentrated to
dryness under reduced pressure. The residue was purified by preparative HPLC on a C18
column using a gradient of 20-100% acetonitrile over 30 min. The product was dissolved
in DMSO. The concentration of this stock solution (2.6 mM) was determined by diluting
into methanol with 0.1% TFA, and comparing of the absorbance at 551 nm to that of a
rhodamine stock solution. ESI MS, found (M +1) 846.2.

Ethyl 2-(3-nitropyridin-2-yl)acetate (134) JH225.>> On an ice bath, ethyl
acetoacetate (41.1 g, 316 mmol, 2 equiv) was added to a suspension of NaH (7.6 g, 316
mmol. 2 equiv) in DMF (125 mL) at a rate that kept the internal temperature of the
reaction below 50 °C. The resulting mixture was allowed to stir for 45 minutes then 2-
chloro-3-nitropyridine (25 g, 158 mmol, 1 equiv) was added in small portions. The
resulting mixture was allowed to stir at room temperature for 1.5 h then heated to 70 °C

for 1 h. The volume of the reaction was reduced by 110 mL under reduced pressure then
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suspended in 10% acetic acid (800 mL). The resulting mixture was extracted with Et,O
(1250 mL) in five 250 mL portions. The combined Et,O extracts were washed with
water, then brine, and dried over solid MgSQy. The resulting mixture was treated with
HCI gas until acidic and then stirred overnight. During this time an oil separated then
crystallized, and was collected by filtration. This material was suspended in 5% NaHCO;
(120 mL) and stirred for 15 h at room temperature. The resulting mixture was extracted
with EtOAc. The EtOAc extract was washed with water, then brine, and concentrated
under reduced pressure to give pure 134 (11.8 g, 35%) as a yellow oil. '"H NMR (DMSO-
ds): 0 1.17 (t,J = 7.0 Hz, 3H), 4.10 (q, J = 7.3 Hz, 2H), 4.25 (s, 2H), 7.69 (dd, J = 8.4,
4.7 Hz, 1H), 8.55 (dd, J = 8.4, 1.5 Hz, 1H), 8.85 (dd, J =4.7, 1.5 Hz, 1H).

Ethyl 2-(3-aminopyridin-2-yl)acetate (135) JH228. A solution of 134 (11.8 g, 56
mmol, 1 equiv) and 10% Pd/C (1.9 g) in ethanol (475 mL) was placed under 1 atm of
hydrogen with stirring for 24 h. The catalyst was then removed by filtration, followed by
the ethanol under reduced pressure to give pure 135 (7.76 g, 77%) as an yellow-white
solid. '"H NMR (DMSO-ds): & 1.18 (t,J = 7.0 Hz, 3H), 3.67 (s, 2H), 4.07 (q, J = 7.3 Hz,
2H), 5.10 (bs, 2H), 6.96 (d, J = 2.9 Hz, 2H), 7.70 (t, J = 2.9 Hz, 1H).

1H-Pyrrolo[3,2-b]pyridin-2-ol hydrochloride (136) JH269. Compound 135 (5.6 g,
31 mmol, 1 equiv) was added to 1 M HCI (90 mL). The resulting mixture was allowed to
stir at room temperature for 5 days, then clarified with activated carbon (1 g), and
concentrated to dryness to give pure 136 (5 g, 95%) as an off-white solid. "H NMR
(DMSO-dg): 6 3.72 (bs, 1H), 5.83 (s, 1H), 7.18 (t,J = 7.3 Hz, 1H), 7.94 (d, J = 7.7 Hz,

1H), 8.16 (d, J = 5.9 Hz, 1H), 12.4 (s, 1H).
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3,3,5-Tribromo-1H-pyrrolo|[3,2-b]pyridin-2(3H)-one (137) JH274.> Bromine
(14.9 g, 93 mmol, 10 equiv) was added to a solution of 136 (1.58 g, 9.3 mmol, 1 equiv) in
1:1 t-butanol:water (100 mL). The resulting mixture was allowed to stir at room
temperature for 48 h, then 5% NaHCOs; (100 mL) was added. The resulting precipitate
was recovered by filtration. This material contained some of the 3,3-dibromo product, so
it was treated with 2.5 mL of bromine in 1:1 t-butanol:water (80 mL) for 6 days at room
temperature. The resulting mixture was then treated with 5% Na,CO; (100 mL). The
resulting precipitate was recovered by filtration, washed with water, and dried under
vacuum to give pure 137 (2.73 g, 75%). 'H NMR (DMSO-dy): & 7.34 (d, J = 8.4 Hz, 1H),
7.60 (d, /= 8.4 Hz, 1H), 11.6 (s, 1H).

5-Bromo-1H-pyrrolo[3,2-b]|pyridin-2(3H)-one (138) JH290.>* Zinc dust (6 g) was
added to a solution of 137 (2.73 g, 7.4 mmol, 1 equiv) in THF (30 mL) and saturated
aqueous NH4Cl (30 mL) at room temperature. The resulting mixture was vigorously
stirred for 24 h, then filtered to remove excess zinc. The resulting two-phase mixture was
diluted with water and extracted with EtOAc. The EtOAc extract was washed with water,
then brine, and concentrated under reduced pressure to give pure 138 (1.25 g, 78%) as a
tan solid. "H NMR (DMSO-de): 6 3.63 (s, 2H), 7.10 (d, J = 8.1 Hz, 1H), 7.39 (d, J=8.1
Hz, 1H), 10.6 (s, 1H).

(Z)-3-((1H-Pyrrol-2-yl)methylene)-5-bromo-1H-pyrrolo[3,2-b]pyridin-2(3H)-one
(139) JH293. Compound 138 (100 mg, 0.47 mmol, 1 equiv) was added to a solution of
pyrrole-2-carboxaldehyde (53.6 g, 0.56 mmol, 1.2 equiv), and piperidine (12 mg, 0.14
mmol, 0.3 equiv) in THF (6 mL). The resulting mixture was heated to 75 °C in a sealed

jar for 16 h. After cooling to room temperature the reaction was diluted with EtOAc (6
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mL). The resulting precipitate was collected by filtration to give pure 139 (48 mg, 35%)
as an orange solid. Note: this reaction forms two isomers by TLC but solidifies as a
single isomer. This single isomer will slowly convert back to two isomers after a few
days in solution. 'H NMR (DMSO-dy): & 6.47-6.50 (m, 1H), 7.24 (d, J = 8.1 Hz, 1H),
7.44 (d, J=8.1 Hz, 1H), 7.58-7.62 (m, 1H), 7.64 (s, 1H), 10.7 (s, 1H).
(Z)-5-Bromo-3-((4-methyl-1H-imidazol-5-yl)methylene)-1H-pyrrolo[3,2-
b]pyridin-2(3H)-one (140) JH301. Compound 138 (200mg, 0.939 mmol, 1 equiv) was
added to a solution of 4-methyl-1H-imidazole-5-carbaldehyde (124 g, 1.12 mmol, 1.2
equiv), and piperidine (24 mg, 0.282 mmol, 0.3 equiv) in THF (8 mL). The resulting
mixture was heated to 80 °C in a sealed jar for 1.5 h. After cooling to room temperature
the resulting precipitate was collected by filtration and washed with EtOAc to give pure
140 (199 mg, 70%) as an orange solid. 'H NMR (DMSO-dq): & 2.45 (s, 3H), 7.28 (d, J =
8.4 Hz, 1H), 7.49 (d, J= 8.1 Hz, 1H), 7.58 (s, 1H), 8.23 (s, 1H), 10.8 (s, 1H), 13.8 (bs,
1H).
(Z)-5-Bromo-3-((2-ethyl-4-methyl-1H-imidazol-5-yl)methylene)-1H-pyrrolo[3,2-
b]pyridin-2(3H)-one (141) JH305. Compound 138 (200mg, 0.939 mmol, 1 equiv) was
added to a solution of 2-ethyl-4-methyl-1H-imidazole-5-carbaldehyde (154 g, 1.12 mmol,
1.2 equiv), and piperidine (16 mg, 0.186 mmol, 0.2 equiv) in THF (8 mL). The resulting
mixture was heated to 80 °C in a sealed jar for 5.5 h. After cooling to room temperature
the resulting precipitate was collected by filtration then washed with EtOAc to give pure
141 (161 mg, 52%) as an orange solid. 'H NMR (DMSO-dq): & 1.40 (t,J = 7.7 Hz, 3H),
2.40 (s, 3H), 2.84 (q,J = 7.7 Hz, 2H), 7.25 (d, J = 8.4 Hz, 1H), 7.45 (d, J = 8.4 Hz, 1H),

7.51 (s, 1H), 10.8 (s, 1H), 13.7 (bs, 1H).
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(Z)-3-((1H-Pyrrol-2-yl)methylene)-5-vinyl-1H-pyrrolo[3,2-b]pyridin-2(3 H)-one
(142) JH297. A solution of 139 (50 mg, 0.17 mmol, lequiv) in toluene (10 mL) and
DMF (1 mL) was sparged with argon. To this suspension was added a solution of 2,6-di-
tert-butyl-4-methylphenol (0.2 mg, 0.0009 mmol, 0.005 eq) in toluene (150 uL), followed
by (PPh3)4Pd (20 mg, 0.017 mmol, 0.1 equiv), and CH,=CH-SnBu; (65.6 mg, 0.20
mmol, 1.2 equiv). The resulting mixture was heated to reflux for 4 h then allowed to stir
at room temperature overnight. The resulting mixture was diluted with EtOAc (125 mL),
then washed with water, then brine, and concentrated under vacuum. The resulting
residue was purified by triturating in EtOAc, then washing with 1:1 hexanes:EtOAc, to
give pure 142 (18 mg, 40%). "H NMR (DMSO-dq): & 5.46 (d, J=11 Hz, 1H), 6.09 (d, J =
17 Hz, 1H), 6.46-6.48 (m, 1H), 6.96 (dd, /=18, 11 Hz, 1H), 7.08-7.12 (m, 1H), 7.27 (d,
J=28.1Hz, 1H), 7.38 (d, /= 8.1 Hz, 1H), 7.60-7.63 (m, 1H), 7.62 (s, 1H), 10.7 (s, 1H).

