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Abstract

The testis-specific bromodomain (BRDT) protein is a member of the Bromodomain
and Extra-Terminal (BET) protein family. BRDT interacts with acetylated lysine (Kac)
residues of histones and is important for the process of spermatogenesis. The expression of
BRDT in humans is testis-restricted and BRDT-1 knockout mice are infertile. Therefore,
the inhibition of BRDT is a promising strategy for male contraception. However, no
selective BRDT inhibitors have been discovered yet. High sequence identity between BET
proteins has impeded the discovery of selective BRDT inhibitors.

In our research, novel probes were prepared for use in a fluorescence polarization assay.
Probes were designed based on the potent pan-BET inhibitor SG3-179. A series of SG3-
179 analogs linked to the BODIPY fluorophore was synthesized and photo-physical
properties and affinities were measured. Among these probes, 2.18 exhibited the best
polarization signal and affinity against BET family proteins (K4q= 4-16 nM). The ICso
values that were obtained for published BET inhibitors correlated well with the value
obtained using the AlphaScreen assay.

Based on the knowledge that BRDT has a unique Arg54 in the Kac site, compounds
were designed based on the SG3-179 scaffold with the goal to engage Arg54 in compound
binding. Two binding poses of SG3-179 in the Kac binding site inspired us to generate two
series of compounds. Negatively charged side chains were introduced for potential
interaction with Arg54. Series I compounds contained a single substituted side chain
attached to ring A of the SG3-179 scaffold. They were weak BET inhibitors (8.6 ~ 43 uM)
in Alpha Screen and FP assays. Series II compounds with two side chains showed double
digital nanomolar activity for BRDT-1 inhibition and up to 13-fold selectivity for BRDT-
1 over BRD4-1. As SG3-179 is also a JAK2 and FLT3 inhibitor the new analogs were also
tested for inhibition of these two kinases. Compound 3.61 showed more than 400-fold
selectivity for BRDT-1 over JAK2 or FLT3. The cocrystal structures of compound 3.61
revealed differences in the binding modes with BRD4-1 and BRDT-1. Series III
compounds, which lack the piperidine moiety present in SG3-179, had decreased
BRDT/BRD4 activity (0.33 ~ 2.70 uM). In the future, further modification of the most
BRDT-1 selective compound 3.61 will be performed to improve BRDT selectivity.



Bivalent SG3-179-derived analogs were designed and synthesized as an alternative
strategy. We hypothesized that BRDT selectivity can be achieved through BRDT specific
intramolecular or intermolecular binding. Through iterative optimization of chemotypes,
attachment, spacer length and spacer position (N38 and C3 site), symmetric and non-
symmetric bivalent inhibitors with PEG-linkers were prepared. Compared to the parent
compound 2.11, two series of bivalent compounds showed up to 70-fold improvements in
potency for BRDT-1 in the AlphaScreen assay. The best compound 4.17 exhibited 238-
fold higher selectivity for BRDT-1 over BRD4-1. The selectivity ratio initially increased
and then decreased with the elongation of the PEG linker in these two series of compounds.
The ideal linker length varied in different molecule series. To achieve a better
understanding of the binding mode, four cocrystal structures were obtained. We observed
that bivalent molecules induced the dimerization of BRDT-1 and BRD4-1. However, for
tandem BRD constructs, the inhibitory selectivity of these compounds decreased
significantly. In cellular assays, these large molecules were able to penetrate the cell
membrane and exhibited double digital nanomolar ICso values for inhibition of multiple

myeloma (MM1.S) cell proliferation.
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Chapter 1: Introduction

1.1 General Background. Birth control is not a new concept in history. Family planning
and economic capacity have always been considered when it comes to family planning.
The use of contraceptives is the most common method to avoid unplanned pregnancy today.
Despite various contraceptive options for women, male contraceptives are limited to barrier
methods and irreversible surgical options like vasectomy. Testosterone, testosterone
analogs, and combinations with progestins have been evaluated in multiple clinical trials.!
2 Recent research revealed increasing evidence that the use of exogenous testosterone or
its analogs can cause mental issues® and cardiovascular side effects* due to endocrine
disruption®. Therefore, there is an urgent need for new non-hormonal male conceptive drug
discovery and development. The rapid development of reproductive biology and
characterization of biological systems facilitated the discovery of new targets for male
contraception, including testis-specific serine/threonine kinases (TSSK1-6),5 cation

),1> 12 retinoic acid

channels of sperm (CatSper),'® cyclin-dependent kinase 2 (CDK2
receptor o (RAR a),'> * testis-specific bromodomain (BRDT),!> sodium-potassium
adenosine  triphosphatase  (Na*/K*-ATPase),!® 7  glyceraldehyde-3-phosphate
dehydrogenase (GAPDHS)!'® and others. ! Many of these ongoing projects are moving
toward a safe and effective male contraceptive agent. For the purposes of this dissertation,
the focus is on testis-specific bromodomain studies to discover and develop a male

contraceptive.?’

1.2 BET proteins. Bromodomains are evolutionarily conserved sequence motifs that
identify acetylated lysine residues in many epigenetic controls of gene expression.?! The
bromodomain family is highly diverse. A total of 61 different bromodomains were found
in 46 proteins (Figure 1.1),>> where some of these proteins contain more than one
bromodomain in the same construct. Each bromodomain has around 110 amino acids with
at least 30% sequence identity.?3-*> They share a conserved structural motif composed of a
left-handed bundle of four alpha helices (aZ, aA, aB, aC) that are linked by two variable
loop regions (ZA and BC loops) and flank a deep central hydrophobic cavity that

recognizes sequences containing e-N-acetylated lysine residues.? The bromodomain and



extra terminal domain (BET) family, consisting of BRD2, BRD3, BRD4, and BRDT,
contains N- and C-terminal BRDs (designated as BD1 and BD2, respectively) in tandem
that have pivotal roles in regulating the transcription of growth-promoting genes and cell

cycle regulators.?

Figure 1.1 Phylogenetic tree of the human bromodomain proteins. Reprinted with
permission from reference 22. Copyright (2016) American Chemical Society.

During cell division in humans, most genes are transcriptionally silenced. However,
BET family protein genes are still active in mitosis (BRD2, BRD3, BRD4 genes) and
meiosis (BRDT gene) for epigenetic regulation.?® In a typical transcription procedure
(Figure 1.2),%" histone acetyltransferases (HATs) work as epigenetic writers by labeling
histone tails with epigenetic marks (acetyl groups) on lysine residues.?® The acetylation of
positively-charged lysine residues disrupts the histone-DNA complex.?? Chromatin then
becomes uncompacted and the corresponding genes are exposed for expression. BET

family proteins are considered epigenetic reader proteins like the other bromodomain



family members (Figure 1.2).2° The BET proteins interact with acetylated lysine residues
of histones and regulate transcription through a multiprotein complex (discussed below).?
Finally, epigenetic erasers such as histone deacetylases (HDACSs) remove epigenetic marks
to terminate the transcription process.?® The deacylated chromatin becomes compacted and

inactive for gene expression.
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Figure 1.2 Acetylation of histone tails induces chromatin remodeling to activate
transcription. Adapted with permission from reference 27 by permission of Springer
Nature © 2014.

BETs identify acetylated histones and activate transcription through recruitment of
the positive transcription elongation factor (P-TEFb) complex (Figure 1.2).3% 3! Cyclin-
dependent kinase-9 (CDK9) together with its regulatory partner cyclin T1 are key members
of P-TEFb, which phosphorylates RNA polymerase II (RNA Pol II) at Ser2 and Ser5 during
promoter clearance.?® 3% 32 The phosphorylated RNAPII binds to the upstream promoter of
a specific gene to start transcriptional elongation of mRNA.?* One of the most famous
BET-controlled genes is the c-Myc gene**, which is highly overexpressed in the majority
of human cancers.?> 3 The discovery that inhibiting BET proteins downregulated ¢-Myc
levels established the rationale for targeting BET family proteins in anticancer therapy.

P-TEFb is not the only protein that binds to BETs. BRD2 also forms a complex

with the E2F transcription factors and the switch mating type/sucrose nonfermenting



(SWI/SNF) complex for diverse gene transcription.’” BRDT binds to histone deacetylase
1 (HDAC1), arginine-specific histone methyltransferase 5 (PRMTS) and the tripartite

motif-containing 28 (TRIM28) protein to form a transcription-regulating complex.3®

1.3 Role of Brdt in gametogenesis. Mammalian sperms are produced in the testes through
gametogenesis. In order to study the role of human BRDT in gametogenesis, mouse Brdt was
studied in many animal models. Mouse Brdt shares 72% of identity with human BRDT and both
of them are highly expressed in testis®®> 40,

Gametogenesis is a unique and complicated biological process in vivo.*!
Spermatogonia (diploid germ cells) are first differentiated to spermatocytes through
meiosis I. The generated spermatocytes then become spermatids (haploid cells) through
meiosis I, and will be differentiated to spermatozoa in a post-meiotic process that follows.
This three-step procedure (Figure 1.3) finally gives four spermatozoa or sperms with only
one copy of each chromosome from the original spermatogonia. During gametogenesis,
the volume of the nucleus will decrease 10-fold** and most of the genetic information will
be protected or transcriptionally silenced through chromatin compaction.?® However, Brdt
is reported to be active during meiosis.** Brdt exhibits a stage-specific function during
gametogenesis.** After the activation of genes encoding the Brdt protein, spermatogonia
move to the early stage of meiosis (Figure 1.3).* Some somatically active genes are
silenced and a set of spermatogenic genes are activated by Brdt, which is highly expressed
in spermatocytes. Brdt regulates gene transcription through epigenetic machinery by
identifying acetylated histones and regulating testis-specific genes through P-TEFb
complex recruitment (Figure 1.4).** P-TEFb phosphorylates RNA Pol II to initiate testis-
specific RNA elongation. In this stage, Brdt also binds to transcriptional start sites of a
group of post-meiotic genes (also referred to as bookmarking, see Figure 1.3) for their
later expression in the spermatid stage.*® During post-meiosis, Brdt induces chromatin
compaction through hyperacetylated H4 binding.*’ In addition to H4K5ac and H4K8ac,
further acetylation of four lysines in the histone H4 tail is considered a signature of
hyperacetylated H4.%>- 5! Removal of hyperacetylated H4 histones is an important sign of
chromatin compaction after meiosis.? In functional cellular assays, Brdt interacted with

hyperacetylated H4 to initiate acetylation-dependent histone removal, which finally



induced chromatin compaction in post-meiotic cells.*” The Brdt protein level stays high
until genome-wide histone removal (Figure 1.3).

To better understand the role of Brdt, partial functional or dysfunctional Brdt
models were generated in mouse cells. Mouse cells expressing a dominant negative form
of Brdt in spermatogonia induced apoptosis and decreased generation of spermatocytes.*
45 Spermatogonia with total absence of Brdt (Brdt-KO) could still transfer to spermatocytes
but stopped at the third stage (pachytene stage, Figure 1.3) in meiosis prophase 1.%%
Mutation of Brdt-1 (Brdt'?P!/4BP1) did not influence gametogenesis until the post-meiotic
phase, and normal elongating spermatids could be generated but failed to replace the
histone with transition proteins (TPs) and protamine.** TPs and protamine are both
involved in sperm chromatin condensation. In normal spermatids, histones in the sperm
nuclei are first replaced by TPs, then the TPs are replaced by protamine to pack the genome
into a highly condensed nucleus.>-> Disruption of the histone-to-protamine transition
leads to male infertility.>

Further studies disclosed more information about the function of each
bromodomain of BRDT. Structural biology studies found that the first bromodomain of
BRDT (BRDT-1) bound to acetylated K5 and K8 on the H4 tail.>” When K5 or K8 have a
single acetylation mark, their binding affinity for H4 decreases by more than 50-fold.>®
Subsequent research also indicated that BRDT-1 interacted with DNA to aid histone
binding.>® The function of the second bromodomain of BRDT (BRDT-2) has been
characterized as marginalized or minor, because it did not bind to acetylated histone tails
like other BRDs.”® However, some evidence has shown that TPs and protamine are
suspected to associate with BRDT-2 and contribute to BRDT-dependent post-meiotic

differentiation.>®
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Figure 1.3 Brdt expression level at different stages in mouse gametogenesis. Reprinted
from reference 45



BET inhibitor

Figure 1.4 Role of Brdt in meiosis and post-meiotic differentiation. Reproduced from
reference 48 by permission of John Wiley & Sons, Ltd.

1.4 BRDT: target for male contraception. The experimental evidence above indicated
that BRDT plays an important role in meiotic/post-meiotic gene expression, chromatin
compaction and histone removal at different stages during gametogenesis. In 2007, Dr.
Wolgemuth’s group discovered the Brdt truncated mice (Brdt*BP"4BPT) were viable and
healthy but infertile.** Compared to normal mice, Brd*?P"8P! homozygous male mice
generated a clearly reduced number of sperms with lower motility. Moreover, many of
these sperm were also deformed (Figure 1.6).** In addition, the BRDT gene is kept silent
in most somatic tissues and is exclusively found in the testis (Figure 1.5a).5% 6! It is also

believed that BRDT is a tissue-specific paralogue of BRD4.4* 6! BRDT levels are also



much higher than those of BRD4 in the testes due to the active meiosis.®! In contrast, BRD4
is ubiquitously expressed in the somatic cells for mitosis (Figure 1.5b). These results imply
that BRDT is a good male conceptive target with high specificity and low risk of non-testis
organ disruption.
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Figure 1.5 (a) BRDT and (b) BRD4 expression levels in human tissues. Figure was
generated using data from the NCBI protein database.®!> ©> Error bars denote an average of
results from multiple (2 to 7 different samples) tissue samples. RPKM: Reads Per Kilobase
of transcript per Million mapped reads is a normalized unit of transcript expression.



Figure 1.6 Brdt-1 mutant epididymal sperm are abnormal. (a, b) wild-type (a) and Brdt
mutant (b) mouse histological sections of testes stained by PAS; (¢) Light microscopy
image of sperm from wild-type and Brdt*2P!"4BP! Reproduced from reference 43 with the
permission of The Company of Biologists Ltd.

1.5 BRDT structure and the Kac site. The human BRDT protein consists of 947 amino
acids and features two bromodomains and an ET tail. (Figure 1.7b) The bromodomains of
BRDT both have conserved structural motifs composed of a left-handed bundle of four
alpha helices (0Z, aA, aB, aC) that are linked by two variable loop regions (ZA and BC
loops) and flank a deep central hydrophobic cavity that recognizes sequences containing -
N-acetylated lysine residues (Figure 1.7a). In Figure 1.7¢, the acetylated lysine residue
(H4K5ac) forms a H-bond with Asn109, which is the key interaction between BRDT-1 and
histone H4 subunit. H4K8ac, the second acetylated lysine of H4, is close to the tryptophan-
proline-phenylalanine (WPF) shelf. The hydrophobic interaction between H4K8ac and the
WPF shelf confers histone binding affinity.*® Five conserved waters are spread deep inside
the binding site through a H-bond network and form interactions with the backbone of
protein residues Tyr66 and Pro51. As seen in Figures 1.7a and 1.7¢, the water network

extends from Asn109 to the ZA channel.
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Figure 1.7 Overall structural motifs, domains and binding site architecture of BRDT. (a)
BRDT-1structure. (b) domains of BRDT. (¢) Kac pocket of BD1 with the orientation of
the histone H4 protein. (PDB: 2WP2)

1.6 Strategies for BRDT inhibition. Interfering with protein-protein interactions (PPIs)
can be very challenging due to the lack of a clearly defined binding site. However, the Kac
site in BRDT is biologically well defined, and a considerable number of small molecule
inhibitors have been explored and evaluated. Small molecule inhibitors were designed to
mimic acetylated lysine and form interactions with the conserved Asn109 in BRDT-1.
Further, based on these inhibitors, bivalent strategies were also introduced to improve BET

inhibition activity through dual-bromodomain binding.

1.6.1 BRDT inhibitors. JQ-1 is the first validated BRDT inhibitor developed by the
Bradner lab in 2012.'° It features a benzodiazepine structure, which is a widely used
scaffold in medicinal chemistry. Crystallographic studies disclosed that the benzodiazepine
core formed a pair of H-bonds with Asn109 of BRDT-1 (PDB: 4FLP)."> In ITC assays, JQ-
1 exhibited a K4 of 190 nM for BRDT-1 and 44 nM for BRDT-2.! JQ-1 treated mice were
infertile with decreased testis size, spermatozoa number and sperm motility. Infertility

induced by JQ-1 was reversible in the first or second generation without hormone

10



disruption.!> These promising JQ-1 results validated pharmacologically that BRDT
inhibition is a possible target for male contraception.!> However, JQ-1 is a pan-inhibitor
for all BET family members. Several JQI analogs are in clinical trials for anticancer
therapy.® Instead of meiosis, BRD4 regulates mitosis in vivo and is widespread throughout
multiple important organs in humans. Lymphocyte toxicity, body weight loss and cognitive
defects were observed in animal assays after treatment with JQ-1.%% 6> Modification of JQ-

1 led to several other benzodiazepine analogs with good BRDT inhibition activity, but

66-70

these benzodiazepine analogs still fail to distinguish BRDT from BRD4 effecticely.

Cl
JQ-1 GSK1324726A (I-BET726)
N-N
--Ph H
N«N N o N >—
e Y N
N o LK
0 ( 7
Cl —N
NH
O, /&
m N N (@] HN
N- oL !
N 0=8=0
Ph |
T480 CAS 874594-37-3 Bromosporine
OH
F
O\/\
HoN OH OH
_0 N 0
N :N A 0]
ol ; /
| e
N .S NH N ~
A\ O O
N o - a oo
MS436 Apabetalone (RVX-208) ABBV-744
BD1 BD2 BD2

Figure 1.8 Representative potent chemotypes of BRDT inhibitors. Grey box denotes
moiety of the small molecule that interacts with conserved Asn residue in the Kac site of
BET family proteins.

In addition to the benzodiazepine scaffold, isoxazole, pyridine, tetrazole and even
phenol can be recruited as acetylated lysine mimics (Figure 1.8). PLX-51107 with an
isoxazole chemotype was shown to be a potent pan-BET, showing a K4 of 1.7 nM for

BRD4-1 in a time-resolved fluorescence resonance energy transfer (TR-FRET) assay.”!
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ABBV-075 was generated by Abbvie as a potent inhibitor for BET proteins (K; = 12.2 nM
for BRDT-1, TR-FRET assay).”> The 2-pyridone carbonyl of ABBV-075 inserted into the
Kac pocket and formed a H-bond with Asn140 of BRD4-1. GSK1324726A (I-BET726)
directly recruited an acetylated nitrogen functionality as a acetylated lysine side chain
mimic and exhibited single-digit nanomolar affinity for BRDT-1.”> Compound T480 came
from a virtual screen and was validated as a BET inhibitor with 9.0 uM ICso for BRDT-
1.7 In their computational prediction of binding mode, the substituted tetrazole moiety
showed potential ability to form a H-bond with Asn140. The dihydropyridopyrimidine
scaffold of CAS 874594-37-3 came from another virtual screen in the Georg group.”” Part
of the uracil-like moiety interacted with Asn140 of BRD4-1 and may be promising for
Asn109 binding in BRDT-1. Bromosporine was also found to be a very potent pan-BET
inhibitor with a double-digit nanomolar K4 for BRDT-1 by ITC.”® The triazolopyridazine
scaffold and NH in the carbamate side chain form a pair of H-bonds with Asn140 in BRD4-
1.