(Z2)-3-((4-Methyl-1H-imidazol-5-yl)methylene)-5-vinyl-1H-pyrrolo[3,2-b]pyridin-
2(3H)-one (143) JH302. A solution of 140 (50 mg, 0.16 mmol, lequiv) in toluene (10
mL) and DMF (1 mL) was sparged with argon. To this suspension was added a solution
of 2,6-di-tert-butyl-4-methylphenol (0.2 mg, 0.0009 mmol, 0.005 eq) in toluene (150 puL),
followed by (PPh3)4Pd (23 mg, 0.02 mmol, 0.1 equiv), and CH,=CH-SnBuj; (60.3 mg,
0.19 mmol, 1.2 equiv). The resulting mixture was heated to reflux for 4 h then allowed to
stir at room temperature overnight. The resulting mixture was diluted with EtOAc (125
mL), then washed with water, then brine, and concentrated under vacuum. The resulting
residue was purified by triturating in EtOAc, then washing with 1:1 hexanes:EtOAc, to

give pure 143 (13 mg, 35%). '"H NMR (DMSO-dy): 5 2.44 (s, 3H), 5.47 (d, J= 11 Hz,
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1H), 6.06 (d, J= 18 Hz, 1H), 6.99 (dd, /=18, 11 Hz, 1H), 7.31 (d, J= 8.1 Hz, 1H), 7.45
(d, J=8.4 Hz, 1H), 7.59 (s, 1H), 8.21 (s, 1H), 10.8 (s, 1H).
(Z)-3-((2-Ethyl-4-methyl-1H-imidazol-5-yl)methylene)-5-vinyl-1H-pyrrolo|[3,2-
b]pyridin-2(3H)-one (144) JH308. A solution of 141 (50 mg, 0.15 mmol, lequiv) in
toluene (10 mL) and DMF (1 mL) was sparged with argon. To this suspension was added
a solution of 2,6-di-tert-butyl-4-methylphenol (0.2 mg, 0.0009 mmol, 0.005 eq) in
toluene (150 pL), followed by (PPh3)4Pd (17.3 mg, 0.02 mmol, 0.1 equiv), and
CH,=CH-SnBuj3 (57.1 mg, 0.18 mmol, 1.2 equiv). The resulting mixture was heated to
reflux for 4 h then allowed to stir at room temperature overnight. The resulting mixture
was diluted with EtOAc (125 mL), then washed with water, then brine, and concentrated
under vacuum. The resulting residue was purified by triturating in EtOAc, then washing
with 1:1 hexanes:EtOAc, to give pure 144 (20 mg, 47%). 1H NMR (DMSO-dc): 1.31 (t, J
=7.7 Hz, 3H), 2.40 (s, 3H), 2.83 (q, J= 7.7 Hz, 2H), 5.48 (d, /=12 Hz, 1H), 6.04 (d, J =
18 Hz, 1H), 6.92 (dd, /=18, 11 Hz, 1H), 7.28 (d, /= 8.1 Hz, 1H), 7.40 (d, /= 8.1 Hz,

1H), 7.51 (s, 1H), 10.8 (s, 1H).
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Chapter 3

Biochemical characterization of inhibitors and Nek2

120



3.1 Abstract

In vitro Nek?2 kinase assays of electrophilic oxindole inhibitors that were not
covered in Chapter 1 are presented. These assays provide new insights for the further
design of irreversible Nek?2 inhibitors. /n vitro Nek2 kinase assays of reversible oxindole
inhibitors, and a series of reversible pyrimidine inhibitors, provide new lead Nek2
inhibitor scaffolds. In vitro Aurora B kinase assays were used to further demonstrate the
specificity of our irreversible Nek?2 inhibitors. An immobilized kinase assay was
developed to study the kinetics of irreversible Nek?2 inhibition. Proof of concept
experiments show the use of rhodamine-conjugated and “clickable” Nek2 inhibitors as
active site-directed probes. Three new Nek2 A autophosphorylation sites were discovered
by mass spec analysis. One of these new phosphorylation sites (pT13) may participate in
a conserved phosphorylation-controlled salt bridge that regulates kinase activity. Nek2A

is also capable of phosphorylating the mitotic kinesin Eg5 in vitro.
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3.2 Electrophilic inhibitors in Nek2 kinase assays

A full dose-response study will be required to fully elucidate the structure
activity-relationships of the compounds listed in Table 3-1. However some important
trends do emerge from examination of the compounds tested at single concentrations.

Examination of the compounds with a chloromethylketone in the oxindole 5-
position (R, Table 3-1) reveals that many of the corresponding aromatic rings tested in
the R, position produce Nek?2 inhibitors with nanomolar potency. Nearly all of the
chloromethylketone compounds listed in Table 3-1 were tested at the single concentration
of 375 nM. The goal in this screen was to find aromatic rings that led to an increase in
potency over compound 2 (80% inhibition at 350 nM) containing a 2-pyrrole ring in the
R, position. None of the chloromethylketones presented in Table 3-1, besides compound
38, met this constraint and were therefore not further studied. However, Chapter 1
discusses the shortcomings of Nek?2 inhibitors with a hydrogen atom in the 5’-position
like the 2-pyrrole-containing compound 2, as they are all potent Cdk1 inhibitors. It is
possible that, although they are not the most potent Nek2 inhibitors, some of the
compounds in Table 3-1 may offer advantages in selectivity for Nek2 over other kinases.
Also, most of the aromatic rings tested with chloromethylketones in the oxindole 5-
position have never been explored with other electrophiles. For the aromatic rings that
have been studied with other electrophiles, similar trends in potency to the corresponding
chloromethylketone series were observed (Chapter 1, Table 1-1). This observation
demonstrates the utility of the easily-synthesized chloromethylketones as a model system

to study the use of alternate aromatic rings as Nek?2 inhibitors.
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None of the compounds tested with Michael acceptors in the oxindole 4-position
(Ry, Table 3-1) were potent Nek2 inhibitors. However, none of the compounds with the
same Michael acceptors in the oxindole 5-position (R, Table 3-1) were potent Nek?2
inhibitors either (Chapter 1, Figure 1-2 and Table 3-1). Based on these data, we cannot
rule out the oxindole 4-position as a less-favorable place for the electrophilic moiety.

A series of vinyl aza-oxindoles that were designed to mimic the electrophilic
cysteine-reactivity of 2-vinyl pyﬁdine73 proved to be inactive as Nek?2 inhibitors at 10 uM
(Table 3-2). The reactivity of these compounds as electrophiles toward thiols has not yet

been determined.
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Table 3-1. Electrophilic oxindole inhibitors in Nek2 kinase assays.

R4 R,
R /
@)
N
H
Nek2
Compound R R R> Inhibition Assay Method
“ N WT Nek2A
38 e 93% | 375nM " |
o N single concentration
“ \ WT Nek2A
39 L H ! 23% | 375nM . .
o v O single concentration
¢ d WT Nek2A
40 JA/ H Q 8% 375 nM AR _
oY " ON single concentration
¢ WT Nek2A
0 e
41 O/J//\,/ H PNl 32% 375nM single concentration
LCI 10 20% | 375nM T Nek2A
42 P H /LS ° single concentration
¢ D a WT Nek2A
0,
= o/]//\,’ i S 54% 375 nM single concentration
cl WT Nek2A
0,
44 o/l//\’ H /Q 24% S single concentration
s ' OH
¢ /Q WT Nek2A
0,
45 O/I//\/ H )" (\) 16% S single concentration
cl
a WT Nek2A
46 O/I//\, H K¢ ; ey 0% 375 nM single concentration
‘ OH
O,N
cl
47 /I//\ ) H /Q == not tested
o7y N
' ' OH
“ WT Nek2A
o
48 O/I//\/ H . 8% 375nM single concentration
' OH

*Assayed as a mixture of E/Z isomers.
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Table 3-1 (continued). Electrophilic oxindole-based inhibitors in Nek2 kinase assays.

Rq R
R /
@]
N
H
Nek2
Compound R R1 R> Inhibition Assay Method
cl
a WT Nek2A
49 o/l//\,/’ H /Q\K 4% SO single concentration
cl
= WT Nek2A
o/ a
50 o/l//\" H \);/\S 47%" [ 375 nM single concentration
cl
= WT Nek2A
0
51 O/I//\,' H E 65% | 375nM single concentration
52 LCl QN 35% |375nM (T NekeA
0PN \ OH ° single concentration
cl
B WT Nek2A
53 o/l//\" H \Q_\OH 25% | 375nM single concentration
Cl ° OH
WT Nek2A
0,
54 O/]//\/, H . I ; 30% | 150 nM single concentration
T OH
o
67 HJ\ H B >10 uM| 1Cs0 WT Nek2A
i NN K dose response
F
¥ /@ WT Nek2A
N, . €
e )Ho( g H o 0% [10puM single concentration
Il X B WT Nek2A
69 \H(N\/ H /(p} 0% 10 pM single concentration
o
| A D WT N
N/ | ek2A
70 A H "N 1.7uM | 1Cs0 dose response
00 H
| H
N B WT Nek2A
85 H Lg > /({:‘} 15% 10 uM single concentration

*Assayed as a mixture of E/Z isomers.
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Table 3-1 (continued). Electrophilic oxindole-based inhibitors in Nek2 kinase assays.

Ry R
R /
(e}
N
H

Nek2
Compound R R R Inhibition Assay Method
| u \ 10 uM
86 H NS/ /Q 5% WT Nek2A
S = L single concentration
H B 10 uM
87 H Ny /(N> 15% | wWT Nek2A
0 * H single concentration
¢ n R 10 pM
88 H KH/N\/’ NN 0% WT Nek2A
o] single concentration
CN B 10 uM
89 H K[rN\,/ SN 0% WT Nek2A
o =l single concentration
EtO,C
2 1 ﬂ 15 10 uM
920 H N N 5% | WT Nek2A
0 single concentration
s H - ,, /ﬂ IC50
106 \\WN\/ " T oTBDMS “N >20 uM|  WT Nek2A
*H
o dose response
~ 8 ; /H\/\> ICs0
107 \WN\/ [ oH e ” 500 nM WT Nek2A
0 dose response
0
cl NH IC50
ULt O);/ H B NEt, | 200 M| WT Nek2A
! N dose response
0
. NH OH
LK o/l//\/ H N ’ N\ N§ - not tested
COH
b/
0
NH
al IC50
116 /I//\ H . | N\ 250 nM| WT Nek2A
o SR dose response
HoN

*Assayed as a mixture of E/Z isomers.
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Table 3-1 (continued). Electrophilic oxindole-based inhibitors in Nek2 kinase assays.

Nek2
Inhibition

117 H N\ -- not tested
O/I//\/I R ’ H o
cl ICH IC50
120 . /j\ Ho | L :z 200 nM WT Nek2A

dose response

Compound R R, R, Assay Method

o)
<t o
128 \H/N\/’ H B NEt, - not tested
0 X N

/\
T
1

129 not tested
N /
o}
NH
LK. I\i 5
132 R H [N 85% | WT Nek2A
00 ‘' H 0 . .
NH single concentration
Rhodamin€’
o}
I\CH
A H I\ 5}/LM
X ,
133 \H/N\/ H it [N \’z 70% WT Nek2A
o} o H oo W single concentration
Rhodamine

*Assayed as a mixture of E/Z isomers.
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Table 3-2. Nek2 kinase assays of 5-vinyl-4-aza-oxindoles.

Nek2
Compound Structure Inhibition Assay Method

10 uM

142 0% WT Nek2A
single concentration
10 uM

143 0% WT Nek2A
single concentration
10 uM

144 0% WT Nek2A

single concentration
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3.3 Reversible inhibitors in Nek2 kinase assays

Our most potent oxindole-based reversible Nek2 inhibitor scaffolds were modeled
after published Cdk2 inhibitors.>** These compounds contained tertiary amino or alkyne
groups in the oxindole 4-position (R;, Table 3-3), substituted with hydrogen bond
donating moieties (97, 102, and 104). Compounds of this class have been shown to form
a hydrogen bond to the aspartate residue of the well-conserved kinase DFG motif in
Cdk2.>*> Because the potency of these compounds against Nek2 depends on the
presence of a hydrogen bond donating group, as shown by comparison of compounds 97
and 98 (Table 3-3), they probably form a hydrogen bond to the DFG motif in Nek?2 as
well.