The compounds above are all pan-BET inhibitors for the BET family of
bromodomain-containing proteins. Interestingly, despite sequence similarity between BD1
and BD2, some of compounds exhibited domain selectivity. For example, PLX-51107 was
24-fold more potent for BRDT-1 over BRDT-2.”! For other BET family proteins, the
domain selectivity of this compound diminished. MS436 was reported as a BD1-selective
inhibitor, where the phenol group of MS436 served as chemotype to approach Asn140 of
BRD4.”7 By FP assay, it showed a Kj of 450 nM for BRDT-1 and 3-fold lower activity for
BRDT-2.78 Apabetalone (RVX-208) is BD2-selective with 8- to 20-fold selectivity over
BDI1 for all BET protein family members.”” RVX-208 contains a lactam moiety that
mimics acetylated lysine of H4K5ac. Micromolar and high nanomolar Ky values were
detected for BRDT-1 and BRDT-2, respectively.”” The reduced potency was presumably
due to the lack of direct interaction potential with the WPF shelf in the Kac pocket. ABBV-
744 shares the same scaffold with ABBV-075, which exhibited more than 95-fold
selectivity for BRDT-1 (K4 = 2.1 nM) over BRDT-2 (K4 = 3300 nM) in a surface plasmon
resonance (SPR) assay.®

Several kinase inhibitors, like dinaciclib, BI2536 and TG101209, exhibited
considerable BRDT activity (Figure 1.9).% 82 As mentioned above, BRD4 and some
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kinases are key factors of mitotic regulation. A dual kinase-bromodomain inhibition
strategy was generated to overcome drug resistance induced by kinase inhibition. In early
pharmacology studies, kinase inhibitor resistant AML cells were proven to be sensitive to
BRD4 inhibition.®* A successful example is SG3-179, which is an analog of kinase
inhibitor TG101209. TG101209 is a 2,4-disubstitued pyrimidine derivative with an ICso of
0.51 nM for Janus kinase 2 (JAK2) and sub-micromolar activity for BET family proteins.5*
The co-crystal structure with TG101209 proved that it bound to BRD4-1 at the Kac site.®
The pyrimidine nitrogen and the adjacent amine group of TG101209 mimicked H4K5ac
and formed a pair of H-bonds with the conserved asparagine found in bromodomains
(Asn140 of BRD4-1). A similar binding mode was found in the crystal structure of
TG101209 in complex with the JAK2 complex (PDB: 4ji9).8¢ The aminopyrimidine moiety
of TG101209 also formed a pair of H-bonds with Leu932 of JAK2. Further modification
of TG1012009 lead to the discovery of more potent BET-JAK?2 dual inhibitor SG3-179 with
double-digit nanomolar activity for BET family proteins and JAK2.%

Kinase inhibitor BI2536 and dinaciclib also exhibited BET family protein activity.
BI2536 is a Polo-like kinase 1 (Plk1) inhibitor, which showed a 260 nM ICso for BRDT-1
in the AlphaScreen assay. The dihydropteridine oxygen of BI2536 contributed to H-bond
formation with Asn109 (PDB: 5VBQ). Dinaciclib is a very potent ATP site binder for
CDK1, CDK2, CDK5 and CDK9.%7# Based on a previously obtained crystal structure of
the BRDT-dinaciclib complex (PDB: 4KCX), its unique N-oxide moiety binds to Asn109
in the Kac site. Dinaciclib is a weak BET inhibitor with a K4 of 37 uM for BRDT-1,%! and
it is still a new scaffold for BET inhibitors, but effort has been made towards its
modification in the Georg group.

The dual kinase-BET inhibitors provide new scaffolds for rapid BRDT inhibitor
discovery. However, targeting both kinases and the BET family is not always a beneficial
strategy. For example, the most frequent adverse events after JAK?2 inhibitor treatment are
blood cell differentiation, anemia, thrombocytopenia and other hematologic defects.”
These inevitable safety concerns of kinase inhibition imply that BET selectivity needs to
be achieved for contraceptive purposes, since the treatment group will be healthy

individuals.
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Figure 1.9 Dual BET bromodomain-kinase inhibitors. Grey box denotes moiety of the
small molecule that interacts with conserved Asn residue in the Kac site of BET family
proteins.

1.6.2 Bivalent inhibitors. In the bromodomain super family, BET family proteins contain
two bromodomains. In addition, the structures of BET family proteins show that all family
members have a distinct linker length between the two bromodomains (Figure 1.13).
Based on this difference, a dual-binding strategy was generated for potent and selective
BET inhibitor discovery. The hypothesis is that bivalent inhibitors with two Kac site
binders or chemotypes may distinguish different BET family members by linker length
regulation. Through medicinal chemistry optimization of the linkers, the bivalent inhibitor
MT1, a (6S)-JQ1 homodimer with a PEG7 linker (Figure 1.10d), with excellent inhibitory
potency for several bromodomains, was identified.”! Biophysical and biochemical efforts
indicated that MT1 was an intramolecular bivalent BRD4 inhibitor (Figures 1.10e and
1.20f) that was 100-fold more potent than the corresponding monovalent inhibitor JQ1 in
cellular assays, presumably as a result of affinity improvement. Tumors were profoundly
reduced with MT1 treatment compared to JQ1 in vivo and a significantly increased overall
survival ratio was also observed.’!

Beyond the JQ-1 analogs already discussed, Waring et al. described a focused SAR
study of biBET, a bivalent triazolopyridazine probe compound (Figure 1.10a).”> The X-
ray co-crystal structure of biBET and BRD4-1 showed the ability of biBET to induce
protein dimerization (Figures 1.10b and 1.10c). NMR experiments with tandem BRD4
protein demonstrated a bivalent and in cis binding mode of biBET bound to BD1 and BD2
of BRD4-tandem. This bivalent probe was more potent than the monovalent ligands in

BRD4 inhibition, c-Myc (MM.1S cells) downregulation and cancer cell antiproliferation.
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A molecular weight of 531 and a logD7.4 = 2.9 suggested that this probe molecule might
be promising as a lead for future drug discovery.

Due to the challenge of tandem BET protein crystallization, limited evidence
supported that these bivalent inhibitors interact with the BET proteins intramolecularly.
Instead, research showed that BET family proteins could form a homodimer in the presence
of a small bivalent molecule, which is also referred to as chemically induced dimerization

(CID).*"*

MT1

Figure 1.10 Bivalent compound biBET (PDB: 5AD3) and MT1 (PDB: 5JWM) induced
the homodimerization of BRD4-1. (a) chemical structure of biBET. (b) biBET interact with
N140 of BRD4-1. (¢) biBET induced the dimerization of BRD4-1. (d) chemical structure
of MT1. (e) MT1 interact with N433 of BRD4-2. (f) MT1 induced the dimerization of
BRD4-2.

1.7 BRDT selectivity: Arg54 and bivalent strategies. Mutagenesis studies have shown
that loss of the first bromodomain in BRDT results in abnormal spermatids and complete
sterility in mice,” making BRDT-1 an attractive target for developing non-hormonal male
contraceptives.® Due to the high identity of Kac binding sites within BRD families (Table
1.1 and Figure 1.11), the greatest challenge for BRD drug discovery efforts is identifying
compounds that are selective for individual BRD family proteins.” Table 1.1 shows that
BRDT-1 and other first bromodomains of BRD2/3/4 have up to 74.4% identity. The second
bromodomain, BRDT-2, has from 83.0% to 97.3% identity with the second bromodomain
of BRD2/3/4. In the sequence alignment of the BET family proteins (Figure 1.11), BRDT
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shares similar secondary structures with other family member(s). All of these
bromodomains contained four alpha helices (aZ, aA, aB, aC) that are linked by two
variable loop regions (ZA and BC loops).

A possible strategy is targeting Arg54 for BRDT selectivity. Despite high sequence
identity, there are still some BRDT-specific features. BRDT-1 contains a unique Arg54
residue (green in Figure 1.11) at the terminus of the ZA channel. In other proteins, the
same position is glutamine in the first bromodomain or lysine in the second bromodomain.
Arg54 contains a positively charged guanidine moiety, which can either form in-plane H-
bonds or a salt bridge with small molecule inhibitors. Arginine is more basic (pKa =~13.8)
than lysine (pKa = ~10.5) and glutamine is a neutral amino acid. The electron
delocalization of the guanidine ion in the n-bonded system provides a higher aqueous pKa
(~13.8) for Arg54.” We thus hypothesize that a well-designed molecule with appropriate
interaction with Arg54 may bind to BRDT-1 selectively.

Bromodomain BRD2 (%) BRD3 (%) BRD4 (%) BRDT (0/())
identity D1 D2 D1 D2 D1 D2 D1 D2

Dl 1000 459 875 414 796 500 741 459
BRD2, (%)

D2 1000 450 820 483 830 489 973

D1 1000 414 810 50.0 744 450
BRD3, (%)

D2 1000 437 81.1 405  85.0

D1 1000 519 744 483
BRD4, (%)

D2 1000 46.1  83.0

D1 100.0 44.1
BRDT, (%)

D2 100.0

Table 1.1 Identity of bromodomain proteins in the BET family. (Sequence identity was
calculated by EMBOSS).**
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aZ ZA loop oA
NI ROV
BRD2-1 77 NQLQYLHKVVMKALW--KH-QFAWPFRQPVDAVKLGLPDYHKIIKQPMDMGTIKRRLENN
BRD3-1 37 NOQLQYMONVVVKTLW--KH-QFAWPFYQPVDAIKLNLPDYHKIIKNPMDMGTIKKRLENN
BRD4-1 61 NOLQYLLRVVLKTLW--KH-QFAWPFQQOPVDAVKLNLPDYYKIIKTPMDMGTIKKRLENN
BRDT-1 30 NQLQYLQKVVLKDLW--KH-SFSWPFQRPVDAVKLQLPDYYTIIKNPMDLNTIKKRLENK

BRD2-2 355 EQLKHCNGI-LKELLSKKHAAYAWPFYKPVDASALGLHDYHDIIKHPMDLSTVKRKMENR
BRD3-2 317 EHLRYCDSI-LREMLSKKHAAYAWPFYKPVDAEALELHDYHDIIKHPMDLSTVKRKMDGR
BRD4-2 359 EQLKCCSGI-LKEMFAKKHAAYAWPFYKPVDVEALGLHDYCDIIKHPMDMSTIKSKLEAR
BRDT-2 278 EQLKHCNGI-LKELLSKKHAAYAWPFYNPVDASALGLHDYHDIIKHPMDLSTVKRKMENR

BC |00
BRD2-1 134 YYWA-ASECMQDFNT----MFTNCYIYNKPTDDIVLMAQTLEKIF-LQOKVASMPQ----E
BRD3-1 94 YYWS-ASECMQODFNT----MFTNCYIYNKPTDDIVLMAQALEKIF-LQOKVAQMPQ----E
BRD4-1 118 YYWN-AQECIQDFNT----MFTNCYIYNKPGDAEALEKLF-LQKINELPT--E
BRDT-1 87 YY-AKASECIEDFNT----MFSNCYLYNKPGDDIVLMAQALEKLF-MQOKLSQMPQ---~E

BRD2-2 407 DY----RDA-QEFAADVRLMFSNCYKYNPPDHDVVAMARKLODVFEF-RYAKMPD-~-~-~
BRD3-2 369 EY----PDA-QGFAADVRLMFSNCYKYNPPDHEVVAMARKLODVFEM-RFAKMP-———--
BRD4-2 412 EY----RDA-QEFGADVRLMFSNCYKYNPPDHEVVAMARKLODVFEM-RFAKMLQOHHHHH
BRDT-2 330 DY----RDA-QEFAADVRLMFSNCYKYNPPDHDVVAMARKLODVFEF-RYAKMPD-~----~

Figure 1.11 Sequence homology of bromodomains in the BET family. Alpha helices are
heighted in blue; loop areas are heighted in yellow; residues in red are conserved
asparagines in the BC loop and the WPF shelf in the ZA loop; Arg54 of BRDT-1 and the
amino acid residues at the same position of other BET family members are noted in green.
(CLUSTAL multiple sequence alignment by Kalign 2.0).%

The second promising way to achieve BRDT selectivity is a bivalent strategy. Even
though the BET Kac binding site is highly conserved, the sequence length between two
bromodomains is different (Figure 1.12). Unfortunately, no tandem-BET crystal structure
was reported, but differing lengths of different BET proteins may imply different distances
between the two Kac binding sites. BRDT has 128 amino acids between BRDT-1 and
BRDT-2, which is the shortest linker in the BET family. Bivalent small molecules with an
optimized linker may selectively occupy Kac pockets of tandem-BRDT. Recent
publications found that bivalent inhibitors also induced the dimerization of single
bromodomains.’!- °2 Therefore, different dimerization modes could be another strategy for

selective BRDT inhibitor discovery.

hBRD2 91-163 364-436 632-714 g B &01 domain

. ET domain
- - 1362

hBRDT 44-159 287-359 500-582 17

Figure 1.12 Domain structures of BRD2, BRD3, BRD4 and BRDT.
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1.8 Fluorescence polarization tools for BRDT inhibitor discovery. Fluorescence
polarization (FP) assays are widely used in chemical biology to determine the strength of
small molecule interactions. This solution-based assay provides a fast and quantitative

technique in vitro and even in vivo, thus extending its application to preliminary affinity

R

Horizontal polarizer, I |

—
Fluorophore\A W\/\/\/

Vertical polarizer filter

testing and target engagement in cell.

Vertical polarizer, I,

Fp = 14

= Equation 1
Lh+1;

Figure 1.13 Basic principle of fluorescence polarization. Reprinted from reference 97 by
permission of Taylor & Francis.
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b f Polarized light ~ Emitted light @ inhibitor
——
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polarized signal
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_ 3 -
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Figure 1.14 Principle of fluorescence polarization assay. (a) Free probe emits depolarized
light after activation by polarized light. (b) Probe-protein complex emits polarized light
after activation by polarized light. (¢) In a competitive binding assay, the mixture of free
probe and probe-protein complex emits decreased polarized signal after activation by
polarized light, allowing calculation of ICso values. Equation 2: p is rotational relaxation
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time, R is the universal gas constant, V is the molar volume of the rotating molecule, T is
the absolute temperature, and 1 is the solvent viscosity.

The mechanism of the FP assay is derived from the physical law that the
polarization ratio is linearly correlated to Brownian motion driven molecular rotation.”® In
a typical FP measuring assay (Figure 1.13), the fluorophore is activated by light excitation
at a specific wavelength for that compound. After an extremely short period of time
(rotation relaxation time, ) light will be emitted. Light emission can be distinguished as
parallel light /; and perpendicular light 7, . The FP value is calculated through equation 1°7
by comparing the difference of /, and /] to the total fluorophore intensity. This equation
shows that the FP value is independent from the absolute data of emission signal, which
excludes the influence of probe or probe-protein complex concentration. /, and /) are
rarely obtained in a modern FP assay now, because fluorescence plate readers usually
calculate the FP values. For molecular biology applications, FP assays are designed based
on the principle that fluorescence intensity is enhanced by fluorescence probe aggregation.
This principle can be explained by equitation 2,°® where p is the rotation relaxation time of
the fluorophore, which is highly related to the polarization ratio. R, T and n are constants
in this equation. In a regular protein binding event, p is only dependent on V, which is the
size of the rotating molecule. If the FP probe does not bind to the protein, the small
molecule probe undergoes rapid rotation driven by Brownian motion in the water/buffer.
When a photon is absorbed by the probe, the orientation of the nuclear framework will vary
in the moment (rotation relaxation time, p) between excitation and emission. The
fluorophore can then emit the fluorescent light from various directions and the signal is
depolarized (Figure 1.14a). When the FP probe binds to a protein, the molecular weight
of the fluorophore complex increases significantly, which slows down the rotation of the
entire complex. During this rotation relaxation time (p), the orientation of the nuclear
framework is limited. In this case, the fluorescence signal will be highly polarized (Figure
1.14b).”® In a completive binding assay, the inhibitor(s) binds to the target protein and kicks
out the previously bound fluorescence probe. The dissociated probe becomes free to rapidly
rotate. FP signal then decreases with the increase in probe dissociation ratio (Figure 1.14c).

The ICso can thus be determined from the decreasing curve of the FP signal. The
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corresponding K; can then be calculated from Cheng-Prusoff equation®® % (Equation 3) to
describe the binding affinity of the tested compound.

_ ICSO
Ki - 1+ [Ligand]
Kg

Equation 3

Several chemical probes for use in fluorescence polarization (FP) assays have been
developed to aid in drug discovery programs for BET proteins. Previously reported probes
for BET bromodomains either have low binding affinities or have low polarization signal
windows, and most of them are not well characterized. For example, BODIPY -conjugated
BI16727 (BI-BODIPY) is reported to have a K4 of 50-110 nM for BRD4-1 and only a 40
mA polarization signal window, while the Alexafluor488-IBET10 and FITC-JQ111-13

probes remain uncharacterized.” '°! This prompted us to develop a novel small molecule

FP probe with high affinity and a large polarization signal window.
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Chapter 2: Design, Synthesis, and Characterization of a

Fluorescence Polarization Pan-BET Bromodomain Probe

*As published in: Paulson, C. N.; Guan, X.; Ayoub, A. M.; Chan, A.; Karim, R. M.;
Pomerantz, W. C. K.; Schonbrunn, E.; Georg, G. I.; Hawkinson, J. E. ACS Med. Chem.
Lett. 2018, 9, 1223-1229

2.1 Induction. In our study, we developed a novel FP chemical probe utilizing SG3-179,
a potent pan-BET inhibitor with high affinity for BRDT-1 (ICso = 23 nM),!%? as scaffold
(see structure in Figure 2.1). A general challenge for probe development is to avoid a
significant loss of binding affinity caused by steric hindrance of the attached fluorescent
label. To achieve this endpoint, we docked SG3-179 to a representative BET-family protein
BRDT-1 (PDB: 4FLP) to reveal the binding mode of SG3-179 for BRDT-1 (Figure 2.1).
The predicted binding mode is similar to the later released crystal structure SG3-179 in
complex with BRD4-1 (PDB: 5F63). The diaminopyrimidine core of SG3-179 forms a
direct hydrogen bond with Asn 109 in the Kac site of BRDT-1 and the water exposed
piperidine moiety is far away from this key interaction, which therefore provided a
reasonable position to connect to a fluorophore. In the selection of the fluorophore, we
chose a BODIPY dye due to its long fluorescence lifetime (5-6 ns)!® and because tetra-
methyl BODIPY is an inexpensive fluorophore among BODIPY dyes and numerous
chemistries involving tetra-methyl BODIPY are available for rapid linker incorporation.!%+
106 Although a longer linker length may alleviate steric hindrance, local motion of
fluorophores attached by flexible linkers can decrease the polarization of the bound probe
(‘propeller effect’).”® In order to identify the optimal balance between steric hindrance and

unrestrained fluorophore motion, linker length and flexibility were explored.
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$G3-179

Figure 2.1 Molecular docking predicts that compound 2.18 will maintain high affinity for
BRDT-1. Compound 2.18 orients similarly to the parent compound SG3-179 and
maintains the key interaction with Asn109 of BRDT-1 (PDB: 4FLP). The fluorophore is
solvent exposed without the possibility of any steric hindrance with the protein.

2.2 Chemistry. The synthetic route for SG3-179 based probes 2.18-2.20 is shown in
Schemes 2.1 and 2.2. The synthesis of the Kac site ligand employed procedures similar to
the methods reported for the preparation of SG3-179 (Scheme 2.1). Protection of
commercially available 4-chloro-3-nitroaniline with Boc anhydride gave 2.1, followed by
reduction of the nitro group with hydrazine to provide aniline 2.2. Reaction of 2.2 with
tert-butylsulfinyl chloride furnished tert-butylsulfinyl 2.3 that was further oxidized with
mCPBA to sulfonamide 2.5. Deprotection of 2.5 with TFA produced aniline 2.6, which
was reacted with 2,4-dichloro-5-methylpyrimidine to afford chloropyrimidine 2.7.
Intermediate 2.9 was obtained by coupling 4-amino-2-fluorobenzoic acid and tert-butyl 4-
aminopiperidine-1-carboxylate,  using  1-[bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) in the presence of N,N-
diisopropylethylamine (DIEPA) in dry DMF. Connection of fragment 2.7 and 2.9 by a
Buchwald-Hartwig coupling reaction yielded 8 which was then Boc deprotected with TFA
to give the Kac site ligand 9.
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Scheme 2.1 Synthesis of the SG3-179 chemotype

2.1 2.3 2.4
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2.8 29 2.10 2.1

Reagents: (a) (Boc),0, THF, reflux, 28 h, 58 %; (b) Pd/C, hydrazine monohydrate, MeOH,
reflux, 10 h, 64%; (c) 2-methylpropane-2-sulfinic chloride, pyridine, DCM, rt, 20 h, 77%;
(d) mCPBA, DCM, rt, overnight, 84%; (e) TFA, DCM, rt, 2 h, 78%:; (f) 2,4-dichloro-5-
methylpyrimidine, DIPEA, isopropanol, 120 °C, 2 d, 36%; (g) tert-butyl 4-
aminopiperidine-1-carboxylate, HATU, DIPEA, DMF, rt, 12 h, 95%; (h) Compound 6,
Pd»(dba)s, BINAP, NaOtBu, 1,4-dioxane, 110 °C, 5 h, 90%; (i) TFA, DCM, 12 h, 91%.

The synthesis of the fluorophore moiety commenced with commercially available
tetramethyl-BODIPY (Scheme 2.2) by reaction with DMF in the presence of POCI3 to
produce aldehyde 2.12,!” which was then oxidized to carboxylic acid 2.13. Acrylic acid
2.14 was synthesized from aldehyde 2.12 by a Knoevenagel condensation.!? A Heck-type
reaction between tetramethyl-BODIPY and methyl acrylate catalyzed by Pd(0) yielded
methyl acrylate 2.15.!19 The double bond in 2.15 was reduced with H, to give methyl
propionate 2.16, which was hydrolyzed to yield acid 2.17. Fluorophores 2.13, 2.14 and
2.17 were linked to ligand 2.11 (HOBt and EDC) to produce BODIPY based FP probes
2.18, 2.19 and 2.20.
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Scheme 2.2 Synthesis of the fluorophore moiety and FP probe assemble
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Reagents: (a) DMF, POCls, 0 °C, 2-3 h, then 50 °C, 3 h, 89%:; (b) NaClO., H-O,
NaH2POg, rt, 15 h, 30%; (c) malonic acid, pyridine, DMF, 90 °C, 5 h, 28%; (d) methyl
acrylate, 20 mol % of Pd(OAc)., tert-BuOOBz, DMSO, 35 °C, 5 d, 57%; (e) Pd/C, Ha,
MeCN, MeOH, rt, 12 h, 80%; (f) NaOH, DCM:Me¢OH:H-O, rt, 10 h, then neutralize,
98%; (g) intermediate 2.13, 2.14 or 2.17, HOBt, EDC, DIPEA, DCM, rt, 6 h, 72-93%.

2.3 UV absorption and fluorescence excitation and emission spectrums. In comparison

to compound 2.18, which has sharp UV absorption and fluorescence excitation and

emission peaks similar to BODIPY, the peaks for compounds 2.19 and particularly 2.20

are broadened and red-shifted. Although it is not clear why compound 2.19 has a red-

shifted emission spectrum, the extended m-conjugate system present in compound 2.20 is

expected to produce a higher LUMO level and narrowed HOMO-LUMO gap,%* which

likely explains the red-shifted emission spectrum.
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Figure 2.2 UV absorbance and fluorescence spectra of BODIPY, probes 2.18, 2.19, and
2.20 (25 pM in DMSO): (a) UV absorbance spectrum. (b) Excitation spectrum. (c)
Emission spectrum.

2.4 Probe affinity and signal window. The three probes (2.18, 2.19 and 2.20) were then
tested against BRDT-1 in a FP assay to assess probe affinity and signal window (Figure
2.3). Whereas probes 2.18 and 2.19 have similar affinities, probe 2.18 had the highest FP
signal window (Bmax >100 mP) at the standard BODIPY excitation and emission
wavelengths and was therefore selected for further characterization. Kp values for all the
BET family proteins (BRDT-1, BRDT-2, BRDT-T, BRD2-1, BRD2-2, BRD3-1, BRD3-2,
BRD4-1, BRD4-2, and BRD4-T, where —T designates the BD1 and BD2 tandem domain),
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and two representative non-BET family proteins (BRD7 and BRD9) were determined with
FP probe 2.18 (Table 2.1, Figure 2.3 and 2.4).

1204
100

Compound Kp (nM) Bmax (mP)

40 Compound 2.18 2.18 11 120
o -=  Compound 2.19 2.19 69 96
-~ Compound 2.20 2.20 95 67

0 50 100 150 200 250
BRDT-1 (nM)

Figure 2.3 Pan-BET probe 2.18 showed favorable binding properties compared to related
probes 2.19 and 2.20. BRDT-1 protein saturation binding curves with 7.5 nM BODIPY-
SG3-179 probes 2.18, 2.19, and 2.20 and Kp and Bmax values.
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Figure 2.4 Pan-BET probe 2.18 binds with high affinity to BET BRDs, but only weakly
to other BRD proteins. Error bars represent = SEM where n > 3.
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Table 2.1 Affinity of pan-BET FP probe 2.18 for BRD proteins

Kp = SEM, nM*

BD1 BD2 Tandem
BRDT 17+£2 10+2 5.5+£0.6
BRD4 17+1 9.6+04 10+1
BRD3 23+1 7.5+£0.5 --
BRD2 56+4 12+1 --
BRD7 12,000 + 2000 -- -
BRD9Y9 7600 £+ 1300 -- -

“n > 3 independent experiments.
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Figure 2.5 BRD saturation binding curves with 7.5 nM compound 2.18: (a) BRDT-2 and
BRDT-T, (b) BRD2-1 and BRDT-2, (¢) BRD3-1 and BRD3-2, and (d) BRD4-2 and
BRD4-T. Error bars represent = SEM where n > 3.

FP probe 2.18 exhibited low nanomolar affinities for all of the BET family proteins
(6-56 nM) but had Kp values in the low micromolar range for the two non-BET family
proteins (7-11 uM). The lower affinity of probe 2.18 to BRD7 and BRD9 was expected
based upon previously reported SG3-179 BROMOScan data.®> Therefore, compound 2.18
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is a pan-BET probe. Probe 2.18 has a slight preference for BD2 over BD1 bromodomains,
ranging from 1.7- to 4.7-fold higher affinity for BD2 depending on BET family member.
In contrast to the BRD4-T protein, the pan-BET probe 2.18 bound BRDT-T with 2- to 3-
fold higher affinity than the individual BRDT bromodomains. Although it has been argued
that the two bromodomains of BRDT function independently due to the long flexible linker
connecting them,>® the higher affinity of the probe for BRDT-T suggests that there may be
cooperativity between the tandem bromodomains or that the 123 aa linker may stabilize

one or both bromodomains.

2.5 Testing of representative BET BRD inhibitors results. Ten representative BET BRD
inhibitors with varying scaffolds and selectivities were chosen for competition studies to
establish that pan-BET probe 2.18 provides the expected affinity and selectivity values for
the BET BRDs. The structures of the reference compounds SG3-179, ABBV-075, BI2536,
bromosporine, 2098312-12-8, (+)-JQ1, (-)-JQ1, MS436, RVX-208, and TG101209 are
illustrated in Fig 2.7. ICso values were generated for all ten compounds against the BET-
family proteins and K; values were calculated using the equations of Nikolovska-Coleska et
al., 20047* (Figure 2.6 and Table 2). In some cases, K; values could not be determined
because ICso values were too low relative to the protein concentration (40-75 nM) used in
the assay. In these cases, the apparent ICso values likely underestimate the true potency of
the inhibitors. As protein concentrations cannot be lowered in order to maintain a sufficient
signal window, an alternate method must be employed to obtain accurate affinity estimates
for these very potent inhibitors due to this ‘floor effect’. Additionally, K; values are not
reported for BRDT-T and BRD4-T as the K; calculation equation cannot be used for

proteins with > 1 ligand binding site.”?

Parent compound SG3-179 has been reported to have an ICso ~20 nM for both
BRDT-1 and BRD4-1 using an AlphaScreen assay.®> SG3-179 FP K; values are ~15 nM for
these BRDs. SG3-179 FP K; values for BD1 domains of the four BET BRDs correlate well
with the Kp values obtained for the SG3-179-BODIPY probe 2.18. However, SG3-179 has
3- to 5-fold lower affinity for BD2 domains of the BRDT, BRD2, and BRD4 than predicted

by the probe Kp values, perhaps due to a small contribution of the fluorophore to binding.
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ABBV-075, also known as mivebresib, is a potent small molecule BET inhibitor

presently in a Phase I clinical trial for patients with advanced hematologic malignancies

and solid tumors.”> ABBV-075 has previously been reported to be selective for tandem
BRDT, BRD2, and BRD4 proteins (Ki = 1-2 nM) over the tandem BRD?3 protein (K;=12.2
nM) in TR-FRET assays.'”” When tested in the FP assay reported here, the ICsy values

ranged from 9-32 nM for all of the BRD proteins. These ICso values likely underestimate

the true affinity of ABBV-075 and K values could not be calculated due to the ‘floor effect’

described above, consistent with the high affinity values reported using the TR-FRET

assay.!?7
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Figure 2.6 Competitive displacement of the pan-BET probe 2.18 by 10 reference BET
inhibitors at (a) BRDT-BD1 and (b) BRDT-BD2. Error bars represent + SEM where n > 3.
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Figure 2.7 Structures of the 10 reference BET inhibitors with various chemical scaffolds

selected to validate the FP assay. CAS 2096312-12-8 refers to compound 3s from Ayoub et
al.®

The prototypic BET inhibitor, (+)-JQ1, is a thieno-triazolo-1,4-diazepine with
reported AlphaScreen and TR-FRET ICs values ranging from 18-91 nM for BRD4-1,3% 85
108-110 14.33 nM for BRD4-2 and BRD3-1,!%%-11% and 100-150 nM for BRDT-1 and BRD2-
1.82:85 In general, the reported ICso values indicate that (+)-JQ1 has ~5-fold higher affinity
for BRD4-1 over BRDT-1.8%85 A similar behavior was observed in the FP assay in which
(+)-JQ1 has a K value of 13 and 2.6 nM for BRDT-1 and BRD4-1, respectively.
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The dihydropyridopyrimidine compound (CAS registry number: 2098312-12-8) is
a potent BET inhibitor that has been shown to have submicromolar affinity (BRDT-1, K; =
200 nM; BRD4-1, K; = 110 nM) in a FP assay using BI-BODIPY.”® Three- to six-fold
higher affinity values were obtained using the SG3-179-BODIPY probe for BRDT-1 and
BRD4-1, respectively. The prior report by Ayoub et al.”® carried out the experiment at a 5-
fold higher DMSO concentration (0.5% vs. 0.1%), which is known to affect bromodomain
binding interactions.!!! Additionally, 2098312-12-8 has higher affinity for BRD2 and
BRD3 BD1 and BD2 that exceeded the sensitivity of the assay.

Bromosporine is a promiscuous BRD inhibitor that was developed to target the
conserved BRD fold of BRD-containing proteins. While ICso and K; information could not
be found in the literature, Kp values for bromosporine against all of the BET proteins using
ITC have been reported to be in the 40- 100 nM range for BRD2, BRD3, BRD4, and BRDT
BDI1 and BD2, excluding BRDT-2 which had a significantly higher Kp value (Kp = 172
nM).”® Similarly, K; values obtained in the FP assay for BRD4-1, BRD4-2, and BRDT-1
ranged from 35 — 90 nM, and bromosporine had lower affinity for BRDT-2 (Ki =310 nM).
In contrast, bromosporine had higher affinities for BRD2 and BRD3 BD1 and BD2 in the

FP assay that exceeded the sensitivity of the assay.

BI2536 is a potent and selective inhibitor of PLKI (ICso = 0.83 nM) and has
antitumor activity against relapsed or refractory acute myeloid lymphoma (AML) and non-
small cell lung cancer in phase I/II clinical trials. It binds to the Kac site of BRD4 through
an elaborate network of hydrogen bonding and Van der Waals interactions.®> B12536 was
shown to be selective for BRD4-1 over BRDT-1 with ICsg values of 25 and 260 nM,
respectively, in an AlphaScreen assay.®? Similarly, in the FP assay, BI2536 has a higher
affinity for BRD4-1 (K; = 15 nM) over BRDT-1 (K; = 71 nM). We also found that BI2536
has high affinity for BRDT-T (K; = 4.3 nM) and BRD2-1 (K; = 9.3 nM).

TG101209, a dual BET bromodomain and JAK?2 kinase inhibitor, has been reported
in the literature to have lower affinity for BRD2-1 (ICso = 680 nM) relative to BRD3-1,
BRD4-1, and BRDT-1 (ICso = 130-290 nM).*? The K values determined in the FP assay
for these BRDs revealed a similar profile in which TG101209 was 2-5 times less active

against BRD2-1 (K; = 700 nM) than the other BRD BD1s (K; = 140-320 nM).
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The BD1-selective diazobenzene-based inhibitor MS436 has been reported to have
a Ki < 85 nM for BRD4-1 and had >4-fold lower affinity for BD2.”” In our assay, MS436
showed similar activity with a BRD4-1 K; of 130 nM and 4-fold lower affinity for BRD4-
2. MS436 had 2- to 4-fold lower affinity for the other BET BRDs and showed lower

selectivity for their BD2 domains.

RVX-208 has been evaluated in several clinical trials for the treatment of
atherosclerosis and associated cardiovascular disease. RVX-208 has been reported to be a
BD2-selective inhibitor of BET proteins with Kp values measured by ITC for BD1 that are
8 times higher than those determined for BD2.7%- 1% In the FP assay, a similar trend was
observed where RVX-208 is 3-17 times selective for BD2 over BD1 depending on the BRD
protein, with highest BD2 selectivity in BRD3.

(-)-JQI, the inactive enantiomer of (+)-JQI, is considerably less potent with
reported ICso values of 8354 and >10000 nM for BRD4-1 and 52120 nM for BRD4-2.1%%
110 We report similar findings in our FP assay in which (-)-JQ1 had ICso values >10000 nM

for all BET bromodomains.

Several compounds, including (+)-JQ1, MS436, RVX-208, SG3-179, and
TG101209 inhibited the binding of the pan-BET probe 2.18 to the BRDT-T and BRD4-T
proteins with ICso values close to, and generally intermediate between, the individual BD1
and BD2 domains, as expected assuming no effect of the 123 aa linker. In contrast, BI2536,
bromosporine, and 2098312-12-8 had considerably lower ICso values for the tandem
BRDT and BRD4 bromodomains compared to the individual BD1 and BD2 domains,
presumably these inhibitors bind to bromodomains in the tandem protein in a cooperative
manner or the amino acid linker in the tandem proteins induces conformational changes in

the BD1 and/or BD2 domains that increase the affinity of certain inhibitors.

2.6 Conclusion. The novel pan-BET probe 2.18 has high affinity for the BD1, BD2 and
tandem BRDs of BET family members, provides a high FP signal window, and assay
robustness suitable for HTS (Z’ value = 0.78 + 0.04). It can be used to establish the SAR
for inhibitor series, determine compound selectivity within intra-BET sub-family or inter-

domains of a BET protein, and for HTS of BET BRDs to identify novel inhibitor scaffolds.
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Chapter 3: Discovery of Selective 2,4-Disubstitued Pyrimidine
Derivatives for Extra-Terminal (BET) Family Proteins from a

Dual-JAK2 Kinase and Bromodomain Inhibitor

3.1 Introduction. As mentioned in previous chapters, BRDT binds to dual kinase-
bromodomain inhibitors with good potency, but kinase activity may increase health risk
due to their anti-proliferation potential. For our studies, we want to decrease kinase activity

and gain BRDT selectivity.
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Figure 3.1 TG101209 and SG3-179. (a) Structure of TG101209 and its AlphaScreen ICso
values; (b) Structure of SG-179 and its AlphaScreen ICso values; (¢) SG3-179 binds to
BRD4-1 in the Kac site of BRD4-1(PDB: 5F63); (d) in Kac site of BRD4-1, SG3-179
formed H-bonds (in yellow) with Asn140 and Pro82.

WPF shelf
- " BRD4-1

Our lead compound is the 2,4-disubstitued pyrimidine derivative SG3-179%
(Figure 3.1b), which is a dual BET-kinase inhibitor derived from JAK2 inhibitor
TG101209 (Figure 3.1a).!'2 In the cocrystal structure of BRD4-1 with SG3-179 (Figures
3.1¢ and 3.1d), the pyrimidine core (ring B) and the NH between rings B and C of SG3-
179 form a pair of H-bonds with conserved Asn140. The NH between rings A and B forms
a hydrogen bond with Pro82 of the WPF shelf, the #-butyl group is located in the
hydrophobic cavity in the WPF shelf and the piperidine moiety is exposed to the solvent.
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Our BRDT inhibitors were designed based on the Arg54 hypothesis. The Kac site
of BRDT-1 features a unique arginine residue, Arg54. The other BET family members
contain alternative residues (Gln/Lys/Asn) at this same position of the Kac site. We thus
hypothesized that BRDT selective inhibition could arise from interaction between Arg54
and our designed analogs. In our compound design, we determined two possible strategies
to approach Arg54 in BRDT-1: replace the ¢-butylsulfonamide group of SG30179 with a
new side chain or introduce a new side chain at the meta position of the #-butyl group.
These strategies were inspired by the crystal structure of BRD4-1 in complex with SG3-
179-based bivalent inhibitor 4.5 (Figure 3.2d) from the Schonbrunn group (unpublished
data). These SG3-179-derived symmetric bivalent inhibitors contained two SG3-179
chemotypes (Figure 3.2d) and these two chemotypes had a different binding pose in the
Kac site of each chain in the BRD4-1 homodimer (Figures 3.2e and 3.2f). In the crystal
structure of 4.5 in complex with BRD4-1, the ¢-butyl group of the SG3-179 chemotype
occupied either the ZA channel or the WPF shelf, depending on the protein chain. Binding
pose 1 (Figure 3.2e) from chain B of the structure showed that the 7-butyl sulfonamide of
the SG3-179 chemotype stretched toward GIn85 of BRD4-1, which is where Arg54 is
located in BRDT-1 (Figures 3.2b and 3.2¢). For the design of series I, we hypothesized
that the #-butyl sulfonamide moiety of SG3-179 would also stretch toward Arg54 in BRDT-
1. We modified SG3-179 at the #-butyl sulfonamide site using different L-amino acids in
place of this #-butyl sulfonamide to promote Arg54 interaction (Figure 3.2h). L-Amino
acids provided a carboxylic acid, which could form a salt bridge/H-bond with Arg54 of
BRDT-1. Since L-amino acids are a source of a variety of side chain sizes and shapes, they
provided a way to regulate the geometry of the carboxylic group toward Arg54. In binding
pose 2 (Figure 3.2f) from chain A of the BRD4-1 homodimer, the #-butyl sulfonamide of
SG3-179 bound to the WPF shelf instead of the ZA channel. Superimposing the SG3-179
molecules from the two chains of the BRD4-1 dimeric cocrystal structure (Figure 3.2¢g)
revealed that the SG3-179 chemotypes had very similar binding modes, except for the
position of the #-butyl sulfonamide. Aromatic rings A of these two compounds overlap very
well. The rotation of the #-butyl sulfonamide moiety indicated a second strategy to
approach Arg54. When the #-butyl sulfonamide moiety shifted to WPF shelf, its meta

position was very close to the z-butyl sulfonamide position of binding pose 1 from chain B.
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We hypothesized that if we introduced a new side chain meta to the #-butyl sulfonamide,

the introduced side chain could also stretch toward Arg54. Series I was designed based on

this hypothesis (Figure 3.2i). L-Amino acids, f/y amino acids and hydrophobic moieties

were introduced to explore the SAR in this series. To explore the SAR of the piperidine

moiety of SG3-179, this moiety was removed in the series III compounds.
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Figure 3.2 Strategies to approach Arg54. (a) Structure of SG3-179; (b) Kac pocket of
BRDT-1; (¢) Kac pocket of BRD4-1; (d) compound 4.5 and cartoon of how this bivalent
inhibitor induced the dimerization of BRD4-1; (e) binding pose 1 of SG3-179 chemotype
(magenta) with BRD4-1 chain B; (f) binding pose 2 of SG3-179 chemotype (green) with
BRD4-1 chain A; (g) overlay of two binding poses; (h) strategy for series I compound
design; (i) strategy for series I compound design.