In theory, conversion of one of these scaffolds to an electrophilic inhibitor should
make the most potent irreversible Nek2 inhibitor yet. A propynamide inhibitor based on
scaffold 104 (ICso = 5 uM, Table 3-3) was synthesized (compound 107) and had an ICs,
of 500 nM against Nek2 (Table 3-1). This represents a 10-fold increase in potency over
the parent reversible scaffold 104. A similar comparison of the reversible scaffold 25
(ICso = ~20 uM, Table 3-3) and its corresponding irreversible propynamide analog 27
(ICso = 327 nM, Chapter 1, Table 1-1) shows a 60-fold increase in potency. These data
demonstrate how inferring the potency of an irreversible inhibitor from the potency of an
analogous reversible scaffold will not always lead to the design of the most potent
compounds. The best way to design irreversible inhibitors based on structure-activity
relationships would be to measure the reversible binding affinity (Ki) and the rate of
enzyme alkylation (kr) for the actual irreversible inhibitors (Figure 3-1), and use these

parameters for further inhibitor design, rather than kinase assay ICs, values.
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Table 3-3. Oxindole reversible inhibitors in Nek2 kinase assays

Rq R,
/
@)
Nek2
Compound R R, R, Inhibition Assay Method
) Ic
NH 50
sunitinib F H T\ Ney | 10 uM WT Nek2A
H dose response
Y 15 uM
24 NH, H \IN\> 40% WT Nek2A
“H single concentration
25 NH, H j’:NH 40% WT Nek2A
“H single concentration
15 uM
N
65 Et H . /E} 0% WT Nek2A
Sl single concentration
15 uM
o} \
66 P H /E\> 35% WT Nek2A
4 ‘o H single concentration
IN IC50
95 NO, Br . 0 >60 uM | WT Nek2A
‘O H dose response
NH»
ICs0
N
97 NO, /ﬂ} 2.3 uM WT Nek2A
H dose response
o ICs0
98 NO, Q N /(N\> 60 uM WT Nek2A
e ‘o H dose response
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Table 3-3 (continued). Oxindole-based reversible inhibitors in Nek?2 kinase assays

R4 R,
R /
@)
N
H
Compound R R, R, Int:li(l::}):(tizon Assay Method
o N IC50
99 NO, Q I > >60 uM | WT Nek2A
_L K H dose response
o N IC50
102 NO, Il \):\> 1.3 uM WT Nek2A
| S H dose response
OH
\ IC50
104 NO, W,/ /(N> 5.0 uM WT Nek2A
. -l dose response
0
o OH IC50
109 )J\ H 7\ 5.0 uM WT Nek2A
v N dose response
*H
S—on 15 uM
121 NO, H T\ 50% WT Nek2A
VN single concentration
*H
S 15 uM
124 NO, H )I\/\i\’\NEtz 55% WT Nek2A
SN single concentration
*H
: NH IC50
127 NH, H T hep| MEM | WT NekeA
H dose response
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Table 3-4. Pyrimidine inhibitors in Nek2 kinase assays
These compounds were synthesized and provided by Dustin Maly (currently

Assistant Professor of Chemistry at the University of Washington) in Kevan Shokat’s lab

here at UCSF.
Nek2
Compound Structure Inhibition Assay Method
P IC50
ASC65 RO 0.80 uM | WT Nek2A
N = .80 u
©:NK/N NQ/\“ dose response
H
HN-N
ASC34 S taum | e
(GKI1198) A, - 4p WT Nek2A
NN dose response
N
ASCSE " QN> IC50
(GKI1230) | o K 1.4 uM | WT Nek2A
P ? dose response
H
HN-N,
ASC24 G 2.6 uM ICso
(GKI1168) Ay ~ 6p WT Nek2A
N/)\u dose response
HN-N
I~ ICs0
'&iﬁﬁ 62 | L, o | 27uM | WT Nek2A
' N/J\N,Q/\/ dose response
H
I IC50
ASC33 " 30 | w
(GKI1196) L, Op WT Nek2A
l N’J\NmH dose response
H
IC
ASC43 5 o 3.1 uM WTs?\Jesz
NS N .
(aliidE) l N/)\N/©[H> dose response
H
HN-N,
ASC28 >, —
(GKI1178) SYeLE 43uM 1 W Nek2A
N N dose response
HNN
ASC49 i ICs0
(DJM1190) ©\)§N /@:NN 5.3 uM WT Nek2A
N N N dose response
HN-N
o= IC50
ASC29 HY
(GKI1182) CL 00 S0 L
W N dose response
N
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Table 3-4 (continued). Pyrimidine-based inhibitors in Nek2 kinase assays

Nek2
Compound Structure Inhi?)ition Assay Method
AN
5uM
AGS}Sﬁ?M (LA)‘Q 30% WT Nek2A
( ) /@ single conc.
ASC1 /'\)‘ 5 uM
45% WT Nek2A
GKI162
( ) /©: single conc.
pSclo 40% WT Nek2A
GKI1126 f\
( ) /@ single conc.
HN‘N\
psc12 AP 50% VEI/TM :1/' k2A
GKI1130 Y e
( ) E:’)\Hm'* single conc.
O- 5 uM
ASC13 s 259 H
(GKI1138) N O/\\N 0 WT Nek2A
NN single conc.
HN-N
3 M
ASC3 HN/K)\ 0 o p
(GKI165) Sy N 10% WT Nek2A
L~ N/©:S\> single conc.
H
HN-N N M
ASC4 HNN\ I 9] u
(GKI1166) 8 2% WT Nek2A
N? N single conc.
HN-N
3 5uM
ASC5 HNS o o
N single conc.
H
HN-N
o e 0% VE\)/Tu :1/' K2A
GKI1148 N b e
( ) l Nig H’©:S> single conc.
HN_N\ 5 },I.M
| N/)\N,Q:N') single conc.
H
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Table 3-4 (continued). Pyrimidine-based inhibitors in Nek?2 kinase assays

Nek2
Compound Structure Inhibition Assay Method
HN-N
ASC41 w0 ) o
(DIM1163) B’I*N 25% e
P single conc.
i
HNN 5 uM
ASC42 rad 0 y
(DIM1164) TgN QN\) 0% WT Nek2A
W N s single conc.
HN-N 5uM
ASC23 rad &0 ) I
(GKI1164) M "y 0% WT Nek2A
“/)\H single conc.
HN-N
ASC27 OO iy 50% v5vTM :l/IeKZA
SN
(GKI1176) | “/)\'d/@/ o single conc.
o N 5 uM
ASC52 )
Asce c.&\@\? 25% WT Nek2A
NH, single conc.
HN =N
ASC30 w0 0 o
A f“ N 45% WT Nek2A
I N,)\N@ single conc.
H
HN-N,
HNJ\% 5 MM
ASC48 Ly N 45% WT Nek2A
N »
(DIM1187) NJ\H/@N single conc.
HN=I
ASC31 s 25% vE\)/TH ::Aesz
(GKI1188) f:,)\N,G[ ‘>‘“)”=O single conc.
H
H NH>
ASC53 BASS o kM
(DJM2004) 0|\©IL\©j;N 350/0 WT Nek2A
NH, single conc.
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3.4 Oxindole compounds in Aurora B kinase assays

Because many of the compounds in Table 3-5 were shown to be low nM
inhibitors of Cdk1 and to induce mitotic exit in monastrol-arrested cells (Chapter 1, Table
1-1), we tested them for inhibition of AurB, since inhibition of this kinase has also been
implicated in the induction of mitotic exit.** In general, these compounds are much less
efficient inhibitors of AurB than Cdk1. Importantly, compound 2, our most selective
Nek2 inhibitor (Nek2 ICsy = 772 nM, Chapter 1, Table 1-1), shows 19-fold selectivity for
Nek2 over AurB.

Table 3-5. Oxindole compounds in Aurora-B kinase assays

R

R, /
(0]

N

\

Rs3

In Vitro

Compound Ri1 R2 R3 | Aurora B
1Cs0 (nM)

4 cn\)l\/ N H 250

[e} N,
19 | o N )EH> H | 2200

20 | o Al )Iu> H | 2800

21 | ol :[:>—\ H | 2200

34 cw\j.l\l, I:}_\ Me | 6000
B

36

16 H 250

, ;[N\>—\ H | 5000
N

Sy

26 |y

27 [Ny I:> H | 3000
Sy
s

H
L )IH> H | 2800

H N,
2 A | 3w | 15000
N

N
31 ¥ I>—\ Me |>20000

35 N I;F\ H | 6000
g
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3.5 The kinetics of irreversible Nek2 inhibition

An assay was developed to apply the kinetic analysis of irreversible inhibitors
developed by Kitz and Wilson™ to inhibitors of Nek2. This assay allows for the
measurement of the reversible binding affinity (Ki) and the rate of covalent modification
of Nek2 (kr) by our irreversible inhibitors. The determination of these parameters for a
series of irreversible inhibitors would provide the most valuable structure-activity
relationship parameters for the further design of irreversible inhibitors.

To perform the Kitz-Wilson analysis, the amount of covalently-modified enzyme
that forms as a function of inhibitor concentration and time must be measured. It is also
important that the inhibitor concentration be in excess of the enzyme concentration to
make the required pseudo-first order approximation. The immobilized-kinase assay
provides a convenient platform to make these measurements for Nek2 (Figure 3-1).

The assay is conducted by coating the pure active kinase onto an ELISA-style
protein binding plate. A Sypro Ruby (Invitrogen) stained gel can then be used to calculate
the amount of Nek2 on the plate by comparing the amount of Nek?2 in the coating buffer
before and after coating of the plate (data not shown). The amount of Nek?2 that binds to
the plate is linearly proportional to the concentration of Nek2 in the coating buffer up to
the concentration that saturates the plate (data not shown). The calculated amount of
Nek?2 on the plate can then be used to plot a theoretical inhibition curve based on the
stoichiometry of Nek2 on the plate and the inhibitor in solution (Figure 3-1B). The
volume of inhibitor solution can also be varied to alter this stoichiometry. Inhibitors can
be added to the immobilized-kinase, then washed off with high temporal resolution, on a

minute time scale, prior to measurement of the concentration of unbound enzyme as the
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ratio of activities between treated and untreated samples. If the observed amount of
inhibition converges over time to the calculated amount of inhibition as in Figure 3-1B,
this indicates that all of the Nek?2 that is bound to the plate is active and contributing to
inhibitor binding. A dose-response plot as in Figure 3-1B also shows what inhibitor
concentrations are in excess of the enzyme concentration and therefore can be used in the
Kitz-Wilson analysis>® (Figure 3-1C and Figure 3-1D).