These two series of compounds with Arg54 targeting side chains (0/B/y amino acids,

hydrophobic moieties, sulfonamides, amides, etc.) were screened virtually with BRDT-1
(PDB: 4FLP).!'3-115 The Molecular Mechanics/Generalized Born Surface Area
(MM/GBSA) method (Schrédinger) was used to evaluate the tested ligands. Molecular

Mechanics (MM) are widely used in dynamics simulations and allowed us to predict
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dynamics of the BRDT protein.!!® Generalized Born’s model (GB) was used to calculate
the free energy and rank binding affinity of tested compounds.!'” MM/GBSA is more time

consuming, but has better ligand pose accuracy than Glide docking.!''8

Compared with
another MM based method Molecular Mechanics/Poisson Boltzmann Surface Area
(MM/PBSA), MM/GBSA also had better performance in ranking the binding affinity of
studied binders.!!” The MM/GBSA approach revealed binding free energy (AGyind) values
for the SG3-179 analogs ranging from -74.667 to -116.645, where the SG3-179 AGying s -
91.094. In the docking experiments, some of the compounds in series I and II formed
interactions with Arg54. Representative results, 3.31 (AGuina: -106.985) in series I and 3.61
in series II (AGupindg: -110.668), using MM/GBSA are shown in Figure 3.3. The glutamic
acid side chain of these two compounds is close to the ZA channel (Figures 3.3b and 3.3e).
In Figures 3.3c and 3.3f, both compounds formed interactions with Arg54 and Lys60
through their Glu side chain. The distance between Arg54 and the carboxylic acids of
compounds 3.31 and 3.61 was approximately 2 A, which was close enough to form ionic
interaction(s). Additionally, both compounds did not disrupt Asn109 and Pro51 binding.

Encouraged by promising results from the docking simulations, compound series I and 11

were synthesized.
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Figure 3.3 Molecular simulation of compounds 3.31 and 3.61 using MM/GBSA. (a)
Structure of 3.31; (b) compound 3.31 docked into the Kac site of BRDT-1 (PDB: 4FLP);
(¢) hydrogen bonding network surrounding compound 3.31; (d) structure of 3.61; (e)
compound 3.61 docked into the Kac site of BRDT-1 (PDB: 4FLP); (f) hydrogen bonding
network surrounding compound 3.61.

3.2 Chemistry. A six-step synthetic route was designed for the series I compounds
(Scheme 3.1). Condensation of commercially available 4-amino-2-fluorobenzoic acid (2.8)
with #-butyl 4-aminopiperidine-1-carboxylate gave first fragment 2.9. Aminobenzoic acids
3.1 and 3.2 were substituted with 2,4-dichloro-5-methylpyrimidine to provide second
fragments 3.3 and 3.4. Connection of the first and second fragments through a Buchwald-
Hartwig coupling reaction yielded 3.5 and 3.6, which could both be deprotected by TFA to
generate target molecules 3.19 and 3.28, respectively.”® Different side chains were
introduced onto intermediates 3.5 and 3.6 by coupling them with #-butyl protected amino
acids under EDC, HOBT and DIPEA in DMF and yielded 3.7-3.14 and 3.15-3.18, which
were then globally deprotected by TFA to give desired molecules 3.20-3.27 and 3.29-3.32.
Because fragment 2.9 was prepared in the first series of compounds, the synthetic route for
series Il was reduced to 8 steps (Scheme 3.2). Commercially available 3.33 was methylated
with MeOH to give 3.34,'2° followed by single substitution of 2,4-dichloro-5-
methylpyrimidine to afford chloropyrimidine 3.35. Reaction of 3.35 with #-butylsulfinyl
chloride furnished #-butylsulfinyl 3.36 that was further oxidized with mCPBA to
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sulfonamide 3.37. Connection of fragment 3.37 and 2.9 by a Buchwald-Hartwig coupling
reaction yielded 3.38, which was then hydrolyzed with LiOH to give key intermediate 3.39.
Different side chains were introduced by coupling with #-butyl protected amino acids to
yield 3.40-3.54, which were then globally deprotected by TFA to give desired molecules
3.56-3.71. Target molecule 3.55 can be obtained directly from 3.38 through a Boc
deprotection procedure.

Series III was synthesized based on previous fragments 2.7 and 3.37 (Scheme 3.3).
Compounds 3.71 and 3.72 were obtained from a Buchwald-Hartwig coupling reaction
using 2.7 and 3.37 as the starting material, respectively. Compound 3.37 was hydrolyzed
with LiOH to give key intermediate 3.73. t-Butyl-protected Gly and Phe were introduced
through a coupling reaction with HATU in DMF to yield 3.74 and 3.75, which were finally
deprotected by TFA to give 3.76 and 3.77.

Scheme 3.1 Series I: #-butyl sulfonamide of SG3-17 replaced with amino acids to approach
Arg54 in BRDT-1
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Reagents and conditions: (a) #-butyl 4-aminopiperidine-1-carboxylate, HATU, DIPEA,
DMF, rt, 12 h; (b) 2,4-dichloro-5-methylpyrimidine, DIPEA, isopropanol, 120 °C, 2 d; (¢)
compound 2.9, Pd>(dba);, BINAP, NaO#-Bu, 1,4-dioxane, 110 °C, 5 h; (d) EDC, HOBT,
DIPEA, DMF, rt, 12 h.
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Scheme 3.2 Series II: various substituents introduced at meta position of #-butyl
sulfonamide moiety of SG3-17 to approach Arg54 in BRDT-1
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T e e .
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3.37 Boc™ " ° F \

NH CO-H H NH O P meomu NH
o N H 0" R
J Ty "
BocN O F Boc™ o F H"O/ 3.55, 3.56- 3.71

3.40-3.54 O F

3.55: R = OMe 3.47, 3.63: R? = t-butyl

3.40, 3.56: R? = Gly 3.48, 3.64: R? = phenethylamine
3.41,357:R2=Phe  3.49, 3.65: R2 = NHCH,CO,Me
3.42,3.58: R?=D-Phe 3.50, 3.66: R2 = NH(CH,),CO,H
3.43,359:R2=The 3,51, 3.67: R2 = NH(CH,),COH
3.44,3.60:R?=Ser 3,52, 3.68: R2 = NHCH,SO5H
3.45,3.61:R2=Glu  3.53, 3.69: R2 = NHCH,SO5NH,
3.46,3.62: R2=GIn 3,54, 3.70: R2 = NHCH,CONH,

Reagents and conditions: (a) MeOH, H>SOs, reflux, 4 h; (b) 2,4-dichloro-5-
methylpyrimidine, DIPEA, isopropanol, 120 °C, 2 d; (c¢) 2-methylpropane-2-sulfinic
chloride, pyridine, DCM, rt, 20 h; (d) mCPBA, DCM, rt, overnight; (¢) compound 2.9,
Pd»(dba)s, BINAP, NaO¢-Bu, 1,4-dioxane, 110 °C, 12 h; (f) LiOH, THF/MeOH/H-0, 60 °C,
3 h; (g) EDC, HOBt, RNHo, rt, 12 h; (h) TFA, DCM, 2 h.
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Scheme 3.3 Series III: piperidine removal from compound of SG3-179 analogs

3.37 3.72 3.73
H H
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c I o o | 3.74,3.76: R2 = Gly
[ :] oo
N\fN d N\f'\‘ \9/ 3.75,3.77: R2 = Phe
NH
O 07 R2OfBu ©/NH 07 R2
3.74,3.75 3.76,3.77

Reagents and conditions: (a) aniline, Pd>(dba);, BINAP, NaO#-Bu, 1,4-dioxane, 110 °C,
12 h; (b) LiOH, THF/MeOH/H-0, 60 °C, 3 h; (¢) EDC, HOBE, protected R?NH>, rt, 12 h;
(d) TFA, DCM, 2 h.

3.3 Results and discussion

3.3.1 Series I compounds are weak BRDT-1/BRD4-1 inhibitors

H H
N N
Rl:Hor Cl

/ o NH
F Replace t-butyl sulfonamide
:‘t> group with R?side chain: o
NH R?= L-amino acid \R2

2.11 (SG3-179 analog) Series I

Figure 3.4 Series I of SG3-179 analogs.

The first compound series, series I, was designed based on the binding pose 1 of
SG3-179 chemotype in Figure 3.2e. Compound 2.11 was an SG3-179 analog from our FP
probe project that showed ICso values of 49.0 nM for BRDT-1 and 80.1 nM for BRD4-1.
Compared with SG3-179, it lacked a methyl group at the piperidine ring and maintained
potency for BRDT-1 and BRD4-1. Based on expertise gained from the FP project, the
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series I compounds were generated based on compound 2.11 (Figure 3.4). In this series,
R! was either H or Cl and R? represents different side chains. L-Amino acid side chains
were introduced to target Arg54 in the ZA channel. K; and ICso values were then
determined by FP assay and AlphaScreen. Compound 3.19 contained the smallest acidic
side chain and exhibited no activity in both assays. We then extended side chain length by
appending a Gly moiety and obtained compound 3.20. This compound was still a very
weak BRDT-1 (ICso = 43.4 uM) and BRD4-1 inhibitor (ICso = 17.1 uM). Hydrophobic
(Ala, Val, Phe), negatively charged (Asp, Glu) and uncharged (Thr, Pro) amino acids were
also explored, but all led to significant activity loss for BRDT-1 and BRD4-1. Because the
chlorine of SG3-179 was deleted in our first compound set, a second set of compounds
3.28 — 3.32 were obtained to determine the influence of the deleted chlorine in ring A.
Disappointingly, these of compounds were also very weak inhibitors of BRDT-1/BRD4-1
(10-30 uM). While re-analyzing these two sets of compounds, we noticed that compounds
with hydrophobic side chains (compounds 3.22, 3.23 and 3.30) always had relatively better
activity compared to those with polar side chains (compounds 3.25, 3.26 and 3.31).
Hydrophobic groups at ring A, like #-butyl sulfonamide, might be important to maintain
the potency of SG3-179, so we kept the z-butyl sulfonamide in series I1.
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Table 3.1 Structure—Activity Relationship of Series I

Compound  R' Rczh iiiﬂe AlphaScreen,! ICsy (uM) - FP assay,” K; (uM) -
BRDT-1 BRD4-1 BRDT-1 BRD4-1
3.19 H OH >50 > 50 NA >34 >472 NA
3.20 H Gly 434 17.1 0.39 >34 >472 NA
3.21 H Ala > 50 > 50 NA >34 >472 NA
3.22 H Val 12.7 9.8 0.77 2.6 2.0 0.77
3.23 H Phe 15.3 13.0 0.85 2.5 3.9 1.6
3.24 H Asp > 50 > 50 NA >34 >472 NA
3.25 H Glu > 50 > 50 NA >34 >472 NA
3.26 H Thr 29.6 28.2 0.95 >34 >472 NA
3.27 H Pro 15.2 20.3 1.3 >34 >472 NA
3.28 Cl OH > 50 > 50 NA >34 >472 NA
3.29 Cl Gly > 50 40.5 NA >34 >472 NA
3.30 Cl Ala 12.9 8.6 0.67 2.6 2.5 NA
3.31 Cl Glu > 50 73.1 NA >34 >472 NA
3.32 Cl Thr 30.6 20.1 0.66 >34 3.8 NA
2.11 Cl NA 0.0490 0.0801 1.6 NA NA NA
JQ-1 NA NA 0.133 0.0650 0.49 NA NA NA

! AlphaScreen performed by the Jun Qi group, single experiment performed in quadruplicate.

?FP assay performed by Jonathan Solberg, single experiment performed in duplicate.
*NA means data is not available.
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3.3.2 Series II compounds are potent BRDT-1/BRD4-1 inhibitors

Keep #-butyl group to maintain
interaction with WPF shelf

. \ o

O NH O NH
QQL F O >L F
Cl. &' NH Introduced R?side chain at meta o”S‘NH
|:|'> position of #-butyl sulfonamide: Q
@ R2 @

R2= L-amino acid

HN /N%\N B/y amino acid — HN /NB\N
‘§:/ hydrophobic moiety \5:/
Sulfonamide/amide/sulfonic acid
2.11 (SG3-179 analog) Series I1

Figure 3.5 Series II of SG3-179 analogs.

Series II compounds were designed based on the SG3-179 binding pose in Figure
3.2f. To maintain hydrophobic interactions with the WPF shelf, the #-butyl group was kept
in this series but is devoid of the ortho-chlorine substituent. A side chain at the R? position
was introduced to target Arg54 in the ZA channel (Figure 3.5). L-Amino acids, /y amino
acids or sulfonic acid was introduced as R? to form ionic interactions with the guanidine of
Arg54. In addition to the ionic interactions, the sulfonamide or amide side chains at R?
were designed to form H-bond(s) with Arg54. Additionally, we investigated hydrophobic

moieties to attempt to form hydrophobic interactions with the backbone of Arg54.

Compound 3.55 (Table 3.2) was synthesized first and compared with compound
2.11. It maintained potency for BRDT-1 and BRD4-1. The introduction of different amino
acid side chains further increased activity up to five-fold. Compared with series I, the
potency of this series of compounds increased around 1000-fold. Gly, Phe, and D-Phe were
explored in compounds 3.56, 3.67 and 3.58, but all led to pan-inhibition for BRDT-1 and
BRD4-1. Compounds 3.59, 3.60 and 3.61 showed 3.3-fold, 13-fold and 5.9-fold selectivity,
respectively, for BRDT-1 over BRD4-1 via decreased BRD4-1 activity. To determine
which carboxylic acid of Glu (in 3.61) had the potential to interact with Arg54, compounds
3.65, 3.67, and 3.62 were synthesized.
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Table 3.2 Structure—Activity Relationship of Series II

H
N

Oy NH
O, >L
g F

R'0" NH

O,
E K
HN\§/:>N
Com AlphaScreen,! ICs FP K; (nM)
poun R R? Side chain (nM) SI SI
d BRDT-1  BRD4-1 BRDT-1  BRD4-1

355 H OMe 29.5 51.3 1.7 NA NA NA
356 H Gly 13.7 16.7 12 28 16 0.58
357 H Phe 17.3 28.4 1.6 18 14 0.77
358 H D-Phe 12.7 14.3 1.1 20 20 1.0

359 H Thr 15.9 52.8 33 31 59 1.9

360 H Ser 19.3 255.9 13 TBD TBD  TBD
361 H Glu 21.3 1243 59 21 71 3.4

362 H Gln 22.0 1194 54 TBD TBD  TBD
363 H t-butyl 24.5 43.7 1.3 50 30 0.74
364 H phenethylamine 39.3 92.0 2.3 30 30 1.0

365 H NHCH,CO,Me 20.4 322 1.7 40 20 0.62
3.66 H NH(CH,),CO,H 12.7 53.0 4.2 20 30 1.6

367 H NH(CH,);CO,H 11.1 292 2.6 30 30 1.3

368 H NHCH,SO:H 115 222 2.0 NA NA NA
369 H  NHCH,CH,SO,NH, 9.2 16.9 1.8 NA NA NA
370 H NHCH CONH, 122 122 1.0 NA NA NA
211l NA 49.0 80.1 1.6 NA NA NA
JQ-1  NA NA 1333 650  0.49 NA NA NA

! AlphaScreen performed by Jun Qi group, single experiment performed in quadruplicate.
?FP assay performed by Jonathan Solberg, single experiment performed in duplicate.
SNA means data is not available, TBD means data is to be determined.

Compound 3.56, which had the same a-carboxylic acid as 3.61, did not exhibit
selectivity for BRDT-1. Compound 3.65, containing a methylated Gly at the terminus,
showed similar activity to compound 3.56, which indicated that the a-carboxylic acid of

compound 3.56 failed to interact with Arg54 of BRDT-1. Compound 3.67 had the same y-
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carboxylic acid as 3.61, but 3.67 only exhibited 2.6-fold selectivity for BRDT-1.
Compound 3.62 contained a Gln side chain, which blocks the y-carboxylic chemotype, and
it showed 5.4-fold selectivity for BRDT-1, so selectivity may not be directly related to the
carboxylic acid of the Glu side chain in compound 3.61. Compounds 3.56, 3.66 and 3.67
were synthesized to explore side chain length, and we determined that extending the
aliphatic acid chain did not improve selectivity for BRDT-1. In addition to the carboxylic
acid, a sulfonic acid (compound 3.68), sulfonamide (compound 3.69), and amide
(compound 3.70) were utilized to form a salt bridge or hydrogen bond(s) with Arg54.
Compounds 3.68-3.70 all exhibited pan inhibition for BRDT-1 and BRD4-1.

In summary, this series of compounds was up to 5-fold more potent than the parent
compound 2.11. Some compounds (3.60, 3.61 and 3.62) showed >5 fold selectivity for
BRDT-1 over BRD4-1, which is promising for further selective analog development. In
fact, recent AlphaScreen results revealed that compound 3.60 showed 13-fold selectivity
for BRDT-1 over BRD4-1, which makes it the most selective compound in all series

synthesized in this work.

3.3.3 Series III: deletion of SG3-179 piperidine decreases BRDT-1/BRD4-1 inhibition

O _NH
o o
> F S,
o R'O” NH o) RO N @
) —y (B m R-w
R N—( R2= OMe/Gly/Phe

N NH

Series I1 Series II1

Figure 3.6 Series III of SG3-179 analogs.

After two rounds of modifications, the molecular weight of these compounds began
to exceed 500. The cocrystal structure of SG3-179 and BRDT-1 (PDB: 4FLT)?’ shows that
the polar piperidine moiety is solvent exposed. When modifying our FP probes,
modification of the piperidine did not influence the binding affinity of FP probes, so this
moiety was targeted for modification at the piperidine in series III (Figure 3.6). We

removed the piperidine moiety of compounds 2.11, 3.55, 3.56 and 3.57 in series II to
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decrease molecular size. Series III (3.71, 3.72, 3.76 and 3.77) was then generated.
Disappointingly, these compounds demonstrated very weak BRDT-1 and BRD4-1 activity
(Table 3.3). We concluded that the deleted piperidine moiety may not only improve
solubility but also may play an important role in maintaining the correct binding pose of

the entire molecule.

Table 3.3 Structure—Activity relationship of Series III

C@NH OHN;KE Ho\( @ © Ho{ NEQ @

3.7 3.72 3.76 3.77
AlphaScreen,! ICs) (nM)
Compound SI
BRDT-1 BRD4-1
3.71 1478 2699 2.7
3.72 336 648 1.9
3.76 378 649 1.7
3.77 849 1490 1.8

! AlphaScreen performed by Jun Qi group, single experiment performed in quadruplicate.

3.3.4 Crystal structure of compound 3.61. The crystal structure of compound 3.61 in
complex with BRD4-1 and BRDT-1 is shown in Figure 3.7. Compound 3.61 is bound to
BRD4-1 and BRDT-1 in a similar mode: the #-butyl group of 3.61 is located in the
hydrophobic cavity of the WPF shelf, the Glu side chain is located in the ZA channel, and
the piperidine moiety is solvent exposed (Figures 3.7a and 3.7¢). Figures 3.7d and 3.7e
show interactions between compound 3.61 and the amino acid residues of BRD4-1 and
BRDT-1. The pyrimidine core (ring B) and adjacent NH of compound 3.61 formed a pair
of H-bonds with conserved Asn140 in BRD4-1 and Asn109 in BRDT-1. The NH between
rings A and B of 3.61 formed a hydrogen bond with Pro82 in BRD4-1 and Pro51 in BRDT-
1. In Figure 3.7d, the a-carboxylic acid of the glutamic acid side chain stretched toward
GIn85, which is the BRD4 residue in the same position as Arg54 in BRDT-1. However,
the Glu side chain of compound 3.61 did not exhibit adequate engagement with Arg54 in
Figure 3.7e.
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Figure 3.7 Comparison of 3.61 in BRD4 versus BRDT. (a) Compound 3.61 in complex
with BRD4-1; (b) structure of compound 3.61; (¢) compound 3.61 in complex with BRDT-
1; (d) hydrogen bond network around compound 3.61 in the active site of BRD4-1 involved
Asn140, Pro82 and GIn85; (e) hydrogen bond network around compound 3.61 in the active
site of BRDT-1 involved Asn109, Pro51. Crystal structures of 3.61 in complex with BRD4-
1 and BRDT-1 were provided by the Ernst Schonbrunn group at the Moffitt Cancer Center.

The conserved network of water molecules in the ZA channel was disrupted by
compound 3.61 in the Kac site of BRD4-1 in Figure 3.7d. Compared with the cocrystal
structures containing SG-179 (Figure 3.1), two conserved water molecules close to the ZA
channel were absent. BRDT-1 in complex with 3.61 maintained all five conserved water
in the Kac site in Figure 3.7e. Disrupting the conserved water network may influence the
stability of the loop area as well as binding affinity. The AlphaScreen assay showed
decreased BRD4 activity (ICso = 124.3 nM) for compound 3.61 but BRDT-1 activity was
maintained. Water network disruption in the BRD4-1 Kac site might explain why

compound 3.61 showed 5.9-fold selectivity for BRDT-1 over BRD4-1.

3.3.5 Compound 3.61 has no kinase (JAK2 and FLT3) activity. Parent compound SG3-
179 is a dual JAK2 kinase-BET inhibitor. Since the structure of JAK2 has not been solved
in complex with SG3-179, we used a cocrystal structure with its analog TG101209 for
analysis (PDB: 4J19). The pyrimidine core and adjacent NH of TG101209 forms a pair of
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key H-bonds with conserved Leu932 (Figure 3.8) in JAK 2 (PDB: 4J19) and Asp140 in
BRD4-1 (PDB: 4076).%% 86112 [n the JAK2 ATP binding site, the meta position of the -
butyl group was blocked by the backbone containing Gly856 and Leu855 (Figure 3.8).
Since compound 3.61 contained a Glu side chain at the position meta to the #-butyl moiety,
we hypothesized that the JAK2 ATP pocket could not provide enough space for compound
3.61 to bind. To test this idea, we docked series II compounds (docking scores ranged from
-6.1165 to -10.680), SG3-179 (docking score: -10.680), and TG101209 (docking score: -
10.011) to JAK?2 in Maestro (Figures 3.8d, 3.8e and 3.8f) and representative compounds
3.61 (magenta), TG101209 (green) and SG3-179 (orange) are shown. In the docking
simulation, TG101209 and SG 3-179 maintained the key H-bonds with Leu932 of JAK2
(Figure 3.8e), but compound 3.61 (docking score: -6.120) failed to have enough
engagement with Leu932 in Figure 3.8f. None of the series Il compounds maintained H-
bonds with Leu932. Virtual simulation of compound 3.61 implied that compound 3.61
could be a weak binder of JAK2. In the results from the AlphaScreen assay (Table 3.4),
compound 3.61 exhibited no activity for JAK2 (ICso > 10,000 nM). Losing key H-bonds
with Leu932 might explain the significant decrease in activity. In addition to JAK2,
receptor-type tyrosine-protein kinase FLT3 activity was also evaluated. SG3-179 was a
potent FLT3 inhibitor with an ICso of 32 nM, but our compound 3.61 was a weak FLT3
binder with more than 400-fold selectivity for BRDT-1 (Table 3.4).

Table 3.4 Activity of selected compounds against the bromodomain panel

BET,! ICsp (nM) Kinase?, ICsy (nM)
Compound
BRDT-1 BRD4-1 JAK2 FLT3
TG101209 290 130 0.51 1.5
SG-179 23 21 12 32
3.61 21 124 >10,000 >10,000

'BET AlphaScreen assay performed by Jun Qi group, single experiment performed in quadruplicate.
?Kinase AlphaScreen assay performed by Reaction Biology, single experiment performed in duplicate.
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Figure 3.8 Possible explanation for decreased JAK2 activity of compound 3.61. (a)
TG101209 in complex with JAK2 (PDB: 4J19); (b) structure of TG101209; (¢) structure
of compound 3.61; (d) TG101209 (green) and compound 3.61 (magenta) docked into
JAK2 (PDB: 4J19); (e) in docking simulation, TG101209 maintained the key interaction
with Leu932; (f) in docking simulation, compound 3.61 failed to formed H-bonds with
Leu932.

3.4 Conclusions and future directions. 2.4-Disubstitued pyrimidine derivative
TG101209 was generated by TargeGen Incas a JAK2 kinase inhibitor for anticancer
therapy.!!? Discovery of its BET inhibition activity initiated its modification toward BET
inhibitors. SG3-179 was then developed by the Moffit group with dual inhibition for
kinases (JAK2 and FLT3) and BET family proteins. As both BRD4 and JAK2 are validated
cancer targets, the inhibition profile of SG3-179 containing multiple targets should lead to
improved potency for anti-cancer therapy. However, the low selectivity of SG3-179 limits
its application in male contraception. Moreover, the cytotoxicity induced by JAK?2 and
FLT3 inhibition calls for new 2,4-disubstitued pyrimidine derivatives for male
contraception. In our studies, we used the two binding poses of the SG3-179 chemotype
observed in a dimeric BRD4-1 crystal structure to design two strategies to target interaction

with Arg54 of BRDT (series I and series II compounds). In series I, the #-butylsuloamide

group was replaced amides of with various amino acid side chains. Two sets of compounds

50



were generated that yielded weak BET inhibitors. A total of 16 compounds were
synthesized and evaluated based on the second strategy (series II) with a new side chain
meta to the #-butyl group. The structure-activity relationship was explored. Compared with
series I, the potency of series Il increased from double digital micromolar to double digital
nano molecular activity for BRDT-1 inhibition. Compound 3.60 exhibited 13-fold
selectivity for BRDT-1 over BRD4-1. The cocrystal structure of compound 3.61 with
BRD4-1 and BRDT-1 disclosed its binding mode. Results from the kinase activity assay
showed that compound 3.61 exhibited >400-fold selectivity for BRDT-1 over JAK2 and
FLT3. In addition, we attempted to decrease the molecular weight by deleting the
piperidine moiety in series III, but this polar solvent-exposed side chain was deemed
important for potency.

In the future, further modification of compound 3.60 will be performed to improve
BRDT selectivity and its physicochemical properties. In conjunction with the Qi and
Schonbrunn groups, cellular assays and determination of c-Myc levels will be performed

to monitor cellular activity of the synthesized compounds.
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Chapter 4: Discovery of Selective Bivalent Inhibitors for

Testis-Specific Bromodomain (BRDT)

4.1 Induction. BET family proteins regulate gene transcription and chromatin remodeling
through a multivalent interaction with acetylated histone and transcription proteins.’® 3738
5% 121 However, a monovalent strategy seemed challenging for the discovery of BRDT-1
selective compounds, because BET proteins share high homology in the Kac site and a
common Kac recognition motif with conserved Asn.!?? BET family proteins contain two
Kac recognition motifs, the first bromodomain (BD1) and the second bromodomain
(BD2).!2* Thomas’ work on the Kac recognition mechanism indicated that the BET family
interact with histones in a bivalent manner.’® Subsequent research found that bivalent
BRD4 inhibitors were up to 100-fold more potent than the corresponding monovalent
compound in protein binding assay and cell assays.’!- °> The chemotypes of these bivalent
compounds (JQ-1, i-BET762 and AZD3514) are potent Kac site binders. Multiple
experiments (crystal structures, SAXS, NMR, SEC) have been performed to elucidate the

ligand binding mode, but it is still unclear whether bivalent molecules bind to BRD4

intermolecularly or intramolecularly.

C 501 ‘ BD2 =3 ET BD2 e T BD2 ET

. BD1 domain BD2 BD1 ET
. BD2 domain
. ET domain BD1 BD1
= hBRDT
n Bivalent inhibitor ET BD2 BD2 3]

Figure 4.1 Proposed strategy for the preparation of dimeric inhibitor libraries.
(a) intramolecular binding; (b) intermolecular binding.

In our research, we focused on BRDT inhibitor development. As a member of the
BET family of bromodomain proteins, BRDT also contained the characteristic first and
second bromodomains. Therefore, bivalent inhibitors can either interact with BRDT
intramolecularly or intermolecularly (BD1 and BD2; Figure 4.1a). Due to BRDT

containing the shortest sequence length between the two bromodomains (Figure 1.23),
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BRDT selectivity may be achieved through spacer length modification of a bivalent
molecule targeting the intramolecular interaction of the two bromodomains.

In contrast to intramolecular binding, intermolecular binding is a second strategy
for bivalent molecule design. For full length BET proteins, there are three possible
intermolecular binding modes between two bromodomains: BD1-BD1, BD1-BD2 and
BD2-BD2.

Because Dr. Wolgemuth’s group discovered that Brdt-1 knock-out mice
(Brdt'BP1/4BDI) were healthy but infertile,¥ we decided to harness the benefits of
intermolecular interactions and aim at inhibiting the BRDT BD1-BD1 interaction (Figure
4.1b). Two recent literature reports showed that single bromodomains (BRD4-1 or BRD4-
2) could form a homodimer induced by small bivalent molecules.’> °> In addition to the
stability derived from the interaction between ligand and protein, protein-protein
interactions (PPIs) in the interface further decrease the free energy of the dimer (AGinterface
in PDB 5AD2 = -8.512 kcal/mol for BRD4-1 dimer induced by AZD3514 based bivalent
inhibitor, AGinterface in PDB 5JWM = -8.585 kcal/mol for BRD4-2 dimer induced by JQ-1
based bivalent inhibitor; interface binding energy was calculated by jsPISA2.0.5).124 125
The reported BRD4-1 and BRD4-2 homodimers were induced by different molecules but
both of these bivalent molecules were still pan-inhibitors for all BRD proteins. If we could
increase the interfacial binding energy of a specific BET family protein using a bivalent

molecule, !

selectivity for that specific BET family member may be feasible.

Previously reported bivalent BET inhibitors were designed based on AZD3514 and
JQ-1, but we chose to explore SG3-179 as a chemotype. SG3-179 is potent but non-
selective binder for BET family proteins (ICso = 23 nM for BRDT-1, ICso = 21 nM for
BRD4-1).%5 Crystallographic characterization and the synthetic experience obtained in our
monovalent SG3-179 analog project facilitated our synthetic route design as well as the

development of a spacer connection strategy (Figure 4.2).
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SGS 179 Compound 3.61 JQ-1 Apabetalone (RVX-208)

Figure 4.2 Strategy for spacer connection. (a) SG3-179 in complex with BRD4-1 (PDB:
5F63); (b) compound 3.61 in complex with BRD4-1 (unpublished data from the
Schonbrunn group); (¢) JQ-1 in complex with BRDT-1 (PDB: 4FLP); and (d) RVX-208 in
complex with BRD4-1 (PDB: 4MR4). Red text denotes the atom numbering of the small
molecule and the red arrows in the structural rendering correspond with the arrows and
area of the small molecule that can be used for spacer attachment.
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Figure 4.3 Design of symmetric and non-symmetric bivalent inhibitors. Red text denotes
the atom numbering of the small molecule.

For compound design of series I (Figure 4.3), we initially pursued N38-N38, C3—
C3 and N38-C3 connecting strategies to link two SG3-179 chemotypes, where N38 and
C3 denote the atom numbering of SG3-179. Because a JQ-1 symmetric bivalent inhibitor

successfully induced the dimerization of BRD4-2, we first explored symmetric bivalent

54



SG3-179 inhibitors. The crystal structure of SG3-179 in complex with BRD4-1 indicated
that the N38 of SG3-179 is solvent exposed (Figure 4.2a).%5 Therefore, we used the N38
of SG3-179 as a handle for spacer attachment. In further support of this approach, our
previous FP probe studies also demonstrated that modification of N38 did not influence its
BET protein affinity.”® For the first set (N38 —N38) of compounds in series I, we connected
N38 of two SG3-179 chemotypes to form symmetric bivalent inhibitors. Both N-alkyl and
N-acetyl attachments were explored in this set. For these symmetric bivalent compounds,
the spacer was introduced at N38 nearby the BC loop (Figure 4.2a). To modulate protein
dimerization, we were interested in introducing spacers at alternative positions. Through
analysis of the crystal structure of compound 3.61 with BRD4-1 (Figure 4.2b), the C3 of
SG3-179 analog 3.61 in the ZA channel was also a reasonable option as a spacer attachment
point. For the second set of series I compounds (C3 — C3), we connected C3 of two SG3-
179 chemotypes to form a second type of symmetric bivalent inhibitors. Finally,
connecting the C3 of one SG3-179 chemotype to the N38 of another SG3-179 chemotype
formed the third compound set in series I (N38—C3).

Since JQ-1 and RVX208 are known BET inhibitors,” °! we connected these two
compounds to the SG3-179 chemotype at its N38 atom for series II (Figure 4.3). The ester
moiety of JQ-1 has previously been established to be suitable for the attachment of a spacer
connection (Figure 4.2¢).°! RVX-208 contains a glycol tail for solubility regulation,”
which was selected for the attachment of the second chemotype (Figure 4.2d). In these
two series of compounds, we chose PEG spacers to avoid non-specific binding.!?’
Moreover, the commercial availability of bifunctional PEG spacers provided a convenient

linker library for spacer length exploration.

4.2 Chemistry. In series I (Scheme 4.1), the symmetric SG3-179 molecules were
generated using previously synthesized compounds 2.11 and 3.39 (discussed in chapters 2
and 3, respectively). Symmetric SG3-179 bivalent molecules 4.1-4.7 were generated by
base-catalyzed coupling of compound 2.11 with dicarboxylic acid PEG spacers using
HATU. A PEG dibromide spacer was introduced under basic conditions through
nucleophilic substitution with compound 2.11 to yield N-alkyl modified analog 4.8. Due

to cyclization of bis(2-bromoethyl) ether with 2.11 in regular nucleophilic substitution
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conditions, a new strategy was adopted. 2,5-Dihydrofuran was oxidized to yield dialdehyde
spacer 4.9,'28 which was further reacted with 2.11 through reductive amination to give 4.10.
Two equivalents of compound 3.39 were coupled with the dicarboxylic PEG spacer and
then the Boc group was deprotected in the presence of piperidine to yield target molecule
4.11. Fmoc-protected PEG spacers were connected to 2.11 using HATU in the presence of
DIPEA. Fmoc deprotection with piperidine provided PEG linkers 4.12—4.15. The
connection of fragment 3.39 to PEG linkers 4.12-4.15 was performed by a HATU-
mediated coupling reaction, followed by Boc deprotection with TFA to furnish non-
symmetric SG3-179 molecules 4.16—4.19.

In series II (Scheme 4.2), SG3-179 was linked to JQ-1 and RVX-208. In addition,
two RVX-208 molecules were connected. After removing the #-butyl group of JQ1 with
TFA, the corresponding acid 4.20 was connected to intermediate 4.12 to provide non-
symmetrical bivalent analog 4.21. The aliphatic hydroxyl moiety of RVX-208 was
transformed to an amine via Gabriel synthesis.!?® Dicarboxylic PEG spacers were then
introduced to give disubstituted symmetric RVX-208 analogs 4.23 and 4.24 as well as
single substituted intermediates 4.25 and 4.26. These single substituted intermediates were

connected to 2.11 to yield non-symmetric SG3-179-RVX-208 analogs 4.27 and 4.28.
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Scheme 4.1 Series I: synthesis of SG3-179 based bivalent inhibitors using N38-N38, C3-
C3 and N38-C3 connection strategy
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min; PPhs, 0 °C, 3 h; (d) 2.11, NaBH(OACc)3, AcOH, MgSQOq, rt, 17 h. (¢) diamine PEG
spacer, HATU, DIPEA, DMF, rt, 12 h; (f) TFA, DCM, tt, 5 h; (g) Fmoc protected spacer,
TBTU, DIPEA, DMF, rt, 12 h; (h) piperidine, DMF, rt, 2 h; (i) 3.39, HATU, DIPEA, DMF,
rt, 12 h.
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Scheme 4.2 Series II: SG3-179 linked to JQ1 (4.21), bivalent symmetrical RVX208
inhibitors 4.23 and 4.24 and SG3-179 linked to RXV208 (4.27 and 4.28)
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reflux, overnight;'3° (e) 0.5 eq of dicarboxylic PEG spacer, HATU, DIPEA, DMF, rt, 12 h;
(f) 1.2 eq of dicarboxylic PEG spacer, HATU, DIPEA, DMF, rt, 12 h.

4.3 Results and discussion. A well-established AlphaScreen assay (performed by our
collaborators) and the commercially available BROMOscan technology were adopted as
our primary screening methods. Our collaborators obtained crystal structures of BET
family proteins in complex with bivalent inhibitors and monitored cell anti-proliferation

activity and c-Myc levels to reveal the cellular consequences of BET protein inhibition.

4.3.1 Bivalent molecules are potent BET protein inhibitors. For series I, we used three
ways (N38-N38, C3—C3 and N38—C3) to connect two SG3-179 chemotypes. Since the JQ-
1 based symmetric bivalent inhibitor induced the dimerization of BRD4-2, we first
explored another symmetric strategy (N38—N38) to determine whether symmetric SG3-
179 analogs would also induce dimerization. The N38—N38 compounds were prepared by
conjugating varying lengths of PEG spacers with the piperidine tail of SG3-179 at N38

through an amide attachment. Bivalent molecule 4.1 contained the shortest spacer, and in
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the AlphaScreen assay, it exhibited similar activity against both BRDT-1 and BRD4-1
(Table 4.1). With the extension of spacer length from 1 to 6 PEGs, BRDT-1 inhibitory
activity increased between 5- and 10-fold in a non-linear manner, while the ICso decreased
between 2- and 8-fold for BRD4-1. Among these compounds, 4.2 and 4.3 showed more
than 40-fold selectivity for BRDT-1 over BRD4-1. Selectivity was further improved to 70-
fold as spacer length increased in compounds 4.4, 4.5 and 4.6. This trend was terminated
when the spacer length grew up to 7 PEGs. Compound 4.7 with an 8-PEG spacer only
showed 18-fold selectivity for BRDT-1 over BRD4-1. To investigate the influence of
amide attachment, we transformed this rigid amide attachment into a more flexible N-alkyl
moiety to obtain compounds 4.10 and 4.8. Bivalent molecule 4.10 contained the shortest
spacer and exhibited no selectivity for BRDT-1 or BRD4-1. Compound 4.8, which
contained the same spacer length as 4.2, exhibited decreased selectivity for BRDT-1.
Amide attachment, it seemed, was beneficial to maintain selectivity for BRDT-1 over
BRD4-1 in the bivalent SG3-179 series.