The reversible binding affinity of compound 2 (Ki = 4.8 uM, Figure 3-1E)
indicates how the presence of the propynamide electrophile confers a 4-fold increase in
reversible binding affinity compared to the reversible oxindole-scaffold 25 (ICso=~20
UM, Table 3-3) with an amine in place of the propynamide. The contribution to potency
from the reactivity of the propynamide electrophile towards Cys22 in Nek2 (0.0053 s™,
Figure 3-1E) coupled with the reversible affinity of compound 2 results in an ICs, of 772
nM towards Nek2 (Chapter 1, Table 1-1), or a 26-fold increase in potency over

compound 25.
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: o ” Iy B. Dose response curves

s AN JH295 (nM)
W 2 (JH295) (nM) =
© ® © 3
o 110 7 L5 89
B8 2Ye 5 o5 °
NPT S LRJ Lo o 100
Al 909000900 @® %01
= 80 1
5l 1 020000060000 %‘70_ 2 min
£ 5 4 min
< sIE X EEREEXER LA 560' 8 min
RN “ 00600000 @® $ 501 = 16min
o < 401 == 32 min
2| 32 00 O0POOHBOA °30 = 132 min
e) "1 2
= ® = 231 min
2 64 feoe @ e e 20 1 % theoretical | A
% 132 R N ECECRO) 10 A stoichiometric N
'_E inhibition
| 231 006000 " ———
0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 24 2.7 3.0
Heat map = Nek2 kinase activity JH295 Log [C] nM
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f(Tr the mO(_‘JI[I(C3tI0n of Nek2 by JH295 g Y intercept = 1/kr = 3.13 min
slope () =Kapp 111505 (M) 1o - SloPe = Kike=15064 min*ni
0.0 -~ 1250 nM, m = -0.068 min~"
-= 625 nM, m =-0.038 min-" 105 1
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== 156 nM, m = -0.010 min-1
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o £
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5 A X 45 1
2.0 0
254 15
2l y y . . ’ . b ° 0 0.(')02 0.504 o.(;oe 0.(I)08
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E—
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ki/Ki = 1104 M-'s™"

Figure 3-1. Immobilized Nek2 kinase assay at 25 °C. (A) Heat map of the raw kinase assay data showing
the experimental layout as well as the dose and time dependence of inhibition. (B) Dose-response curves
showing convergence over time to theoretical stoichiometric inhibition where half of the inhibitor
concentration equals half of the enzyme concentration. The grey box highlights reactions where the
inhibitor concentration is in excess of the enzyme concentration, a requirement for the pseudo first order
approximation. (C) The apparent second-order rate plot for the modification of Nek2 by JH295 relating the
free enzyme concentration, Ln(E/Eo), to the inhibitor binding reaction time. (D) Kitz-Wilson plot for

JH295. (E) Reaction diagram for irreversible inhibition and the constants determined for JH295.
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3.6 Nek2 active site-directed probes

Rhodamine-conjugated Nek?2 inhibitors (120, 132, and 133) can be used as Nek2
active site directed probes (Figure 3-2). All of these compounds label Nek2A in a dose-
dependent manner, and are competed by pre-treatment of Nek2 with an unlabeled
inhibitor at a concentration known to give full inhibition of Nek2 activity (Figure 3-2).
This competition indicates that these probes label the active site of Nek2 at the lower
concentrations tested. However at higher concentrations these compounds begin to label a
second site on Nek?2 that is not competed by the unlabeled compound. These data suggest
that rhodamine conjugation promotes an off-target alkylation event. This propensity for
off-target alkylation unfortunately limits the utility of these compounds as specific

labeling reagents for the Nek?2 active site.
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A 3 !
U Cl /Y o & NH —N. o
o - [/ N o O D NI\
) o S S
4 N N N L AP
H H \
5 uM pretreatment 120

1 3 9 1 3 9
F/
rhodamine
quorescence{ — ‘ — . m

120 (uM)

«— WT Nek2A + 2(120)
“— WT Nek2A + 120

I i
Z-0?

Q /
—N, pZ
B. OO ~ & \ O 0, / O« /N»N\\
[ N Q D AN HN &
0 )Li-\ o) N ©
N L # 5 uM pretreatment

H
132 2 l
100 50 25 13 63 31 16 08 04 02 0 50 132(uM)
rhodamine ' - m— e — : o |e—Nek2A-T175A + 2(132)
ﬂuorescence{ - - - “— Nek2-T175A + 132

Q /
—N,
C. on” Jf U o0 % L3
R‘T\@fééﬁ?:}\: 'O A " N/ Om)\‘
N H # 5 uM pretreatment
100 50 25 13 6.3 31 16 08 04 02 0 50 133 (uM)

<« Nek2-T175A + 2(133)

rhodamine
- - W S — — e — -
quorescence{ “— Nek2-T175A + 133

Figure 3-2. Rhodamine labeling of recombinant Nek2 with rhodamine-conjugated inhibitors. (A) Nek2
was treated with the indicated concentrations of 120 for 30 min at room temperature then visualized by
rhodamine fluorescence on a SDS-PAGE gel. Samples of Nek2 pretreated with 4 were used as a
competition control for labeling of the active site. (B) Same experiment as in Panel A employing compound
132 as the probe and compound 2 as the competitor. (C) Same experiment as in Panel A employing
compound 133 as the probe and compound 2 as the competitor. Note: at the higher concentrations tested,
the rhodamine-conjugated inhibitors appear to label a second residue on Nek2 that does not compete with

the unlabeled inhibitors.
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Compounds 117 and 129 were designed to label the Nek2 active site through
derivatization by click chemistry.”’ A proof of concept of this methodology is presented
in Figure 3-3. Compound 117 was able to label Nek2 in a dose-dependent manner as
detected by derivatization with a rhodamine azide (Figure 3-3A). Compound 117 also
labeled Nek2 in a manner that competes with compound 21, suggesting labeling of the
Nek?2 active site. At the higher concentrations tested, labeling of BSA was also detected.
This is likely due to direct alkylation of BSA by compound 117. Compound 129 also
labeled Nek2 in a dose dependent manner as detected by derivatization with a rhodamine
azide (Figure 3-3B). However, this compound failed to compete with compound 2,
suggesting that it modifies Nek2 in a non-specific manner. The labeling of BSA by

compound 129 also indicates that there is non-specific activity of compound 129.
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Figure 3-3. Rhodamine labeling of recombinant Nek2 with “clickable” inhibitors. (A) Nek2 was treated
with the indicated concentrations of 117, denatured with SDS, labeled with a rhodamine-conjugated azide
through click chemistry, and then visualized by rhodamine fluorescence on a SDS-PAGE gel. A sample of
Nek?2 pretreated with compound 21 was used to demonstrate specific labeling of the active site. A sample
of Nek2 labeled with the rhodamine-conjugated active site probe 133 was used to show labeled Nek2 on
the gel. (B) The same experiment as in Panel A employing compound 129 as the probe and compound 2 as
the competitor. The lack of competition suggests that compound 129 labels Nek?2 on a residue other than

active site Cys22.
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3.7 Autophosphorylation of recombinant Nek2

A previous study detected several autophosphorylation sites on recombinant
Nek2A-T175A by mass spectrometry (Figure 3-4A) and characterized the effect of
phosphorylation on Nek2 kinase activity.”> We were able to detect three new
autophosphorylation sites on the same Nek?2 construct through trypsin digest and LC-
MS/MS (Figure 3-4A). One of these new phosphorylation sites (Thr13) was in the
glycine-rich loop of the Nek2 kinase domain.

Roughly 50 human kinases have a positively or negatively charged residue in the
same position as Thr13 in Nek?2 that pairs with an oppositely charged residue
downstream in the glycine rich loop (Lck, Figure 3-4B) to form a salt bridge.60 This salt
bridge effects enzymatic activity, as well as inhibitor and ATP binding in certain
kinases.®” We hypothesized that Nek2 may have a phosphorylation-controlled version of
this salt bridge that regulates its kinase activity. Indeed, Nek2 has a positively charged
arginine residue in the corresponding downstream position that could possibly form a salt
bridge with phospho-Thr13 (Figure 3-4B).

A sequence alignment generated from the Shokat Lab Kinase Sequence
Database® revealed that roughly 10% of the human kinome contains a threonine, serine,
or tyrosine, paired with an arginine or lysine, in positions analogous to the Nek2
threonine/arginine pair (Figure 3-5). Phosphorylation of these residues has been

documented in several phosphoproteomic studies looking at cell extracts.””

Despite
this precedence for regulation of kinase activity by phosphorylation, the function of these

phosphorylation events has not yet been studied.
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The non-phosphorylatable TI3A and the phosphomimetic T13E mutations on
Nek2A-T175A were made to test whether phosphorylation of T13 may regulate Nek2
activity and ATP binding (Figure 3-4C). Both mutations resulted in decreased catalytic
efficiency and ATP binding compared to WT Nek2A-T175A (Figure 3-4C). It is difficult
to accurately interpret the meaning of these results, since many factors still exist that can
affect the activity of recombinant Nek2A-T175A. This construct is phosphorylated on 11
other residues that may have dominant effects on its catalytic activity. Also, the T13E
mutation may not accurately mimic the effects of T13 phosphorylation.” If the reduced
catalytic activity of the T13A mutant is in fact a reflection of the non-phosphorylated
state, this is an indication of the predicted outcome: the phosphorylated species would
form a salt bridge enhancing ATP binding and catalytic activity. Perhaps this form of
regulation would have more dramatic effects in other kinases or in the context of multi-

protein complexes such as centrosomal Nek?2 in cells.

144



A.

Nek2A-T175A autophosphorylation sites
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Figure 3-4. Discovery of new Nek2A autophosphorylation sites and the characterization of T13

phosphomimetic Nek2 mutants. (A) Discovery of three new Nek2 A-T175A autophosphorylation sites by
mass spec. (B) Overlay of Nek2 (PDB ID 2JAV)? and Lck (PDB ID 20F2)* crystal structures showing

residues forming a constitutive salt bridge (Lck) found in 10% of the kinome.*® This salt bridge has been

shown to increase catalytic activity and enhance ATP binding. ®° We hypothesized that Nek2 may contain a

phosphorylation-controlled version of this salt bridge that forms between pT13 and R21. (C) Measurement

of the catalytic efficiency and ATP binding of phosphomimetic and non-phosphorylatible T13 Nek2

mutants.
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Potential kinases with a “Nek2 polarized” phosphorylation controlled salt bridge

Family # Annotation 1 2

family6
familyl2
familyl4
familylé
familyl?7
family32
family37
family4l
familyl101l NinaC  ————————————————————
familyl105 CAMP-I —————————————————————
family218 Kin2 — ——————-——--—-
family222 PKC ~  —————————oo—o—o oo
family230 CAMP-T ---------—-

family269 No ann —————————- MSGDKLLSELGYKLGRTIGEGSYSKVKVATSKKYKG
family269 No ann -———————————— MEDFLLSNGYQLGKTIGEGTYSKVKEAFSKKHQR.

Potential kinases with a phosphorylation-controlled salt bridge opposite of Nek2 polarity

Family # Annotation 1 2

family5 CDC7  ————————————- —-—-FKIEDKIGEGTFSSVYLATAQLQVGPE---EKIALKHLIPTSHP——————
familyl9 Weel - —-——————————— ————-FHELEKIGSGEFGSVFKCVKRLDG—————— CIYAIKRSKKPLAGSV-———
family24
family40
family43
family43
family53 KKIALRE ——————————————mmm— YETLGKVGEGSYGTVMKCKHKNTGQ—————— IVAIKIFYE——————m e
family59 Raf

family69 Mos

familylll DICTY
family133 PAK/ST -——————- LRSIVSVGDPKKKYTRFEKIGQGASGTVYTA-MDVATGQ————— EVAIRQMNLQ-———————————
familyl41l CDC15
family223 SRPK1
family229 CDK2
family236 KIS

family238 CDK5
family255 PKL12
family260 p21

Figure 3-5. Partial glycine-rich-loop sequence alignment generated from the UCSF Shokat Lab Kinase
Sequence Database® showing kinases that may have a phosphorylation-controlled salt bridge. The family
numbers and annotations of representative kinases correspond to the Shokat Kinase Sequence Database.
Annotations with a yellow highlight represent sequences with multiple kinase entries. Positions 1 and 2
(red) show the residues that may form a salt bridge upon phosphorylation. Residues shown in green are

predicted to contact ATP in the kinase active site.
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3.8 Phosphorylation of Eg5 by Nek2A

Recombinant WT Nek2A will phosphorylate recombinant full length Eg5, and
both proteins play a role in establishing bipolar mitotic spindles.’ Perhaps Nek2A
regulates Eg5 in cells through phosphorylation, but further studies are required to map the
phosphorylation sites and establish their functional relevance by mutagenesis. Regulation
of Eg5 by Nek2 is intriguing given the recent demonstration that Nek2 contributes to
bipolar spindle assembly and that Nek2 knockdown sensitizes cells to low doses of the

Eg5 inhibitor monastrol (a “synthetic-lethal” type interaction).’

S + WT Nek2A

=)
Eg5 —

i | Coomassie

Figure 3-6. WT Nek2A was used to phoshphorylate recombinant full length Eg5.
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3.9 Experimental methods

WT Nek2A Kinase assays

Inhibitors were incubated for 30 min at room temperature with 11.6 nM of WT
Nek2A (Invitrogen, or expressed in house from insect cells) in 15 UL of kinase reaction
buffer (150 uM ATP, 20 mM HEPES pH 7.5, 5 mM MgCl,, 0.1 mM EDTA, 0.3 mg/mL
BSA) with 1.6% DMSO. Next, 10 UL of kinase reaction buffer containing 1.2 mg/mL of
myelin basic protein (Upstate), and 2 uCi of [y-*P]JATP (PerkinElmer) was added.
Kinase reactions were allowed to proceed for 30 min at room temperature. Then, 5 UL of
the mixture was blotted onto P81 filtermat (Whatman). The filtermat was washed once
with 10% acetic acid, then twice with 0.1% phosphoric acid, then once with methanol,
and then dried under a heat lamp (Bio-Rad). The dry blots were exposed to a storage-
phosphor screen (GE Healthcare), imaged using a Typhoon Scanner (GE Healthcare),
quantified using Image Quant software (GE Healthcare), then processed and plotted using
Excel (Microsoft) and GraphPad (Prism) software. Reactions were run in duplicate, and
reactions lacking the kinase were used for background control.
Aurora B kinase assays

Inhibitors were incubated for 30 min at room temperature with 15 ng of
AurB/INCENP complex (Millipore) in 20 uL of kinase reaction buffer (13 uM ATP, 20
mM HEPES pH 7.5, 5 mM MgCl,, 0.1 mM EDTA, 0.2 mg/mL BSA) with 3% DMSO.
Next, 5 UL of kinase reaction buffer containing 0.75 mg/mL of Histone-H1 (Millipore),
and 4 uCi of [-*P]JATP (PerkinElmer) was added. Kinase reactions were allowed to

proceed for 30 min at room temperature. Then, 5 UL of the reaction mixture was blotted
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onto nitrocellulose membrane (Bio-Rad) that had been pre-washed with wash buffer (1 M
NaCl, 0.1 % H3POy) and dried. The membrane was washed three times with wash buffer,
and then dried under a heat lamp. The dry blots were exposed to a storage-phosphor
screen (GE Healthcare), imaged using a Typhoon Scanner (GE Healthcare), quantified
using Image Quant software (GE Healthcare), then processed and plotted using Excel
(Microsoft) and GraphPad (Prism) software. Reactions were run in triplicate, and
reactions lacking the kinase were used for background control.
Immobilized Nek2 kinase assay

Into a Nunc Maxisorb ELISA style protein binding 96-well plate was placed 50
uL/well of a 300 nM solution of full length Nek2A-T175A (Chapter 1) in PBS (0.9 mM
CaCly, 0.5 mM MgCl,, 2.67 mM KCl, 1.47 mM KH,POy4, 138 mM NaCl, 8.06 mM
NaH,PQ,). The plate was then rocked at 4 °C for 2.5 h, taking care to keep the solution in
the bottom of the wells. The Nek?2 solution was removed and the plate was then washed
twice at 4 °C with 250 puL/well of kinase reaction buffer (20 mM HEPES pH 7.5, 5 mM
MgCl,, 0.1 mM EDTA). The washes were conducted for 10 min each, taking care to
minimize “dry time” between washes. The buffer from the last wash was then removed
(one row at a time, taking care to minimize “dry time”) and a solution of 2 (75 pL/well)
in kinase reaction buffer containing 2% DMSO was added at room temperature. After the
desired incubation time, the inhibitor solution was removed and 250 uL/well of holding
buffer (kinase reaction buffer containing 2% DMSO) was added. To measure the activity
of the unbound Nek2, the holding buffer was removed (again minimizing “dry time!”)
and 50 puL/well of kinase reaction mix (kinase reaction buffer containing 100 uM ATP, 1

mg/mL B-casein, and 0.08 uCi/uL of [Y-"*P]ATP) was added. The plate was then rocked
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at room temperature for 60 min, and then 5 puL of the reaction mixture was blotted onto
nitrocellulose membrane (Bio-Rad) that had been pre-washed with wash buffer (1 M
NacCl, 0.1 % H3PO,) and dried. The membrane was washed three times with wash buffer
and then dried under a heat lamp. The dry blot was exposed to a storage-phosphor screen
(GE Healthcare), imaged using a Typhoon Scanner (GE Healthcare), quantified using
Image Quant software (GE Healthcare), then processed and plotted using Excel
(Microsoft) and GraphPad (Prism) software. Reactions lacking the kinase were used for a
background control.
Labeling of Nek2 with rhodamine-conjugated inhibitors

Rhodamine-conjugated compounds 120, 132, or 133 were incubated with either
Nek2A-T175A (75 nM), or 69 nM of WT Nek2A (Upstate), in PBS (0.9 mM CacCl,, 0.5
mM MgCly, 2.67 mM KCl, 1.47 mM KH,PO,, 138 mM NacCl, 8.06 mM NaH,PO,),
containing 8% DMSO for 30 min at room temperature. Samples were then analyzed by
SDS-PAGE. Rhodamine fluorescence was detected in the gel using a Typhoon Scanner
(GE Healthcare). Identical reactions using Nek?2 that had been pre-treated with compound
2 or 4 for 30 minutes at room temperature were used as competition controls for specific
labeling of the active site.
Labeling of Nek2 with “clickable” inhibitors

For labeling of Nek2, compound 117 or 129 was incubated with 80 nM of
Nek2A-T175A (Chapter 1) in PBS (0.9 mM CaCl,, 0.5 mM MgCl,, 2.67 mM KCl, 1.47
mM KH;POy4, 138 mM NacCl, 8.06 mM NaH,PO,), containing BSA (0.5 mg/mL) and

DMSO (10%) at room temperature for 20 min. For click reactions, SDS (1.25 uL 20%

w/v), thodamine-azide (0.5 uL, 5 mM), TCEP (0.5 uL, 0.3 M, pH 7.5), TBTA (1.5 uL,
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1.2 mM in t-butanol), and CuSOy4 (0.5 pL, 50 mM) were added in that order to 20
uL of the labeled Nek?2 solution. Click reactions were allowed to proceed at room
temperature for 1 h, then samples were analyzed by SDS-PAGE. Rhodamine
fluorescence was detected in the gel using a Typhoon Scanner (GE Healthcare). Identical
reactions using Nek?2 that had been pre-treated with 5 uM of 2 or 21 for 30 minutes at
room temperature were used as competition controls for specific labeling of the active
site. Nek2 that had been labeled with 7 uM of 133 for 30 minutes at room temperature
was used as a control for detection of rhodamine-labeled Nek2 on the gel.

Mass spectrometry for Nek2A-T175A autophosphorylation

Recombinant Nek2A-T175A (12 pug) was resolved on an SDS-PAGE gel and
detected by Coomassie stain. The Coomassie stained band was excised and subjected to
in-gel tryptic digestion as follows. The excised gel band was chopped into <I mm?® pieces
and placed into a 0.65 mL low protein-binding tube (PGC Scientific). The gel pieces
were then washed with wash buffer (25 mM NH4HCOs3, in 50% aq acetonitrile) until the
Coomassie stain was removed (about 4 washes were required). Then, enough DTT
solution (10 mM DTT, in 25 mM NH4HCO5) to cover the gel pieces was added, and the
resulting mixture was incubated at 56 °C for 30 min. The DTT solution was then removed
and the gel pieces were treated with iodoacetamide (55 mM iodoacetamide, in 25 mM
NH4HCOs) for 30 min at room temperature. After removal of the iodoacetamide, the gel
pieces were washed twice with wash buffer (10 min per wash with vortexing), then
desiccated to complete dryness under reduced pressure in a centrifugal evaporator
(Genevac). The gel pieces were then rehydrated with 25 uL of “side chain protected”

porcine trypsin (Promega) solution (5 ng/uL in 25 mM NH4HCO3), and then covered
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with 25 mM NH4HCOs;. The resulting mixture was incubated at 37 °C for 4 h before the
supernatant was transferred to a new tube. The gel pieces were then extracted two times
with extraction buffer (5 % v/v formic acid in 50% aq acetonitrile) for 15 minutes each
with vortexing. The combined tryptic digest supernatant and formic acid extract was then
concentrated to a volume of ~60 uL. This solution represents approximately 4.5 pmol/uL
of starting Nek?2.

This tryptic digest solution was diluted and subjected to LC/MS/MS analysis
using an LTQ Orbitrap XL (Thermo) mass spectrometer. Three 90 min LC/MS/MS
analyses were performed. LC Conditions for a 90 minute run (NanoAcquity HPLC
system (Waters) follow: 0.4 puL/min flow, (Solvent A = 0.1% formic acid in water,
Solvent B = 0.1% formic acid in acetonitrile), trap 5 min at 2% acetonitrile, then 2 to
30% acetonitrile in 65 min, then 2 min at 50% acetonitrile, then back to 2% acetonitrile
for 20 minutes, using a NanoAcuity BEH130 C18 column (100 um (ID) x 10 cm
(length)).

For run T9102602, ~50 fmol were injected for a 90 min run (mass range
monitored: m/z 320-1600. The 6 most abundant multiply charged ions were selected for
linear trap CID.

For run T9102903, ~850 fmol were injected, a narrower mass range was
monitored, for a 90 min run (mass range monitored: m/z 600-1200). The 6 most abundant
multiply charged ions were selected for linear trap CID.