All compounds above introduced functional moieties at N38 close to the BC loop
(Figure 4.2a). Therefore, we proposed an alternative spacer introduction strategy to
influence selectivity and potency. The crystal structure of 3.61 in complex with BRD4-1
showed that the glutamic acid moiety at the C3 position was close to the ZA channel
(Figure 4.2b). From our previous monovalent SG3-179 analog development, compound
3.55 (BRDT-1: ICso = 29.5 nM, BRD4-1: ICso = 51.3 nM) (Table 3.2), which has a
carboxylic group at C3 of SG3-179, was introduced as a SG3-179 chemotype. For this C3—
C3 set, compound 4.11 was prepared by connecting C3 of compound 3.55 with a PEG
spacer. This compound exhibited an 1Cso of 22.5 nM for BRDT-1 and was 6-fold less
potency for BRD4-1 in the AlphaScreen assay (Table 4.2). In the N38—C3 set of
compounds, compound 4.16 was assembled using the N38 position of compound 2.11 and
was joined to 3.55 at C3. Similar to the symmetric N38—N38 set, this compound also
exhibited selectivity for BRDT-1 over BRD4-1 (26-fold) in the AlphaScreen assay (Table
4.3). With increasing PEG spacer length, the selectivity ratio increased initially but then
decreased after a maximal length. Compared with the parent compounds 2.11 and 3.55, the
best compound (4.17) was at least 40-fold more potent against BRDT-1 than BRD4-1. The
selectivity of 4.17 was also enhanced to 238-fold for BRDT-1 in this series. In Table 4.2,
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the three series I strategies (N38—N38, C3—C3 and N38—C3) were compared using the same
spacer length. Compounds 4.3, 4.11 and 4.17 shared similar ICso values for BRD4-1,
whereas their potency varied from double-digit nanomolar to sub-nanomolar for BRDT-1.
The N38—C3 strategy provided the most selective compound for BRDT-1 over BRD4-1.
Based on their exquisite selectivity, these bivalent inhibitors most likely form special
bivalent interactions with BRDT-1 that do not exist for BRD4-1.

We also wanted to explore whether the improved BRDT-1 selectivity was
ligand/chemotype dependent. Therefore, in series II a hybrid strategy was used to form
non-symmetric bivalent inhibitors (Table 4.4). BET inhibitor JQ-1- and RVX-208-linked
SG3-179 hybrids 4.21, 4.27 and 4.28 were connected with moderate-length PEG spacers.
Again, none of these compounds exhibited selectivity for BRDT-1 over BRD4-1 in the
AlphaScreen assay. Spacer extension of the RVX-208/SG3-179 hybrid compounds showed
sub-micromolar activity and up to 5-fold selectivity for BRDT-1. Symmetric bivalent
RVX-208 molecules (compounds 4.23 and 4.24) were very weak BET inhibitors. (Table
4.4).
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Table 4.1 AlphaScreen data of N38—N38 connected series I

N3g . Spacer.  N38
N N

s fz <Er i

_N N
41-438
410
Number of AlphaScreen,! ICs) (nM)
Compound Spacer . SI
atoms in spacer BRDT-1 BRD4-1
4.1 Aoyt 5 57.9 101.9 1.8
42 ooyt 8 6.7 266.5 40
43 Mooy 11 37 158.7 43
4.4 Aty 16 11.3 816.2 72
4.5 Aty 19 45 338.0 76
4.6 Aty 25 4.1 308.3 75
4.7 Aty 31 13.9 254.8 18
4.10 Ao Tro™A 5 255 46.7 1.8
4.8 NS 8 114 117.8 10
2.11 - - 49.0 80.1 1.6
JQ-1 - - 133.3 65.0 0.49

! AlphaScreen performed by Jun Qi group, single experiment performed in quadruplicate.
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Table 4.2 AlphaScreen data of three series I spacer strategies

4.3 4.17

ety

4.11

N38 HN

AlphaScreen,! ICs) (nM)

Compound Spacer position BRDT-1 BRDA-1 SI
4.3 N38 —N38 3.7 158.7 43
4.11 Cc3-C3 22.5 138.6 6.2
4.17 C3-N38 0.7 170.1 238

! AlphaScreen performed by Jun Qi group, single experiment performed in quadruplicate.
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Table 4.3 AlphaScreen data of N38—C3 strategy in series I

OY Spacer. N N 382
N H oo

“”%\

N al (0] NH N\fN
>LS»N F HN F
HN__N__NH o] \G\IH
o
4.16 - 4.19
Number of AlphaScreen,! ICs) (nM)
Compound Spacer . SI
atoms in Spacer BRDT-1 BRD4-1
416 Aoy 10 24 612 26
4.17 Aoy oyt 12 0.7 170.1 238
4.18 Aoty 16 0.9 69.5 7
4.19 Aptedroty 22 0.8 74.9 90
211 - - 49.0 80.1 1.6
3.55 - - 29.5 51.3 0.21
JQ-1 - - 133.3 65.0 0.49

! AlphaScreen performed by Jun Qi group, single experiment performed in quadruplicate.
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Table 4.4 AlphaScreen data of series II JQ-1/RVX-208 non-symmetric bivalents and
bivalent RVX-208

(0]
N-N s
Spacer—NH a8  Spacer_ _~__0O
N38 N7 N N)\ N38 N N y o
\ > S | ~
— N
Oy _NH
o] Cl O O
| H ~
>L s*“ c3 E c ﬁ\/S:N c3 F
O’/ \\o O (0]
=N 4.21 =N 4.27,4.28

o} (o}
H \/\H~Spacer——u/\/ H
_O N | : N O
N N
o O

2

- 4.23,4.24 °
Number of AlphaScreen,' ICs (nM)
Compound Spacer atoms in SI
spacer BRDT-1 BRD4-1

421 Agbory oyt 11 1.1 23.5 2.1
4.27 Aoty 11 369.6 811.0 22
428 Apbodponty 25 136.9 684.4 5.0
4.23 Aoy i} >50,0000 >50,0000 NA
424 Arbesde s 25 >50,0000 >50,0000 NA
211 - - 49.0 80.1 1.6
RVX-208 - - 5,405 1,142 0.21
JQ-1 - - 1333 65.0 0.49

! AlphaScreen performed by Jun Qi group, single experiment performed in quadruplicate.
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Table 4.5 BROMOscan data for BRDT-(1,2) and BRD4-(1,2)

Bromoscan,' K; (nM)

Compound
BRDT-(1,2) BRD4-(1,2)
4.2 0.59 3.6
4.3 2.6 4.8
4.4 1.5 2.8
4.5 0.8 1.6

"Bromoscan performed by DiscoverX as a single
experiment performed in duplicate.

The next question was whether these bivalent compounds had the potential for
biased affinity for either of the tandem bromodomains (BRDT-(1,2) or BRD4-(1,2). The
BROMOscan by DiscoverX was adopted to measure this in a tandem bromodomain assay.
As full length of BRDT is not available, a construct containing BRDT/4-1 and BRDT/4-2
was utilized in the BROMOscan assay. Surprisingly, the selectivity of compounds 4.2, 4.3,
4.4 and 4.5 decreased significantly for tandem BRDT (Table 4.5). To investigate this
selectivity loss, we obtained the affinity of compound 4.3 for different bromodomains in
the BET family (Table 4.6). In the BROMOscan assay, 40-fold selectivity for BRDT-1
over BRD4-1 was observed, which validated previous AlphaScreen data. However,
compound 4.3 showed almost equivalent affinity for BRDT-2 and BRD4-2. In the BRDT-
(1,2) and BRD4-(1,2) assays, compound 4.3 might either bind BRD4-2 with high affinity
or induce dimerization between two BRD4-2 domains in BRD4-(1,2). In addition to the
homodimer, heterodimers between the first and second bromodomains in different tandem
constructs or intramolecular interactions between the first and second bromodomain in the
same tandem constructs might be induced in the BRDT-(1,2) and BRD4-(1,2) assays. We
do not have any evidence about which binding mode was preferred in the tandem BET
assay, but the possibility of multiple binding modes may be the reason for selectivity loss

of bivalent compound 4.3 in this assay.
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Table 4.6 BROMOscan data of compound 4.3 for different bromodomains

Bromodomain Compound 4.3, Kq (nM)

BRDT-1 0.6
BRDT-2 8.2
BRD4-1 28
BRD4-2 8.9

"Bromoscan performed by DiscoverX, single
experiment performed in duplicate.

a MML.S cells, bivalent inhibitors Compound ECs,, (nM)
i - 101 42 44
1004 == SG3-179
LN 42 4.3 59
80 - 4.3
Z —— 44 4.4 34
g - 45
= 4.5 30
“7 A
- JQ-1 43
1 SG3-179 30
hisoad b C:r'l:::‘entrallonoi:m) b
b Ja-1 $G3-179 4.2 43 4.4 45

c-MYC

Vinculin

Figure 4.4 Effects of bivalent inhibitors on MM1.S cells. (a) ECso values from the
cellular assay; (b) Western blot analysis of c-Myc.

4.3.2 Bivalent molecules can penetrate through the membrane of MM1.S cells. To
measure cellular penetration, we next assessed the cellular effects of the bivalent inhibitors
in MM1.S cells, which was previously used in the JQ-1 bivalent molecule study.’! After
treatment with our bivalent inhibitors 4.2, 4.3, 4.4 and 4.5, cell viability was inhibited in a
concentration-dependent manner. All bivalent inhibitors tested exhibited double-digit
nanomolar activity for MML.S cells (Figure 4.4a). As c-Myc-induced proliferation
inhibition is regulated through BET-mediated epigenetic machinery,** ¢c-Myc transcription

levels were also monitored by western blot (Figure 4.4b). As expected, these compounds



downregulated c-Myc levels in a concentration-dependent manner. Compared with
compounds 4.2 and 4.3, compounds 4.4 and 4.5 with a longer PEG spacer showed
improved c-Myc inhibition. Taken together, these data support that high molecular weight
bivalent molecules can penetrate the cell membrane and exhibit on-target BRD4 activity.
Additionally, spacer length appeared to influence c-Myc activity. However, due to the lack
of a biological marker of BRDT inhibition, a cell-based functional assay for BRDT is not

yet available.

4.3.3 Bivalent molecules induced dimerization of BRDT-1 and BRD4-1. To better
understand the binding mode of these bivalent BET inhibitors, several cocrystal structures
were obtained. In Figures 4.5a and 4.5b, bivalent compounds 4.3 and 4.4, varying only by
one unit in spacer lengths, promoted the association of BRDT-1 into a similar dimer (as
shown in Figure 4.6a as well). The chemotypes of these compounds retained the same
binding site architecture as their monovalent counterparts, including the key interaction
with Asnl09 and the WPF shelf occupancy. Hydrophobic residues Phe48, Met118 and
Leul17 at the interface of BRDT-1 monomer A (orange) formed an interaction with Trp50
from BRDT-1 monomer B (cyan) (Figure 4.6b). Bivalent compounds 4.3 and 4.5 also
induced the dimerization of BRD4-1 (Figures 4.5¢ and 4.5d). The SG3-179 chemotype
maintained a similar binding site architecture as its monovalent counterpart, including the
interaction with conserved Asn140. Interactions between two BRD4-1 monomers are also

observed in Figure 4.6e.
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Figure 4.6 Difference between BRDT-1 and BRD4-1 homodimers. (a) Compound-
induced dimerization of BRDT-1; (b) residues involved in the protein-protein interface
of the BRDT-1 homodimer; (¢) binding mode of compound 4.3 in the BRDT-1
homodimer; (d) compound induced dimerization of BRD4-1; (e) residues involved in the
protein-protein interaction of the BRD4-1 homodimer; (f) binding mode of compound
4.5 in the BRD4-1 homodimer.

Even though the binding modes of these compounds were similar to the BRDT
dimers, but there were some differences in protein-protein interactions and chemotype
binding pose. Compared with the BRDT-1 dimer, monomer A (orange) of BRD4-1
approached monomer B (cyan) in a different orientation (Figures 4.6a and 4.6d). Many
more amino acid residues at the protein-protein interface participated in the interaction to
form the BRD4-1 dimer than the BRDT-1 dimer (Figures 4.6b and 4.6e). In protein-
protein interactions, hydrophobic residues are typically the driving force for protein
association. Hydrophilic residues could form specific ionic interactions or H-bonds
intermolecularly in the interface, but these interactions are not favored due to the energy
penalty of desolvation.!?¢ In our free energy calculation, the hydrophobic amino acid
residues preferred to interact with other hydrophobic areas to minimize contact with the
solvent, which contributed to the free energy of solvation for BRDT-1 with compound 4.3
(AGinterface = -2.94 kcal/mol) and BRD4-1 with compound 4.5 (AGinterface = -6.29 kcal/mol)
homodimers (interface binding energy was calculated by jsPISA2.0.5'%% 125), Published
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BRD4-1 homodimers (PDB: 5KHM, 5DA2 and 5AD3) showed a AGinterface ranging from -
9.44 to -5.99 kcal/mol (interface binding energy was calculated by jsPISA2.0.5!%4 125),
Unfortunately, there were no BRDT-1 homodimer published for comparison. It seemed
that compound 4.5 was a moderate promoter of BRD4-1 homodimerization and compound
4.3 is a weak promoter of BRDT-1 homodimerization. Moreover, interactions between
amino acid residues on each monomer of BRD4-1 disrupted typical SG3-179 chemotype
binding in monomer B of the BRD4-1 dimer. Phe79 of BRD4-1 monomer A (orange)
interacts with Trp81 and Pro82 of the WPF shelf in monomer B (cyan) (Figure 4.6e), and
as a result, the #-butyl group of SG3-179 was excluded from the WPF shelf in monomer B
and relocated to the ZA channel (Figure 4.6f). Our experience with the monovalent
inhibitor series emphasized how crucial WPF shelf occupancy was to maintaining ligand
affinity. Partial loss of WPF interaction with compounds 4.3 and 4.5 most likely explained
the reduced BRD4-1 affinity in the AlphaScreen. However, more interactions between the
two BRD4-1 monomers might enhance the binding affinity of compounds 4.3 and 4.5 for
BRD4-1, but we do not know how strong the protein-protein interactions influence the total

binding affinity of these two compounds.

4.4 Conclusions and future directions. In conclusion, we generated two series of bivalent
inhibitors with different spacer strategies (N38—N38, C3—C3 and C3—N38). Spacer length,
attachment types and ligands were explored for SAR discussion. In the AlphaScreen assay,
series I of SG-179 based bivalent inhibitors exhibited up to 238-fold selectivity for BRDT-
1 over BRD4-1. For the N38—N38 strategy in series I, selectivity first increased with
elongation of the spacer, then decreased when the spacer was longer than 7 PEG units. For
the C3—N38 strategy in series I, the turning point was 5 PEGs. Compared with the strategies
above, the C3—C3 strategy exhibited decreased selectivity. Series II compounds contained
known BET ligands JQ-1 and RVX208 in addition to SG3-179, but none of them exhibited
selectivity for BRDT-1. Several cocrystal structures disclosed that BRDT-1 and BRD4-1
molecules were induced to form homodimers by our bivalent small molecules. Notably,
this was the first crystallographic evidence showing that BRDT-1 can be induced to form
a homodimer by small bivalent molecules. Differences in protein interfaces and chemotype

binding modes were observed between the two isoforms. These structural differences
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might contribute to BRDT-1 selectivity in the AlphaScreen and BROMOscan.
Disappointingly, the selectivity decreased significantly in the BRDT-(1,2) and BRD4-(1,2)
assays. Pan affinity for second bromodomain of BRD4 and BRDT as well as multiple
binding modes in the tandem assay of these bivalent compounds might explain their low
selectivity for BRDT in a tandem assay. In the cellular assays, several bivalent compounds
successfully penetrated through the cell membrane and downregulated c-Myc levels.
Evaluation of the physicochemical properties, PK and safety of bivalent compounds for
further in vivo testing is ongoing.

In the future we may need to develop selective inhibitors for tandem BRDT. A potential
idea for compound improvement is to modify spacer flexibility. All of our previous
compounds contained a flexible PEG spacer, but specific ligand binding poses might be
preferred for BRDT dimerization events. A rigid spacer may help to lock in a certain ligand

conformation for selective binding to BRDT or other BET family members.
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Chapter 5: Experimental Data

5.1 General chemistry procedures. All chemicals and reagents used for chemistry were
purchased and used directly as supplied. Solvents were dried over aluminum using a
PURESOLV Solvent Purification System. All non-aqueous reactions were performed in
oven-dried glassware. All oxygen sensitive reactions were performed in a glove box.
Reaction progress was monitored by thin-layer chromatography using silica gel plates
(silica gel 60 F2s4) and visualized with UV light (254 nm/365 nm). Compounds were
purified by flash column chromatography. NMR experiments were performed on a Bruker
400/100 MHz instrument. NMR spectra were processed with the MestReNova program.
Chemical shifts are reported in ppm relative to methanol-ds (3.31 ppm for 'H, 49.00 ppm
for 1°C), CDCls (7.26 ppm for 'H, 77.16 ppm for *C), or DMSO-ds (2.50 ppm for 'H, 39.5
ppm for 1*C). 'H NMR coupling constants (J) are expressed in Hertz (Hz), and multiplicity
is described as follows: s = singlet; d = doublet; t = triplet; q = quartet; p = pentet; br =
broad; m = multiplet. MS analysis of compounds was performed on a Bruker BioTOF II
ESI/TOF-MS instrument in positive and negative ion mode. Melting points were
determined on a melting point apparatus and are uncorrected. All tested compounds
(synthesized and purchased) were characterized and their purity was >95%, except for
2098321-12-8 where purity was >92% as determined by analytical LCMS. For LCMS
purity testing, compounds were dissolved in DMSO to make 10 mM stock solutions. The
stock solutions were then diluted 1000-fold using methanol and filtered (0.2 um, PTFE)
prior to purity analysis using an Acquity UPLC (Waters Corporation) equipped with an
Acquity BEH UPLC C18, 1.7 um (2.1 x 50 mm) column for separation. Light was detected
at 214 nm using a photo diode array detector. Mass data was acquired using a Micromass
ZQ mass spectrometer. LC was completed using a gradient method with each of the
following mobile phase systems: Mobile Phase A2: 95% Water, 5% Acetonitrile, 0.1%
Formic Acid; Mobile Phase B2: 95% Acetonitrile, 5% Water, 0.1% Formic Acid; Mobile
Phase A1: 95% Water, 5% Methanol, 0.1% Formic Acid; Mobile Phase B1: 95% Methanol,
5% Water, 0.1% Formic Acid.
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5.2 Chapter 2 synthesis of FP probes

H
_N

Boc \©1N02

Cl

2.2

tert-Butyl (4-Chloro-3-nitrophenyl)carbamate (2.2). 4-Chloro-3-nitroaniline (5.18 g,
30.0 mmol) and di-fert-butyl carbonate (7.2 g, 33.0 mmol) were dissolved in dry THF (20
mL). The mixture was stirred and refluxed for 28 h. The solvent was removed under
reduced pressure and the resulting yellow oil was triturated using EtOAc:hexanes to
provide the title compound as a yellow solid (4.75 g, 58%). Mp: 104.2-104.8 °C. '"H NMR
(400 MHz, CDCl3) 8 8.07 (d, J = 2.4 Hz, 1H), 7.44 (m, 2H), 6.80 (s, 1H), 1.52 (s, 9H). *C
NMR (100 MHz, CDCl3) 6 152.1, 148.0, 138.2, 132.0, 122.4, 120.0, 114.9, 82.0, 28.2. MS:
calcd for C11H12CIN2O; [M-H]J, 271.1; found 271.1.