For run T9102904, 850 fmol were injected for a 90 min run (mass range
monitored: m/z 320-1600). The 6 most abundant multiply charged ions were selected for

linear trap CID.
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The precursor ions were measured in the Orbitrap, then CID experiments were
performed in the linear trap on the 6 most abundant multiply charged ions. Dynamic
exclusion was enabled. Then the raw data were transformed into peak-lists using an in-
house script called PAVA. With these peak-lists and the following parameters database
searches were performed by Protein Prospector. Search parameters: SwissProt, without
species restriction, then homo sapiens only, precursor mass tolerance: 25 ppm, fragment
tolerance: 0.8 Da, Met oxidation, cyclization of N-terminal Gln residues, protein
acetylation and TYS (phosphorylation) were considered as variable modifications, Cys
carbamidomethylation was considered as fixed modification, enzyme = trypsin, and 2
missed cleavages. Data and search results were merged from the 3 analyses and all
phosphopeptide identifications and site assignments were manually validated. The

annotated CID spectra for the three new autophosphorylation sites are presented below

(Figure 3-8).
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Figure 3-8. Annotated CID spectra for new Nek2 autophosphorylation sites. The mass spectrometry
analyses were performed by Saida Patricia Salas-Castillo and Katalin F. Medzihradszky in the National

Bio-Organic Biomedical Mass Spectrometry Resource Center at UCSF, supported by NIH grant NCRR
P41RR001614, director A.L. Burlingame.
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Determination of ATP Km values for Nek2 mutants

Expression plasmids for full length His-tagged Nek2A-T175A-T13A and Nek2A-
T175A-T13E were prepared by performing quick change mutagenesis on the parent
pET22b Nek2A-T175A (Chapter 1) vector using the following oligonucleotide primers:
5’-gtgttgtacgccattggcacagge-3’ and 5°-gectgtgecaatggegtacaacac-3’ for T13A; and 5°-
gtgttgtacgagattggcacagge-3’ and 5°-gectgtgecaatctegtacaacac-3’ for T13E (Operon).
Expression and purification of all Nek2 protein constructs was carried out according to a
previously reported procedure.”

Kinase reactions were run at room temperature using Nek2A-T175A (9.98 nM),
Nek2A-T175A-T13A (6.48 nM), or Nek2A-T175A-T13E (8.20 nM) in kinase reaction
buffer (20 mM HEPES pH 7.5, 5 mM MgCl,, 0.1 mM EDTA, 0.2 mg/mL BSA)
containing a 12:1 ratio of ATP: [7-32P]ATP and 1 mg/mL B-casein as the substrate. Every
10 min, 5 puL of the mixture was blotted onto nitrocellulose membrane (Bio-Rad) that had
been pre-washed with wash buffer (1 M NaCl, 0.1 % H3;POy) and dried. After all of the
time points were collected, the membrane was washed three times with wash buffer and
then dried under a heat lamp. The dry blots were exposed to a storage-phosphor screen
(GE Healthcare), imaged using a Typhoon Scanner (GE Healthcare), quantified using
Image Quant software (GE Healthcare), then processed and plotted using Excel
(Microsoft) and GraphPad (Prism) software. The Michaelis—Menten curve fitting
algorithm in GraphPad was used to determine kinetic parameters.

Phosphorylation of Eg5 by Nek2A
Full length WT Nek2A (14 nM) was incubated with 0.12 mg/mL of full length

recombinant Eg5 (a gift from Tarun Kapoor) in kinase reaction buffer (20 mM HEPES
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pH 7.5, 5 mM MgCl,, 0.1 mM EDTA, 100 uM ATP, 0.1 mg/mL BSA, 1% DMSO)
containing 2.5 uCi of [y-"“PJATP for 30 min at room temperature. The reaction was then

analyzed by SDS-PAGE, and visualized by Coomassie stain and autoradiography.
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Chapter 4

Cell-based characterization of inhibitors
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4.1 Abstract

A Nek2 IP kinase assay employing a dot-blot readout was developed to study the
potency and stability of our electrophilic inhibitors in cells. Select compounds were
tested for inhibition of Rsk2 and Msk1 in cells since these kinases contain an active site
cysteine analogous to Nek2. A more detailed analysis of the induction of mitotic exit by
oxindole inhibitors with a hydrogen atom in the 5’-position further suggests that Cdkl1 is
a target of these compounds in cells. Oxindole compound 21 inhibits Plk1 in cells and
induces the formation of monopolar spindles that resemble Plk1 inhibition. However,
compound 21 also appears to induce the formation of monopolar spindles in a manner
independent of Plk1 inhibition. Mitotic spindle assembly and cell proliferation assays
suggest that high micromolar concentrations of our electrophilic oxindoles induce
chromosome congression defects and inhibit cell proliferation due to non-specific effects

of the electrophile.
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4.2 Inhibition of Nek2 in Hek293 cells

To rapidly profile the potency of irreversible Nek2 inhibitors in cells, an IP-kinase
assay method was developed to take advantage of the high signal-to-noise ratio achieved
from the tetracycline-inducible Nek2 A-3HA Hek293 cells, along with the higher
throughput achieved from the dot blot readout used in all in vitro kinase assays. A
representative image showing biological triplicate dose-response curves generated from
this assay is presented in Figure 4-1A.

The most significant observations from this assay regarding the inhibition of
Nek?2 in cells are summarized in Figure 4-1. Importantly, the minimum dose (~ 5 uM)
required for full inhibition of Nek2 for compounds 2 and 21 correlates with that
determined for endogenous Nek?2 in IP kinase assays (Chapter 1, Figure 1-8). These data
suggest that this assay will predict the same inhibitor potencies as endogenous Nek2 [P
kinase assays with much less work. This assay also provides information about
compound stability in tissue culture conditions. As addressed in Chapter 1 (Table 1-1),
the chloromethylketone compounds are less efficient in cells than the propynamides due
to poor stability. Comparison of the time dependence of inhibition for
chloromethylketone compound 114 versus propynamide compound 2 (Figure 4-1B)
shows that compound 114 achieves maximum potency within 5 min on cells, then loses
potency after 2 h. The more stable propynamide 2 actually gains potency over this time,
as would be expected for an irreversible inhibitor. These data indicate that compound 114
must be degraded within 2 h and that Nek2 activity begins to recover. Recovery of Nek2
activity is probably due to synthesis of new protein, as the “IC;yy” for compound 114

shifts to a greater value between 30 min and 2 h. If all of the Nek2 were inhibited at 30

159



min, the only way that activity could recover would be through new protein synthesis.
The poor stability of chloromethylketone compounds in tissue culture conditions can also
be observed by the effect of cell density on inhibitor potency (Figure 4-1C). A 3-fold
increase in cell density results in a 5-fold loss of inhibitor potency, indicating that
chloromethylketone 21 is degraded by cells. This degradation can take place
metabolically or simply by the alkylation of biological molecules (e.g. GSH) by 21.
Carefully controlling cell to inhibitor stoichiometry is an important factor for all cell
biological assays comparing the effects of these compounds. The propynamides appear to
be degraded about 20 times more slowly than the chloromethylketones in cells, but they
too have limited stability (Figure 4-1D). For propynamide 2, maximum potency is
achieved after 2 h on cells, and then Nek2 activity begins to recover. Endogenous Nek2
activity also just begins to recover in 2 h after a single 5 uM dose of propynamide 2 (data

not shown).
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Figure 4-1. Inhibition of Nek2A-3HA in tetracycline inducible Hek293 cells using a dot blot IP kinase
assay readout. (A) IP kinase assay dose response curve and raw data for the inhibition of Nek2A-3HA by
compound 21. The curve is plotted as the mean of triplicate measurements and error bars represent the
standard deviation. (B) Time dependence of inhibition showing how chloromethylketone 114 loses potency
over 2 h, and how propynamide 2 gains potency over 2 h. (C) Dose response curves showing how
chloromethylketone 21 loses potency as cell density increases. (D) Time dependence of inhibition by 1.3

UM of compound 2 showing recovery of Nek2 activity over 20 h.
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4.3 Inhibition of Rsk2 and Mskl in cells

Since the C-terminal kinase domains of Rsk2 and Msk1 contain active site
cysteines analogous to that of Nek2 (Chapter 1, Figure 1-1C), we sought to see if our
irreversible Nek?2 inhibitors would inhibit these kinases in cells (Figure 4-2). Comparing
assays from Figure 4-1 and Figure 4-2 that employed a 30 min treatment of cells,
compound 2 (JH295) proved to be 5-fold selective for Nek2 over Rsk2, and 7-fold
selective for Nek2 over Msk1. Because the Rsk2 and Msk1 assays (Figure 4-2) take place
in serum-free media and the Nek2 assays use serum-containing media, the selectivity of
compound 2 for Nek2 may be even greater given the possibility that serum could lower
the effective inhibitor concentration in the Nek2 assay (Figure 4-1B). Again, comparing
assays from Figure 4-1 and Figure 4-2, compound 114 was 7 and 30-fold selective for
Nek2 over Rsk2 and Mskl1, respectively, and compound 21 was 3-fold selective for Nek2
over both Rsk2 and Msk1. Compound 115 (Nek2 IP kinase assay ICso = 1.1 uM, data not
shown) was 11 and > 18-fold selective for Nek2 over Rsk2 and Msk1, respectively. The
potency of the other compounds in Figure 4-2 against Nek2 in cells has not yet been

determined.

162



+ + + + + o+ + + o+ + + - PMA
20 10 50 25 13 06 03 020080040 O 2 (uM) Oﬁ/ -
- HN / H)\\
TS Gl v ermp—p—yy gy ey ey < P a-pS380 Rsk2 0
B N
o IC50=4.0 uM
== ::-5 O oy —y EE‘—«"E!' a-HA Rsk2 H
' + + O+ o+ o+ o+ o+ o+ o+ o+ + - PMA
2 1 0 25 1. ) . 2 0. .04 2 (uM
0 0 50 25 13 06 03020080040 O (uM) Oﬁ/// /5\\
; | N
mﬁuﬂﬁmmmmmm a-p8376 Msk1 AN OH
2 N
IC50 = 5.0 uM
VR g e P PN PEP e, e, gy poapey gy ¢ =Y | o-HA Msk
Rsk2 Msk1 Rsk2 | Msk1
Compound Structure 1C50 IC50 Compound Structure 1C50 IC50
o ' HO.
4 0 (Y [ 18uM | 1.6 M [y
N : : 107 \rn [y 5.5uM| 2.4 uM
H 0
C N
H
o§/4 ) -
| N
16 HN. ) o 10 uM 52 uM i o - N\:
H . [ Ou <N~\ 26 uM| 11 uM
cl /E N
20 . (N 1.7uM | 22 uM Q
N N on
H Cl / \
115 [ ™ \\§ 12 uM [>20 uM
N ° o (\”
D O
21 > ( N)W 25uM | 2.1uM
NH
cl 7\
o /E 117 [y 6.3 uM| 15 uM
27 HN, [ 57uM [ 3.0 uM
\ 0
O\\/\ /M
¥ 129 13 UM -
70 HN\CEQiP = 1.0 uM H
N
H

Figure 4-2. Inhibition of HA-tagged Rsk2 in Hek293 cells, and inhibition of HA-tagged Msk1 in Cos7
cells. (A) Representative Western blot showing inhibition of Rsk2 autophosphorylation in response to PMA
stimulation. (B) Representative Western blot showing inhibition of Msk2 autophosphorylation in response
to PMA stimulation. (C) ICs, values for select compounds in these cell-based Rsk2 and Msk1

autophosphorylation assays.
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4.4 Inhibitor-induced mitotic phenotypes

Chapter 1 discussed how all of our oxindole-based Nek?2 inhibitors with a
hydrogen atom in the 5’-position (Chapter 1, Figure 1-1E, and Figure 4-4A) efficiently
triggered mitotic exit in monastrol-arrested cells at a concentration of 5 uM (Chapter 1,
Table 1-1). Chapter 1 also discussed how this is likely due to inhibition of Cdk1, and how
these compounds are indeed potent inhibitors of Cdk1 in vitro (Chapter 1, Table 1-1).
This section covers the mitotic exit phenotype in more detail and provides further
evidence for the inhibition of Cdk1. This section also examines how oxindole 21 induces
the formation of monopolar mitotic spindles similar to PIk1 inhibitors,” and how our
compounds hinder chromosome alignment during metaphase.