H
N

Boc \©:NH2
Cl
2.3

tert-Butyl (3-Amino-4-chlorophenyl)carbamate (2.3). To a solution of tert-butyl (4-
chloro-3-nitrophenyl)carbamate (2.2, 5.45 g, 20.0 mmol) in MeOH (deoxygenated with
bubbled nitrogen) was added 10% Pd/C (0.21 g, 2.0 mmol) and hydrazine monohydrate
(64%, 3.5 g, 70.0 mmol) under nitrogen. The solution was stirred and heated at reflux for
10 h, cooled to rt and then filtered over Celite. The solvent was removed under reduced
pressure and the resulting yellow oil was triturated using EtOAc:hexanes to give the title
compound as a brown solid (3.12 g, 64%). Mp: 139.8-140.1 °C. 'H NMR (400 MHz,
CDCl3) 6 7.1 (m, 2H), 6.5 (dd, J=2.4 Hz, J = 8.6 Hz, 1H), 6.4 (s, 1H), 4.04 (s, 2H), 1.51
(s, 9H). 3C NMR (100 MHz, CDCls) & 152.6, 143.4, 137.9, 129.4, 113.3, 109.12, 105.5,
80.7, 28.3.265.1. MS: calcd for Ci1Hi5sCIN2NaO> [M+Na]*, 265.1; found 265.1.
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Boc

24

tert-Butyl (3-((tert-Butylsulfinyl)amino)-4-chlorophenyl)carbamate (2.4)% 3! To a
solution of tert-butyl (3-amino-4-chlorophenyl)carbamate (2.3, 500 mg, 2.06 mmol) and
pyridine (0.50 mL, 6.2 mmol) in DCM (1 mL) was added a solution of tert-butylsulfinyl
chloride (0.25 mL, 2.0 mmol) in DCM (1 mL) dropwise at 0 °C under nitrogen. The
mixture was stirred at 0 °C for 2 h, then warmed to rt and further stirred for 20 h. The
reaction mixture was diluted with EtOAc (20 mL) and washed with HCI (1 M, 1 x 50 mL)
and water (1 x 50 mL). The organic layer was dried (Na>SO4) and concentrated under
reduced pressure. The brown oil was purified by silica gel column chromatography
(EtOAc:hexanes, 1:5) to give the title compound as a pale-yellow foam (550 mg, 77%).
Mp: 123.1-123.6 °C. 'H NMR (400 MHz, CDCl3)  7.42 (d, J= 2.4 Hz, 1H), 7.19 (d, J =
8.6 Hz, 1H), 6.96 (dd, J=2.4 Hz, J= 8.6 Hz, 1H), 6.75 (s, 1H), 6.06 (s, 1H), 1.51 (s, 9H),
1.35 (s, 9H). *C NMR (100 MHz, CDCl3) § 152.4, 138.9, 138.5, 129.70, 116.1, 113.1,
107.2, 80.8, 57.1, 28.3, 22.4. MS: calcd for C1sH2CIN2OsS [M-HJ, 345.1; found 345.1.

2.5
N-(5-Amino-2-chlorophenyl)-2-methylpropane-2-sulfonamide (2.5). To a solution of
tert-butyl (4-chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)carbamate (2.4, 2.81 g,
8.10 mmol) in DCM (30 mL) was added and mCPBA (1.40 g, 8.10 mmol) under nitrogen
at 0 °C for 1 h, then warmed to rt and further stirred overnight. The reaction mixture was
diluted with DCM (20 mL) and washed with saturated NaHCO3 solution (2 X 200 mL) and
brine (1 x 200 mL). The organic layer was dried (Na2SOs4) and concentrated under reduced
pressure. The yellow oil was purified by silica gel column chromatography
(EtOAc/hexanes, 1:5) to give the title compound as a light-yellow solid (2.47 g, 84%) Mp:
193.4 —194.2 °C. 'H NMR (400 MHz, DMSO-ds) 6 9.54 (s, 1H), 9.22 (s, 1H), 7.80 (d, J
=1.9 Hz, 1H), 7.39 — 7.24 (m, 2H), 1.48 (s, 9H), 1.32 (s, 9H). *C NMR (100 MHz, DMSO-
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de) 0 152.5,138.9, 135.6, 129.4, 120.2, 116.8, 116.4, 79.3, 60.5, 28.0, 23.8. MS: calcd for
Ci5H23CIN2NaO4S [M+Na]*, 385.1; found 385.1.

2.6
N-(5-Amino-2-chlorophenyl)-2-methylpropane-2-sulfonamide (2.6).%> '*! To a solution
of N-(5-amino-2-chlorophenyl)-2-methylpropane-2-sulfonamide (2.5, 450 mg, 1.24 mmol)
in DCM (1.5 mL) was added TFA (1.5 mL) at rt and stirred for 2 h. The solvent was
removed under reduced pressure and then the pH was adjusted to pH = 12 by adding NaOH
(1 N). The aqueous phase was extracted with EtOAc (2 x 20 mL). The combined organic
phases were washed with a saturated NaHCO3 aqueous solution (20 mL) and brine (20 mL),
and dried over NaxSQ4), and concentrated under reduced pressure. The residues were
purified by silica gel column chromatography (EtOAc/hexanes) to give the title compound
as a yellow solid (254 mg, 78%). Mp: 122.7 -123.2 °C. 'H NMR (CDCl3, 400 MHz) § 7.19
(d, J=2.7 Hz, 1H), 7.09 (d, J = 8.6 Hz, 1H), 6.51 (s, 1H), 6.37 (dd, J = 8.6, 2.7 Hz, 1H),
3.76 (s, 2H), 1.41 (s, 9H). 1*C NMR (100 MHz, CDCls) §146.4, 135.9, 129.70, 111.9 (2C),
107.2, 62.4, 24.7. MS: calcd for CioH1sCIN2NaO,S [M+Na]", 285.1; found 285.1.

H H J<
N N@T);s\\o
Nj7N Cl
Cl 27

N-(2-Chloro-5-((2-chloro-5-methylpyrimidin-4-yl)amino)phenyl)-2-methylpropane-
2-sulfonamide (2.7)."3! To a solution of N-(5-amino-2-chlorophenyl)-2-methylpropane-2-
sulfonamide (2.6, 254 mg, 0.967 mmol) and 2,4-dichloro-5-methylpyrimidine (158 mg,
0.967 mmol) in isopropanol (2 mL) was added DIPEA (1 mL, 5.80 mmol). The mixture
was stirred at 120 °C for 2 days, then cooled to rt. The solvent was removed under reduced
pressure and the residue was purified by silica gel column chromatography (MeOH:DCM,
1.5:100) to give the title compound as a grey solid (135 mg, 36%). Mp: 273.6-274.2 °C.
'"H NMR (400 MHz, DMSO-ds) 6 9.31 (s, 1H), 8.99 (s, 1H), 8.08 (s, 1H), 7.96 (d, J=2.5
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Hz, 1H), 7.59 (dd, J= 2.5, 8.9 Hz, 1H), 7.46 (d, J = 8.7 Hz, 1H), 2.18 (s, 3H), 1.35 (s, 9H).
13C NMR (100 MHz, DMSO-ds) & 160.0, 156.6, 156.6, 138.0, 135.4, 129.2, 122.0, 120.5,
120.3, 114.8, 60.5, 23.9, 13.5. MS: caled for CisHisCi2N4NaO,S [M+Na]*, 411.1; found

411.1.
HoN F
H
O
N\Boc

0]

2.9

tert-Butyl 4-(4-Amino-2-fluorobenzamido)piperidine-1-carboxylate (2.9). To a
solution of 4-amino-2-fluorobenzoic acid (200 mg, 1.46 mmol) in DMF (5 mL) were added
HATU (610 mg, 1.60 mmol), DIPEA (0.51 mL, 2.92 mmol). The solution was stirred at rt
for 30 min followed by the addition of zert-butyl 4-aminopiperidine-1-carboxylate (350 mg,
1.75 mmol). The reaction mixture was further stirred at rt for 12 h. The DMF was removed
under reduced pressure and the residue was diluted with EtOAc (50 mL). The organic layer
was washed with brine (3 X 20 mL) and dried over Na;SOj4. The solvent was removed and
the residues was purified by silica gel column chromatography (EtOAc:hexanes) to give

the title compound as a pale-yellow solid (440 mg, 95%). Mp: 137.6 — 138.1 °C. '"H NMR
(400 MHz, CDCls) 6 7.89 (t, J = 8.9 Hz, 1H), 6.56 — 6.43 (m, 2H), 6.32 (dd, /= 2.2, 14.4

Hz, 1H), 4.06 - 4.28 (m, 3H), 4.03 (s, 2H), 2.95 (t, /= 12.1 Hz, 2H), 2.06 — 1.94 (m, 2H),

1.46 (s, 9H), 1.45 — 1.32 (m, 2H). 3C NMR (100 MHz, CDCl3)  162.8 (d, J = 3.6 Hz),

162.2 (d, J=244.4 Hz), 154.7, 151.5 (d, J=12.7 Hz), 133.4 (d,J=4.3 Hz), 1109 (d, J =

1.9 Hz), 110.3 (d, J = 11.5 Hz), 100.8 (d, J = 28.9 Hz), 79.6, 46.8, 32.1, 29.3, 28.4. MS:

calcd for C17H24FN3NaO; [M+Na]*, 360.2; found 360.2.

H H J<
S s
I O/ \o



tert-Butyl  4-(4-((4-((4-Chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
methyl pyrimidin-2-yl)amino)-2-fluorobenzamido)piperidine-1-carboxylate (2.10).
To a solution of tert-butyl 4-(4-amino-2-fluorobenzamido)piperidine-1-carboxylate (2.9,
260 mg, 0.771 mmol) and sodium tert-butoxide (148 mg, 1.54 mmol) in 1,4-dioxane (3
mL), a solution of N-(2-chloro-5-((2-chloro-5-methylpyrimidin-4-yl)amino)phenyl)-2-
methylpropane-2-sulfonamide (2.7, 300 mg, 0.771 mmol), Pd>(dba)s (35.3 mg, 0.0385
mmol) and BINAP (48.0 mg, 0.0771 mmol) in 1,4-dioxane (3 mL) was added. The mixture
was degassed and heated at 110 °C for 5 h under nitrogen. The mixture was cooled to rt,
diluted with EtOAc, and the organic layer was washed with brine (3 x 20 mL) and dried
over NaxSOs. The solvent was removed and the residues was purified by silica gel column
chromatography (MeOH:DCM, 3:100) to give the title compound as a pale-yellow solid
(477 mg, 90%). Mp: 177.2 -177.8 °C. '"H NMR (400 MHz, DMSO-ds) 6 9.44 (s, 1H), 9.32
(s, 1H), 8.65 (s, 1H), 8.00 (s, 1H), 7.82 (dd, J=3.2, 7.7 Hz, 1H), 7.78 (dt, J = 2.8, 8.6 Hz,
3H), 7.53 — 7.36 (m, 3H), 4.00 — 3.80 (m, 3H), 2.88 (s, 2H), 2.14 (s, 3H), 1.84 -1.72 (m,
2H), 1.41 (s, 9H), 1.40 — 1.34 (m, 2H), 1.33 (s, 9H). 1*C NMR (100 MHz, DMSO-ds) &
162.9 (d, J = 3.0 Hz), 159.8(d, J = 244 Hz), 158.6, 157.3, 155.8, 153.8, 144.8 (d, J =12
Hz), 139.0, 135.4, 130.2 (d, J = 5 Hz), 129.1, 121.2, 121.0, 120.6, 114.8 (d, J = 13 Hz),
113.2,107.4,104.2 (d, /=29 Hz), 78.6, 60.6, 55.8, 46.2, 29.6, 28.1, 23.8, 13.5. MS: calcd
C32H40CIFN70OsS [M-H], 688.3; found 688.4.

N.__N
N d
HN F
H
N
2.11

4-((4-((4-Chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
methylpyrimidin-2-yl)amino)-2-fluoro-N-(piperidin-4-yl)benzamide (2.11). To a
solution of tert-butyl 4-(4-((4-((4-chloro-3-((1,1-
dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-2-yl)amino)-2-
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fluorobenzamido)piperidine-1-carboxylate (2.10, 200 mg, 0.290 mmol) in DCM (1.6 mL)
was added TFA (0.4 mL) and the mixture was stirred at rt for 12 h. The solvent was
removed under reduced pressure and then the pH was adjusted to pH = 13 by adding NaOH
(1 N). The grey precipitate was filtered, washed with water (2 x 10 mL) and then with
acetone (5 mL). The residue was dried under high vacuum to give the title compound as a
colorless solid (156 mg, 91%). Mp: 233.0 -233.4 °C. 'H NMR (400 MHz, DMSO-ds) &
9.30 (s, 1H), 8.42 (s, 1H), 7.86 (s, 1H), 7.76 (dd, J=3.1, 7.6 Hz, 1H), 7.72 — 7.66 (m, 1H),
7.64 (d,J=2.4Hz, 1H), 7.47—7.27 (m, 3H), 7.21 (d, J= 8.7 Hz, 1H), 3.67 — 3.87 (m, 1H),
2.97(d,J=12.1 Hz, 2H), 2.59 (t, J=11.8 Hz, 2H), 2.03 (s, 3H), 1.80 — 1.62 (m, 2H), 1.48
—1.30 (m, 2H), 1.21 (s, 9H). *C NMR (100 MHz, DMSO-ds) 6 162.9 (d, J = 3 Hz), 160.2
(d, J =170 Hz), 158.6, 157.4, 155.5, 1449 (d, J = 13 Hz), 139.9, 138.5, 130.1 (d, J =5
Hz), 128.6, 120.8, 119.3, 118.0, 114.8 (d, /= 14 Hz), 113.1, 107.1, 104.1 (d, J = 28 Hz),
59.2,46.1,44.0,31.1,24.3, 13.6. MS: calcd C27H34CIFN;03S [M+H]", 590.2; found 590.3.

212
5,5-Difluoro-1,3,7,9-tetramethyl-5SH-4)4,5)\*-dipyrrolo[1,2-¢:2',1'-f][1,3,2]
diazaborinine-2-carbaldehyde (2.12).!% When DMF (0.57 mL, 7.8 mmol) was added to

POCI; (0.54 mL, 5.8 mmol) dropwise under nitrogen at 0-5 °C a colorless solid formed.
To this mixture, a solution of 5,5-difluoro-1,3,7,9-tetramethyl-5H-41* 5)*-dipyrrolo[1,2-
c:2',1'-f][1,3,2]diazaborinine (360 mg, 1.45 mmol) in 1,2-dichloroethane (60 mL) was
added. The mixture was heated at 50 °C for 3 h and then the mixture was poured into ice
water and the pH was adjusted to pH = 7-8 with a NaHCOs3 saturated aqueous solution,
extracted with DCM, and dried over Na>SOs. The solvent was removed under reduced
pressure and the residue was purified by silica gel column chromatography
(EtOAc/hexanes) to give the title compound as an orange solid (0.36 g, 89%). Mp: 251.3 °C,
decomposition. '"H NMR (400 MHz, CDCls) & 10.04 (s, 1H), 7.23 (s, 1H), 6.22 (s, 1H),
2.78 (s, 3H), 2.60 (s, 3H), 2.51 (s, 3H), 2.31 (s, 3H). *C NMR (100 MHz, CDCls) & 185.6,
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163.5, 157.2, 145.5, 140.5, 136.5, 131.1, 125.7, 122.0, 121.5, 15.3, 12.9, 11.5, 10.5. MS:
calcd C14sHisBF2N2NaO [M+Na]", 299.1; found 299.1.

2.13
5,5-Difluoro-3,7-dimethyl-5H-424,5).*-dipyrrolo[1,2-c:2',1'-f][1,3,2] diazaborinine-2-
carboxylic Acid (2.13).!° To a solution of 5,5-difluoro-1,3,7,9-tetramethyl-5H-4A*, 5A*-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-2-carbaldehyde (2.12, 50.0 mg, 0.18 mmol) in
THF (1 mL) was added H>O (0.4 mL) and NaH>PO4 (130 mg, 0.110 mmol). The mixture
was stirred at rt for 10 min and then NaClO; (54 mg, 0.6 mmol) and H>O (30%, 0.04 mL,

0.4 mmol) in H>O (0.4 mL) were then added into the mixture. The mixture was then stirred
at room temperature for 3 h. The solvent was removed under reduced pressure and then
diluted with water and adjusted the pH to ~13 with NaOH (1 N), and washed with DCM
(2 x 20 mL). The aqueous phase was acidified with HCI (1 N). An orange precipitate was
collected, washed with water (5 mL) and purified by preparative HPLC (MeCN:H2O) to
give the title compound as an orange solid (16 mg, 30%). Mp: 293.4 °C, decomposition.
'"H NMR (400 MHz, DMSO-ds) & 12.48 (s, 1H), 7.90 (s, 1H), 6.39 (s, 1H), 2.66 (s, 3H),
2.50 (s, 3H), 2.48 (s, 3H), 2.33 (s, 3H). 1*C NMR (100 MHz, DMSO-ds) & 165.3, 160.8,
155.6, 145.4, 142.1, 135.1, 130.7, 123.6, 121.2, 119.0, 14.6, 14.1, 11.6, 11.1. MS: calcd
C14H14BF2N202 [M-HT, 291.1; found 291.2.

214
(E)-3-(5,5-Difluoro-1,3,7,9-tetramethyl-5H-4).4,5)\4-dipyrrolo [1,2-¢:2',1'-
f1[1,3,2]diazaborinin-2-yl)acrylic Acid (2.14).!> To a solution of 5,5-difluoro-1,3,7,9-
tetramethyl-5H-4A*,5A*-dipyrrolo[1,2-¢:2',1'-f][ 1,3,2]diazaborinine-2-carbaldehyde (2.12,
72 mg, 0.26 mmol) and malonic acid (271 mg, 2.61 mmol) in DMF (1.0 mL) was added
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pyridine (0.11 mL, 1.3 mmol). The mixture was stirred at 90 °C for 5 h and then diluted
with water (60 mL) and acidified to pH = 1 with HCI (2 N). The aqueous layer was
extracted with EtOAc (5 x 60 mL). The combined organic layer was washed with brine (20
mL) and dried over MgSO4. The solvent was removed, and the residues was purified by
preparative HPLC (MeCN/H20) to give the title compound as a purple solid (23.6 mg,
28%). Mp: 255.7 °C, decomposition. 'H NMR (DMSO-ds, 400 MHz) 6 12.22 (s, 1H), 7.88
(s, 1H,), 7.53 (d, J = 16.2 Hz, 1H), 6.35 (s, 1H), 6.13 (d, J = 16.2 Hz, 1H), 2.56 (s, 3H),
2.49 (s, 3H), 2.42 (s, 3H), 2.33 (s, 3H). 1*C NMR (100 MHz, DMSO-ds) 6 167.9, 159.5,
154.4, 144.5, 138.6, 134.8, 134.6, 131.7, 122.9, 120.6(2C), 117.7, 14.5, 13.1, 11.1, 11.0.
MS: calcd CisH1sBF2N20O2 [M-H], 317.1; found 317.2.

2.15
Methyl (E)-3-(5,5-Difluoro-1,3,7,9-tetramethyl-5 H-4)4,5)*-dipyrrolo[1,2-¢:2',1'-
f111,3,2] diazaborinin-2-yl)acrylate (2.15).!> To a solution of 5,5-difluoro-1,3,7,9-
tetramethyl-5H-4A*,5A*-dipyrrolo[1,2-¢:2',1'-f][ 1,3,2]diazaborinine (50 mg, 0.20 mmol),

tert-butyl perbenzoate (78 mg, 0.40 mmol) and methyl acrylate (87 mg, 1.00 mmol) in
AcOH:dioxane:DMSO (3:9:1, 1.5 mL), Pd(OAc)2 (9.0 mg, 0.040 mmol) was added. The
mixture was stirred at 35 °C for 5 days. The mixture was diluted with water (15 mL),
extracted with diethyl ether (3 x 15 mL) and dried over MgSOa. The solvent was removed
and the residues was purified by silica gel column chromatography (DCM/MeOH) to give
the title compound as an orange solid (38 mg, 57%). Mp: 247.1 °C, decomposition. 'H
NMR (400 MHz, CDCI3) 6 7.66 (d, J = 16.2 Hz, 1H), 7.12 (s, 1H), 6.23 — 6.05 (m, 2H),
3.80 (s, 3H), 2.65 (s, 3H), 2.56 (s, 3H), 2.35 (s, 3H), 2.27 (s, 3H). *C NMR (100 MHz,
CDCl3) 6 168.0, 160.3, 155.6, 143.6, 138.0, 136.0, 135.1, 132.1, 123.5, 120.6 (2C), 116.2,
51.6, 15.0 (2C), 13.5, 11.4. MS: calcd C17H19BF2N2NaO; [M+Na]", 355.2; found 355.2.
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COZMe

2.16
3-(5,5-Difluoro-1,3,7,9-tetramethyl-5 H-4).*,5)\*-dipyrrolo[1,2-¢:2',1'-
f111,3,2]diazaborinin-2-yl)propanoic Acid (2.16). To a solution of methyl (£)-3-(5,5-
difluoro-1,3,7,9-tetramethyl-5 H-4\*, 5 *-dipyrrolo[ 1,2-c:2',1'-f][1,3,2] diazaborinin-2-
ylacrylate (2.15, 60 mg, 0.18 mmol) in MeCN:EtOH (1:1, 10 mL), 5 drops of water and
Pd/C (10%) (1.9 mg, 0.018 mmol) were added. The reaction was stirred at room

temperature under Hz overnight. The mixture was filtered through Celite. The solvent was
removed under reduced pressure to give the title compound as an orange solid (48 mg,

80%). The product was used directly for the next step.