For small-molecule kinase inhibitors, two mechanisms leading to the induction of

1°% and inhibition of

mitotic exit from monastrol-arrested cells include inhibition of Cdk
AurB.*? Figure 4-3 illustrates this mitotic exit phenotype and shows how the AurB-
mediated pathway requires proteasome activity to ultimately inactivate Cdk1 in turn
triggering mitotic exit. The only mechanism known by us to trigger mitotic exit in the
presence of a proteasome inhibitor is through direct inhibition of Cdk1.* The kinetics of
mitotic exit as triggered by our oxindole compounds (Figure 4-4A) resemble those
published for inhibition of AurB.>* The morphology of cells that have undergone mitotic
exit through the action of our compounds is also indistinguishable from that of cells that
have been treated with the known Cdk1 and Aurora kinase inhibitors, R0O3306> and
VX680 (Figure 4-4B). The fact that oxindole 20 is capable of inducing mitotic exit from

monastrol-arrested cells in the presence of the proteasome inhibitor MG132 suggests that

Cdk1 is indeed a cellular target of our oxindole compounds (Figure 4-5). Compound 20 is
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in fact a much more potent inhibitor of Cdk1 (ICso < 1 nM, Chapter 1, Table 1-1) than

AurB (ICsp ~ 2.8 uM, Chapter 3, Table 3-5) in vitro.
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Figure 4-3. Cartoon depicting mitotic exit from monastrol-arrested cells due to AurB or Cdk1 inhibition.
Inhibition of AurB bypasses the spindle assembly checkpoint (SAC), leading to activation of the anaphase
promoting complex (APC). APC activation leads to proteasome-dependent degradation of CyclinB and in
turn inactivation of Cdk1. Inactivation of Cdk1 ultimately triggers mitotic exit without cell division. The
mitotic exit pathway triggered by inhibitors of AurB can be blocked by the proteasome inhibitor MG132
(Figure 4-5), although these cells will still exhibit “anaphase-like” movement of chromosomes toward the

centrosomes.
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Figure 4-4. Compounds that trigger mitotic exit in monastrol-arrested cells. (A) Representative images of
HeLa cells showing the kinetics and irreversibility of oxindole-induced mitotic exit compared to normal
mitotic progression following release from monastrol arrest up to 90 min post-washout. All of our oxindole
inhibitors with a hydrogen in the 5’position (red) induce this phenotype at 3-5 uM, likely due to Cdk1
inhibition. (B) Morphology of A549 cells that have undergone mitotic exit from monastrol arrest in

response to the Cdkl1 inhibitor RO3306, the Aurora inhibitor VX680, or compound 20 (JH180). (C)
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Figure 4-5. Representative images of monastrol-arrested A549 cells that have been treated with either
VX680 or compound 20 for 80 min in the presence of the proteasome inhibitor MG132 (10 uM). These
images show how mitotic exit due to Aurora inhibition (VX680) can be blocked by proteasome inhibition.
Note how the anaphase-like movement of chromosomes toward the centrosomes still takes place for
VX680 despite the blockage of mitotic exit by MG132. Because compound 20 induces mitotic exit in the
presence of proteasome inhibition, it likely targets Cdk1 in cells. Compound 20 is a picomolar inhibitor of
Cdk1/Cyclin-B complex in vitro (Chapter 1, Table 1-1) and a micromolar inhibitor of AurB (Chapter 3,
Table 3-5).

167



At concentrations higher than required to inhibit cellular Nek?2 (full inhibition
occurs in cells at 5 uM, Chapter 1, Table 1-1, and Figure 4-1), compound 21 induces the
formation of monopolar spindles. Similar to the Aurora inhibitor VX680 (Figure 4-5),
treatment of monastrol-arrested A549 cells with 10 uM of compound 21 triggers an
anaphase-like movement of chromosomes toward the spindle pole (Figure 4-6A). In
contrast to VX680, however, compound 21 does not cause the loss of histone-H3
phosphorylation at Ser10 or induce mitotic exit.

PIk1 inhibitors have been shown to induce monopolar spindles with metaphase
cell-cycle arrest and trigger the collapse of bipolar spindles to form monopolar spindles
in MG132-arrested cells.” The morphology of the monopolar spindles resulting from the
action of compound 21 on both monastrol-arrested (Figure 4-6A) and MG132 arrested
cells (Figure 4-6C) resembles that of the monopole documented for Plk1 inhibitors.*
Compound 21 also appears to block cell-cycle progression after washout from monastrol-
arrested cells (Figure 4-6A, and Figure 4-6D). One possibility is that compound 21 is
irreversibly inhibiting Plk1 in cells at 10 uM, as Plk1 has an active site cysteine
analogous to Nek2 (Chapterl, Figure 1-1). Indeed, compound 21 inhibits endogenous
PIk1 activity at 10 uM in monastrol-arrested A549 cells, as measured by IP kinase assays
(Figure 4-6B). However, compound 21 is still capable of inducing monopolar spindles
and blocking cell cycle progression in RPE cells that have been engineered to express
either WT GFP-Plk1 or C67V GFP-Plk1, where the active site cysteine has been mutated
to a valine, as the only copy of the Plk1 gene.”' In IP kinase assays of both of these cell
lines, compound 21 does not inhibit Plk1 at concentrations that induce monopolar

spindles in nearly 100% of the monastrol-arrested cells (Figure 4-6D and Figure 4-6E).
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These data suggest that Plk1 may not be the target of compound 21 responsible for the
induction of monopolar spindles. We do not think this phenotype is due to Nek2
inhibition either because overexpression of inhibitor-resistant Nek2A-C22V or Nek2B-
C22V fails to rescue the effects of compound 21 (data not shown).

The fact that monopolar spindles persist after washout of compound 21 does not
prove that the target of compound 21 is irreversibly inhibited. For example, once
monastrol-arrested cells have been induced to undergo mitotic exit by the reversible
Aurora inhibitor VX680, they continue to undergo mitotic exit even if VX680 is washed
out (data not shown). This is a good example of a reversible kinase inhibitor triggering an
irreversible cell-cycle transition that will persist in the absence of continued kinase
inhibition once set in motion. It is possible that compound 21 may be inducing the
formation of monopolar spindles through reversible inhibition of another kinase

implicated in this phenotype, such as AurA’* or Mps1.*°
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Figure 4-6. At concentrations higher than required to inhibit Nek2, compound 21 induces the formation of
monopolar spindles. (A) Treatment of monastrol-arrested A549 cells with 21 (10 pM) results in anaphase-
like movement of chromosomes similar to that observed for Aurora inhibition (VX680, Figure 4-5) but
without the loss of histone-H3 phosphorylation at Ser10 and mitotic exit. This phenotype resembles that of
Plk1 inhibitors.** (B) Compound 21 (10 uM) inhibits endogenous Plk1 in monastrol-arrested A549 cells at
10 uM. (C) Compound 21 (10 uM) causes the collapse of bipolar spindles, also similar to PIk1 inhibitors.”
(D) Compound 21 (5 uM) induces monopolar spindles in monastrol-arrested RPE cells expressing
inhibitor-resistant Plk1. These images are presented 30 min after the washout of monastrol and compound
21 following 18 h of monastrol arrest, then a 30 min treatment with monastrol plus compound 21. (E) Plkl
IP-kinase assays from stable RPE cells showing the lack of inhibition by compound 21 (5 uM). Note: the

contrast of the blots are normalized, C67V Plk1 has about 10-fold less total activity than WT PIk1.”"
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Our electrophilic oxindoles hinder the ability of cells to align their chromosomes
at the metaphase plate (chromosome congression). Treatment of cells arrested at the
G2/M border (RO3306 arrest) with electrophilic oxindoles causes a delay in the
congression of chromosomes to the metaphase plate following release into mitosis by
RO3306 washout (Figure 4-7). Although previous studies have implicated Nek2 in the
regulation of chromosome congression by demonstrating congression defects in response

11,12 .
“we do not believe

to ectopic-overexpression of non-phosphorylatable Nek2 substrates,
that our inhibitors induce this phenotype by inhibition of Nek2. The primary reason for
this is that the electrophilic negative-control compounds that do not inhibit Nek2 in cells
are nearly as effective at inducing this congression-defect phenotype (Figure 4-7B). Nek2
IP kinase assays for negative-control compound 31 are presented in Chapter 1 Table 1-1,
and negative-control compound 112 gives 50% inhibition of endogenous Nek?2 at 5 uM
(data not shown).

The numbers for the percentage of cells showing chromosome congression
defects (Figure 4-7B) are presented as a rough guideline. This is a difficult phenotype to
pinpoint and there is considerable variance between experiments. For example, factors
such as cell type, the duration of G2/M arrest, the exact time spent in mitosis prior to
fixation, the temperature of cell fixation, and cell density all appear to modulate the
induction of this phenotype by these compounds. The numbers presented in Figure 4-7B
are a good approximation for HeLa, A549, and Hek293 cells. The current working model
is that these chromosome congression defects are due to non-specific effects of the

electrophile that slow down the rate of chromosome congression (data not shown) and

not due to inhibition of Nek?2.
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Figure 4-7. Representative images of HeLa cells that have failed to align their chromosomes at the
metaphase plate following treatment with oxindole Nek2 inhibitors during G2/M arrest (RO3306) then
release into mitosis for 1 h. (B) Compounds that have been shown to hinder the alignment of chromosomes
in the context of Panel A. These numbers are given as a rough guideline only. In general this effect seems
to be due to the electrophile and not Nek2 inhibition since compounds 34 and 112 do not inhibit Nek?2 at
the concentrations indicated. The exact number of cells that exhibit this phenotype at a given compound
concentration is difficult to determine. Factors such as cell type, the duration of G2/M arrest, the exact time

spent in mitosis prior to fixation, and cell density all appear to effect the induction of this phenotype by

these compounds.
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4.5  Inhibition of cell proliferation

Similar to the induction of chromosome congression defects (Figure 4-6), our
electrophilic oxindole Nek2 inhibitors are cytotoxic in a manner dependent on the
presence of the electrophile (Figure 4-8). Figure 4-8 shows ECsg values for the inhibition
of Hek293 cell proliferation in response to a single 16 h dose of the indicated compounds.
To summarize, compounds containing electrophiles (2, 21, 31, 34, 112, and 114) are at
least 3-fold more potent than their non-electrophilic analogs (35, 36, and 110). The
electrophilic compounds that have specifically been designed by methylation of the
hinge-binding moiety not to inhibit kinases (31, 34, and 112) are as potent as the kinase-
binding electrophilic compounds (2, 21, and 114). These data suggest that non-specific
effects of the electrophile (and not kinase inhibition) are responsible for the inhibition of
proliferation. The numbers presented in Figure 4-8 serve as a rough guideline only. The
anti-proliferative effects of these compounds are very dependent on cell density (cell to

compound stoichiometry).

EC50 values for inhibition of Hek293 cell proliferation
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Figure 4-8. ECs, values for the inhibition of Hek293 cell proliferation as measured by an Alamar Blue

metabolism assay.
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4.6 Experimental methods

Dot blot IP kinase assays of Nek2A-3HA

IP kinase assays of overexpressed HA-tagged Nek2A from tetracycline-inducible
Hek293 cell lines (Chapter 1) were carried out exactly as presented in Chapter 1 with the
following changes. For the high cell-density experiment (Figure 4-1C), cells were plated
at 1.8 million cells per well. For all dot blot IP kinase assays, following the last wash of
the beads (the sample was not divided for Western analysis as in Chapter 1), the wash
buffer was removed, and the beads were incubated in 30 puL of kinase buffer containing
0.5 mg/mL B-casein (Sigma), 100 uM ATP, and 0.4 uCi of [7-32P]ATP for 1 h at room
temperature. Next, 5 UL of the reaction mixture (including beads) was blotted onto
nitrocellulose membrane (Bio-Rad) that had been pre-washed with wash buffer (1 M
NaCl, 0.1 % H3POy) and dried. The membrane was washed three times with wash buffer,
and then dried under a heat lamp. The dry blots were exposed to a storage-phosphor
screen (GE Healthcare), imaged using a Typhoon Scanner (GE Healthcare), quantified
using Image Quant software (GE Healthcare), then processed and plotted using Excel
(Microsoft) and GraphPad (Prism) software. IP’s from cells that had not been treated with
tetracycline were used as a background control. Alternately, the reactions can be blotted
at various time intervals to test the linearity of the kinase assay readout (for example 15,
30, and 60 min).

Cell-based Rsk2 and Msk1 autophosphorylation assays

Cos7 cells and tetracycline-inducible Hek293-Frt HA-Rsk?2 cells (a gift from Iana
Serafimova in our lab) were grown and propagated according to the general tissue culture

conditions presented in Chapter 1.
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For Rsk2 autophosphorylation assays, tetracycline-inducible Hek293 cells (Iana
Serafimova) expressing full-length HA-Rsk2 were plated at 300,000 cells/well in 12-well
tissue culture plates (Nunc) with media containing 1 wg/mL of tetracycline. The cells
were allowed to grow for 24 h then treated with serum-free media for 2 h. After
incubation in serum free media, the cells were treated with inhibitors in 1 mL/well of
serum-free media for 30 min. The inhibitor-containing media was then removed, and the
cells were treated with serum-free media containing 100 ng/mL of PMA for 30 min.
After the PMA treatment, the media was removed and the cells were immediately stored
at -80 °C as dry monolayers. Plates of cells were then thawed at room temperature for 5
min, and then treated with 60 uL/well of lysis buffer (50 mM HEPES pH 7.5, 150 mM
NaCl, 0.5% Triton-X100, I mM DTT, 1x Roche complete protease inhibitors, 1X Roche
PhosSTOP phosphatase inhibitor cocktail). Plates containing lysis buffer were sonicated
by floating on a water bath for 30 sec. Lysates were then removed, transferred to a 0.6
mL tube, and clarified at 20,000 g for 10 min. The protein content of the clarified lysates
was measured by Bradford assay (BioRad), and the lysates were then normalized with
lysis buffer. The normalized lysates were resolved by SDS-PAGE, transferred to
nitrocellulose membrane, and then analyzed by Western blot. For Western blots, the
nitrocellulose membranes were blocked with Li-Cor Blocking buffer (Li-Cor) for 1 h at
room temperature then washed three times with TBST. Membranes were then treated
with a mixture of 1:500 anti-pS380 Rsk2 antibody (Cell Signaling), and 1:1000 anti-HA
antibody (12CAS, Roche) in AB-Dil (50 mM Tris pH 7.6, 150 mM NaCl, 0.05% Tween
20, 0.1% NaN3, 2% BSA) for 1 h at room temperature. Membranes were then washed

three times with TBST, and then treated with a mixture of 1:5000 anti-rabbit-IR800
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antibody (Li-Cor) and 1:5000 anti-mouse-IR680 antibody (Li-Cor) in 5% milk-TBST for
30 minutes at room temperature. Blots were then washed three times with TBST, and
then visualized and quantified using an infrared Odyssey Scanner (Li-Cor).

For Msk1 autophosphorylation assays, a confluent 10 cm dish of Cos7 cells was
transfected with full length HA-tagged Msk1 in the pMT2 mammalian expression vector.
The transfection was carried out as follows. To 1.5 mL of Opti-MEM reduced serum
media (Gibco) was added 24 pg of Msk1-HA pMT?2. The resulting mixture was
incubated at room temperature for 5 min, and then a solution of 60 UL of
Lipofectamine2000 (Invitrogen) in 1.5 mL of opti-MEM was added. The resulting
mixture was incubated at room temperature for 20 min before being added to a confluent
10 cm dish of Cos7 cells in 15 mL of antibiotic-free media. The transfected cells were
allowed to grow for 17 h then dislodged with trypsin. The resulting cell suspension was
diluted to 40 mL with tissue culture media and then plated at 1 mL/well in 12-well tissue
culture plates (Nunc). The transfected cells were allowed to grow for 3 h, and then
changed to 1 mL/well of serum free media. At this point the cells were processed and
analyzed exactly as for the Rsk2 assays with the following antibodies used for the
Western analysis. For primary antibodies, a mixture of 1:1000 anti-pS376 Msk1 antibody
(Cell Signaling), and 1:1000 anti-HA antibody (12CAS, Roche) in AB-Dil was used for 1
h at room temperature. For secondary antibodies, a mixture of 1:5000 anti-rabbit-IR800
antibody (Li-Cor) and 1:5000 anti-mouse-IR680 antibody (Li-Cor) in 5% milk-TBST for

30 minutes at room temperature was used.
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Mitosis assays in A549, HeLa, and RPE cells

Immunofluorescence microscopy and mitotic exit during monastrol-arrest assays
were done exactly as described in Chapter 1, with the exception of Figure 18A. The only
difference for the cells in Figure 18 A was that they were stained with a 1:1000 dilution of
anti-o-tubulin antibody (Sigma, T6199) for 1h, followed by a mixture of anti-mouse-
alexafluor-594 conjugated antibody (Molecular Probes) and 500 ng/mL DAPI for 45
minutes.

In general, monastrol was always used at 100 uM for 6 to 18 h to arrest cells in
metaphase. RO3306 was always used at 5 UM for 16 to 20 h to arrest cells at the G2/M
border. MG132 arrested cells were formed by releasing monastrol-arrested cells into 10
UM of MG132 for 1h. RPE cells containing WT GFP-Plk1 and CV GFP-Plk1 were
grown in DMEM-F12 (Gibco) media with 10% FBS.”!

PIk1 IP kinase assays

For endogenous PIk1 IP kinase assays, two 150 cm? flasks of A549 cells were
grown to confluency then treated with 100 uM of monastrol for 6.5 h. One flask was then
treated with 10 uM of JH249 (21) plus 100 uM of monastrol for 30 min. The other flask
was treated with DMSO plus monastrol as a control. The mitotic cells from both flasks
were then dislodged (“mitotic shake off”) by hitting the flask against a lab bench (rather
forcefully). The media containing the mitotic cells was then removed and spun at 900 g to
pellet the mitotic cells. The cell pellet was washed with 3 mL of PBS, re-pelleted, and
then frozen in liquid N after removal of the PBS supernatant. The adherent monolayers
of interphase cells were scraped loose into PBS, pelleted, washed with PBS, and then also

frozen in liquid N,. The cell pellets were then thawed into 300 pL of lysis buffer (PBS
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containing 0.5% v/v triton-X100, 1 mM DTT, 1x Roche Complete protease inhibitor
cocktail, and 1x Sigma Phosphatase inhibitor cocktails #1 and #2). The lysates were then
clarified at 20000 g for 10 min, and normalized for total protein content. The normalized
lysates were incubated with 2 pg of anti-Plk1 antibody (H135, Santa Cruz Biotech) for 2
h at 4 °C. Then, 50 uL of protein-A Dynabeads (Invitrogen) was added and the samples
were rocked at 4 °C for another 2 h. The beads were then washed twice (5 min/wash)
with 250 uL of lysis buffer then once with 250 uL of lysis buffer containing 0.5 M NaCl.
The beads were then washed twice with kinase buffer (20 mM HEPES pH 7.5, 5 mM
MgCl, 0.1 mM EDTA, 1 mM DTT, 1x Sigma phosphatase inhibitor cocktails #1 and #2).
For the kinase assays, after removal of the wash buffe, the beads were incubated in 60 uL
of kinase buffer containing 2 mg/mL of a-casein (Sigma), 50 uM ATP, and 0.6 uCi/uL
of [y-*P]ATP for 1 h at room temperature, then quenched with 15 pL of 5x sample
buffer (300 mM TRIS pH 6.8, 10% SDS, 50% glycerol, 0.01% bromophenol blue, 0.5 M
DTT). The substrate protein was then resolved by SDS-PAGE, and then analyzed by
Coomassie staining and autoradiography. Autoradiography was performed exactly as for
in vitro kinase assays.

GFP-PIk1 IP kinase assays from the stable RPE cell lines’' were preformed
exactly as for endogenous Plk1 with the following exceptions. Three 10 cm dishes of
cells were used per data point, and no mitotic shake-off was employed. The cell pellets
were lysed into 640 mL of lysis buffer.

Inhibition of Hek293 cell proliferation
Un-induced Hek293-FRT (tetracycline-inducible Nek2 A-HA) cells (Chapter 1)

were plated at 30,000 cells/well in clear-bottom black-walled 96-well tissue culture plates
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using 100 pL of media, and then grown for 24 h. Inhibitors were then added as 3x stocks
in tissue culture media, and growth was allowed to proceed for another 16 h. A 10x stock
of Alamar Blue (Invitrogen) was then added to produce a 1x final concentration. After

4.5 h of growth at 37 °C, the plate was scanned on a plate reader to measure Alamar Blue

fluorescence (545 nm excitation, and 590 nm emission).
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Appendix A

Abbreviations

APC/C, anaphase promoting complex/cyclosome; ATP, adenosine triphosphate;
AurB, Aurora kinase B; Boc, t-butyloxycarbonyl; BSA, bovine serum albumin; B-Raf,
rapidly accelerated fibrosarcoma kinase B; CBB, Coomassie Brilliant Blue; Cdc20, cell-
division cycle protein 20; Cdk1, cyclin dependent kinase 1; C-Napl, centrosomal Nek2
associated protein 1; DCM, dichloromethane; DIPEA, N,N-diisopropylethylamine; DMF,
dimethylformamide; DTT, dithiothreitol; EDC, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride; Eg5, kinesin family member 11; Et,0, diethyl ether; Et;N,
triethylamine; EtOAc, ethyl acetate; H-Ras, Harvey rat sarcoma viral oncogene homolog;
HA, hemagglutinin; Hecl, high expression in cancer-1; HOBt, hydroxybenzotriazole;
Mad2, mitotic arrest deficient gene 2; Mps1, monopolar spindle kinase 1; Nek2, NIMA
related kinase 2; p90Rsk2, p90 ribosomal S6 protein kinase 2; PBS, phosphate buffered
saline; Plk1, polo-like kinase 1; PMA, phorbol 12-myristate 13-acetate; pTSA-H,O, para-
toluenesulfonic acid monohydrate; Pd/C, palladium on carbon; RNAi, RNA interference;
SAC, spindle assembly checkpoint; shRNA, short hairpin RNA; siRNA, small interfering
RNA; TBTA, tris[(1-benzyl-1H - 1,2,3-triazol-4-yl)methyl] amine; THF, tetrahydrofuran;

TLC, thin layer chromatography; WT, wild type.
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Appendix B

"H NMR spectra of compounds 2-144
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