CO,H

217
3-(5,5-difluoro-1,3,7,9-tetramethyl-5 H-4A*,5)*-dipyrrolo[1,2-c:2',1'-

f111,3,2]diazaborinin-2-yl)propanoic acid (2.17). To a solution of methyl 3-(5,5-
difluoro-1,3,7,9-tetramethyl-5H-4A*,5A*-dipyrrolo[1,2-c:2',1'-f][ 1,3,2]diazaborinin-2-

yl)propanoate (10 mg, 0.030 mmol) in DCM (0.4 mL), a solution of NaOH (72 mg, 1.8
mmol) in MeOH:H>O (1:4, 9.6 mL) was added dropwise at 0 °C. The reaction was stirred
at room temperature for 10 h and then water (30 mL) was added and the aqueous phase
was washed with DCM (3 x 10 mL). The aqueous phase was acidified with HCI (2N) to
pH = 1. The mixture then emitted green fluorescence under UV at 365 nm. The mixture
was extracted with DCM (3 x 30 mL) and dried over MgSQOs. The solvent was removed,
and the residue was purified by silica gel column chromatography (DCM/MeOH) to give
the title compound as an orange solid (9.4 mg, 98%). Mp: 269.2 °C, decomposition. 'H
NMR (methanol-ds, 400 MHz) 6 7.23 (s, 1H), 5.98 (s, 1H), 2.63 (t, /= 7.6 Hz, 2H), 2.30 —
2.43 (m, 8H), 2.16 (s, 3H), 2.14 (s, 3H). *C NMR (100 MHz, methanol-ds) 8 176.6, 156.9,
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156.8, 142.6, 140.2, 134.5, 134.21, 129.9, 121.6, 119.5, 35.1, 20.5, 14.5, 12.8, 11.1, 9.5.
MS: caled C16H1sBF2N>O2 [M-H] 319.2, found 319.2.

2.18
4-((4-((4-Chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
methylpyrimidin-2-yl)amino)-N-(1-(5,5-difluoro-1,3,7,9-tetramethyl-5 H-4)*,5).*-

dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-2-carbonyl)piperidin-4-yl)-2-
fluorobenzamide (2.18). To a solution of 35,5-difluoro-3,7-dimethyl-5H-4\%5\*-
dipyrrolo[1,2-¢:2',1'-f][1,3,2]diazaborinine-2-carboxylic acid (2.13, 5.0 mg 17 umol) in
anhydrous DCM (1 mL) were added I1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC, 3.9 mg, 21 umol), HOBt x H>O (3.2 mg, 21 umol). The reaction was
stirred at room temperature for 20 min, and then 4-((4-((4-chloro-3-((1,1-
dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-2-yl)amino)-2-fluoro-N-
(piperidin-4-yl)benzamide (2.11, 13 mg, 22 pmol) and DIPEA (12 pL, 69 pmol) were
added. The reaction solution was stirred at room temperature for 6 h. The mixture was
diluted with EtOAc, and the organic layer was washed with brine (3 x 20 mL) and dried
over NaxSO4. The solvent was removed under reduced pressure and the residue was
purified by preparative HPLC to give the title compound as an orange solid (11 mg, 74%).
Mp: >250 °C, decomposition. Purity: >99% (HPLC). 'H NMR (400 MHz, DMSO-ds) &
9.47 (s, 1H), 9.35 (s, 1H), 8.67 (s, 1H), 8.00 (s, 1H), 7.95 — 7.85 (m, 1H), 7.85 — 7.73 (m,
4H), 7.49 (t,J = 8.5 Hz, 1H), 7.42 (1H, d, J = 8.6), 7.38 (1H, d, /= 8.8), 6.31 (s, 1H), 4.56
—4.24 (m, 1H), 4.13 —3.98 (m, 1H), 3.75 — 3.45 (m, 1H), 3.28 — 3.12 (m, 1H), 3.08 (m,
1H), 2.47 (s, 3H), 2.38 (d, J = 19.8 Hz, 3H), 2.31 (s, 3H), 2.25 (d, J = 20.6 Hz, 3H), 2.13
(s, 3H), 1.96 — 1.81 (m, 2H), 1.56 — 1.43 (m, 2H), 1.32 (s, 9H). '3C NMR (100 MHz,

82



DMSO-ds) 6 164.0, 162.9, 160.0 (d, /=210 Hz), 159.1, 158.6, 157.3, 155.7, (151.4, 150.9,
rotamer) 144.9 (d, J= 12 Hz), 144.0, 139.0, (137.1, 136.6, rotamer) 135.4, 134.3, 131.2 (d,
J=17Hz), 130.2, 129.1, 125.7, 123.2, 121.2, 121.0, 120.7, 120.2, 114.8 (d, J = 14 Hz),
113.2,107.4, 104.2 (d, /=28 Hz), 60.6, 59.7, 46.2, 29.7, 23.8, 14.5, 13.5, 12.8, 11.1, 9.9.
MS: caled C41H47BCIF3NoO4S [M+H]" 864.3, found 864.6.

2.19
4-((4-((4-Chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
methylpyrimidin-2-yl)amino)-N-(1-(3-(5,5-difluoro-1,3,7,9-tetramethyl-5S H-4)*,5).*-

dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-2-yl)propanoyl)piperidin-4-yl)-2-
fluorobenzamide (2.19). Compound 2.19 was obtained as an orange solid (8.4 mg, 72%)
from acid 2.17 (4.2 mg, 13 umol) and amine 2.11 (9.3 mg, 16 umol), according to the
procedure described for amide 2.18. Mp: >250 °C, decomposition. Purity: >99% (UPLC).
'"H NMR (400 MHz, DMSO-d) 8 9.45 (s, 1H), 9.35 (s, 1H), 8.65 (s, 1H), 8.01 (s, 1H), 7.79
(s, 2H), 7.77 (d, J = 4.0, 1H) 7.69 (dd, J = 4.0, 7.7 Hz, 1H), 7.61 (s, 1H), 7.49 — 7.37 (m,
3H), 6.14 (s, 1H), 4.30 (d, J=12.7 Hz, 1H), 4.06 — 3.89 (m, 1H), 3.81 (d, J=12.7 Hz, 1H),
3.09 (t,J=12.4 Hz, 1H), 2.76 (t, J=12.4 Hz, 1H), 2.62 (t,J = 5.6 Hz, 2H), 2.49 (t, /= 5.6
Hz, 2H), 2.44 (s, 3H), 2.40 (s, 3H), 2.25 (s, 3H), 2.24 (s, 3H), 2.15 (s, 3H), 1.84 — 1.76 (m,
2H), 1.38 -1.28 (m, 11H). *C NMR (100 MHz, DMSO-ds) 6 169.7, 162.9 (d, J = 2 Hz),
159.8 (d, /=196 Hz), 159.1, 158.6, 157.3, 155.7, 154.4, 144.9 (d, /= 12 Hz), 140.8, 139.1,
139.0, 135.5, 132.5, 132.4, 130.2 (d, J = 4 Hz), 129.4, 129.0, 121.3, 121.2, 120.9, 120.6,
118.4, 114.7 (d, J = 14 Hz), 113.2, 107.4, 104.2 (d, J = 28 Hz), 60.5, 55.80, 46.30, 32.0,
29.6,23.9,19.50, 14.2,13.5,12.5, 10.9, 9.2. MS: calcd C43Hs1BCIF3NoO4S [M+H]" 892.3,
found 892.6.
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2.20
(E)-4-((4-((4-Chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
methylpyrimidin-2-yl)amino)-N-(1-(3-(5,5-difluoro-1,3,7,9-tetramethyl-5 H-4)*,5).-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-2-yl)acryloyl)piperidin-4-yl)-2-
fluorobenzamide (2.20). Compound 2.20 was obtained as a purple solid (21 mg, 93%)
from acid 2.14 (8.1 mg, 25 umol) and amine 2.11 (18 mg, 31 pmol), according to the
procedure described for amide 2.18. Mp: >250 °C, decomposition. Purity: >96% (HPLC).
'"H NMR (400 MHz, DMSO-ds) 8 9.45 (s, 1H), 9.35 (s, 1H), 8.65 (s, 1H), 8.00 (s, 1H), 7.93
—7.86 (m, 1H), 7.85 — 7.74 (m, 4H), 7.54 — 7.38 (m, 4H), 6.79 (d, J = 15.5 Hz, 1H), 6.30
(s, 1H), 4.53 —4.33 (m, 1H), 4.16 (s, 1H), 4.10 — 3.99 (m, 1H), 3.27 (s, 1H), 2.91 (s, 1H),
2.58 (s, 3H), 2.48 (s, 3H), 2.43 (s, 3H), 2.32 (s, 3H), 2.14 (s, 3H), 1.96 — 1.84 (m, 2H), 1.58
-1.43 (m, 2H), 1.34 (s, 9H). *C NMR (100 MHz, DMSO-ds) & 164.7, 163.0 (d, J = 2 Hz),
159.8 (d, /=244 Hz), 159.1, 158.5, 157.3, 155.8, 154.6, 144.9 (d, /= 12 Hz), 143.8, 139.0,
138.4, 135.4, 134.2, 132.3, 131.9, 130.2 (d, J = 5 Hz), 129.1, 124.2, 122.7, 121.2, 121.0,
120.6, 120.2, 117.4, 114.8 (d, J = 14 Hz), 113.2, 107.4, 104.2 (d, J = 28 Hz), 60.6, 54.9,
46.4,32.3,23.8,14.5,13.5,13.2, 11.1, 10.9. MS: calcd C43H49BCIF3N9O4S [M+H]" 890.3,
found 890.6.

Absorption and fluorescence spectra. BODIPY and probes 2.18, 2.19, and 2.20 were
dissolved in DMSO at 25 uM. UV absorption (280 -700 nm), fluorescence excitation
(excitation: 350 -535 nm, emission: 555-8 nm) and emission spectra (excitation: 480-8 nm,
500 nm-600 nm) were obtained on a CLARIOstar (BMG Labtech) plate reader. Curves

were smoothed by moving average (width: 3, spectrum range: 1) based on raw data.
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5.3 Chapter 3 synthesis of monovalent inhibitors for BRDT

H O

N
N oH
N.__N

3.3
3-((2-Chloro-5-methylpyrimidin-4-yl)amino)benzoic Acid (3.3)."*! Compound 3.3 was
obtained as a white solid (0.89 g, 55%) from 3-aminobenzoic acid (0.84 g, 6.1 mmol) and
2,4-dichloro-5-methylpyrimidine (1.0 g, 6.1 mmol), according to the procedure described
for 2.7. Mp: 234.1 -234.4 °C. 'H NMR (400 MHz, DMSO-ds) 4 12.99 (s, 1H), 9.03 (s, 1H),
8.24 (t,J=1.9 Hz, 1H), 8.10 (d, /= 1.1 Hz, 1H), 7.99 (ddd, /= 8.2, 2.4, 1.1 Hz, 1H), 7.69
(dt,J=17.7, 1.3 Hz, 1H), 7.50 (t, /= 7.9 Hz, 1H), 2.20 (s, 3H).

H (0]
N
H\( \ij\oH
b c
Cl

34
2-Chloro-5-((2-chloro-5-methylpyrimidin-4-yl)amino)benzoic Acid (3.4). Compound
3.4 was obtained as a white solid (563 mg, 23%) from 5-amino-2-chlorobenzoic acid (1.4
g, 8.2 mmol) and 2,4-dichloro-5-methylpyrimidine (1.6 g, 9.8 mmol), according to the
procedure described for 2.7. Mp: >250 °C. '"H NMR (400 MHz, DMSO-de) 6 13.21 (s, 1H),
9.05 (s, 1H), 8.13 (d, /=4 Hz, 1H), 8.11 (s, IH), 7.97 — 7.90 (dd, J = 4.0, 12.0 Hz, 1H),
7.54 (d, J=12.0 Hz, 1H), 2.19 (s, 3H).
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3-((2-((4-((1-(zert-Butoxycarbonyl)piperidin-4-yl)carbamoyl)-3-fluorophenyl)amino)-
5-methylpyrimidin-4-yl)amino)benzoic Acid (3.5). Compound 3.5 was obtained as a
pale yellow solid (97 mg, 49%) from 3.3 (92 mg, 0.35 mmol) and amine 2.9 (0.12 g, 0.35
mmol), according to the procedure described for 2.10. Mp: decomposition at 186.2 —
189.0 °C. '"H NMR (400 MHz, Methanol-ds) & 8.20 (s, 1H), 7.80 (s, 1H), 7.72 (t, J = 7.2
Hz, 2H), 7.64 (d, J = 15.1 Hz, 1H), 7.48 — 7.35 (m, 2H), 7.14 (d, J = 8.7 Hz, 1H), 4.07 —
3.82 (m, 3H), 2.85 (s, 2H), 2.09 (s, 3H), 1.88 — 1.78 (m, 2H), 1.37 (s, 11H).

~
H
N
O\O\IO
TOK
o
3.6

5-((2-((4-((1-(zert-Butoxycarbonyl)piperidin-4-yl)carbamoyl)-3-fluorophenyl)amino)-
5-methylpyrimidin-4-yl)amino)-2-chlorobenzoic Acid (3.6). Compound 3.6 was
obtained as a white solid (112 mg, 63%) from 3.4 (100 mg, 296 umol) and amine 2.9 (88
mg, 0.30 mmol), according to the procedure described for 2.10. Mp: decomposition at
202.9 — 203.7 °C. 'H NMR (400 MHz, Acetone-ds) 8 9.10 (s, 1H), 8.22 (s, 1H), 8.17 (s,
1H), 8.09 — 7.97 (m, 2H), 7.89 (d, J = 15.0 Hz, 1H), 7.76 (t,J = 8.7 Hz, 1H), 7.50 (d, J =
8.6 Hz, 1H), 7.42 (d, J = 8.9 Hz, 1H), 7.11 (t, J = 7.9 Hz, 1H), 4.16 — 4.01 (m, 3H), 2.96
(s, 2H), 2.25 (s, 3H), 1.98 — 1.89 (m, 2H), 1.61 — 1.50 (m, 2H), 1.46 (s, 9H).
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3.19
3-((2-((3-Fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-
yl)amino)benzoic acid (3.19). Compound 3.19 was obtained as a white solid (74 mg, 93%)
from 3.5 (97 mg, 0.17 mmol), according to the procedure described for 2.11. Mp: 236.1 -
236.4 °C. Purity: 98% (HPLC). 'H NMR (400 MHz, Methanol-ds) & 8.10 (s, 1H), 7.89 (d,
J="1.7Hz, 1H), 7.86 (s, 1H), 7.70 (d, J= 8.2 Hz, 1H), 7.62 (t,J= 7.8 Hz, 1H), 7.56 (t, J =
8.3 Hz, 1H), 7.43 (d, J=13.1, 1.9 Hz, 1H), 7.25 (d, /= 8.5, 2.0 Hz, 1H), 4.28 — 4.17 (m,
1H), 3.49 (dt, J=13.3, 4.1 Hz, 2H), 3.19 (td, J = 12.5, 3.1 Hz, 2H), 2.29 (s, 3H), 2.24 (dd,
J=14.2,3.9 Hz, 2H), 1.98 — 1.82 (m, 2H).

H
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Ho—( N—(
HN—7
o) N
3.20

(3-((2-((3-Fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-
y)amino)benzoyl)glycine (3.20). To a mixture of compound 3.5 (34 mg, 60 pmol), HATU
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(25 mg, 67 umol) in anhydrous DMF (1 mL), DIPEA (21 pL, 121 pmol) was added. The
solution was stirred at room temperature for 30 min followed by the addition of amine (12
mg, 73 umol). The reaction solution was stirred at room temperature for 6 h. The mixture
was diluted with EtOAc, and the organic layer was washed with brine (3 x 20 mL) and
dried over Na>SOs. The solvent was removed under reduced pressure. The residues were
added to a mixture of DCM (0.8 mL) and TFA (0.2 mL) and stirred at room temperature
for 2 h. Solvent was removed in vacuo and the residues was purified by preparative HPLC
to give the title compound as a white solid (33 mg, 81%). Mp: 168.2 —169.0 °C. Purity: >99%
(UPLC). 'H NMR (400 MHz, Methanol-ds) & 8.10 (s, 1H), 7.89 (d, J = 7.7 Hz, 1H), 7.86
(s, 1H), 7.70 (d, J= 8.2 Hz, 1H), 7.62 (t, J= 7.8 Hz, 1H), 7.56 (t, J= 8.3 Hz, 1H), 7.43 (d,
J=13.1Hz, 1H), 7.25 (d, J=8.5 1H), 4.20 (td, /= 10.4, 5.1 Hz, 1H), 4.08 (s, 2H), 3.49 (dt,
J=13.3,4.1 Hz, 2H), 3.19 (td, /= 12.5, 3.1 Hz, 2H), 2.29 (s, 3H), 2.24 (dd, /= 14.2, 3.9
Hz, 2H), 1.98 — 1.82 (m, 2H). 3C NMR (101 MHz, DMSO) § 171.22, 166.16, 163.16 (d,
J=1Hz), 160.73, 159.11 (d, J = 191Hz), 158.47, 158.28, 143.58 (d, J = 12Hz), 138.82,
134.40, 130.13 (d, J=4Hz), 128.52, 126.51, 122.85, 122.61, 116.10 (d, J= 17Hz), 113.99,
107.47, 105.19 (d, J = 28Hz), 44.06, 42.14, 41.21, 28.08, 13.41. MS: calcd for
C26H20FN704 [M+H]" 522.2, found 522.3.
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3.21
(3-((2-((3-Fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-

yl)amino)benzoyl)-L-alanine (3.21). Compound 3.21 was prepared in the same manner as

compound 3.20 from compound 3.5 using tert-butyl L-alaninate. Yield (14 mg, 90%) as a
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white solid. Mp: 136.1 -136.4 °C. Purity >99% (UPLC). 'H NMR (400 MHz, Methanol-
ds) 6 8.10 (s, 1H), 7.90 (d, /= 7.6 Hz, 1H), 7.86 (s, 1H), 7.68 (d, /= 8.1 Hz, 1H), 7.62 (t,
J =79 Hz, 1H), 7.56 (t,J = 8.3 Hz, 1H), 7.42 (d, J = 13.1 Hz, 1H), 7.25 (d, J = 8.5 Hz,
1H), 4.56 (q, J = 7.4 Hz, 1H), 4.19 (tt, J = 10.4, 3.9 Hz, 1H), 3.58 — 3.43 (m, 2H), 3.25 —
3.13 (m, 2H), 2.29 (s, 3H), 2.27 — 2.20 (m, 2H), 2.01 — 1.82 (m, 2H), 1.47 (d, /= 7.4 Hz,
3H); MS: calcd for C27H31FN7O4 [M+H]* 536.2, found 536.5.
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—NH < 2 NH
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Y HN\§/\/N

3.22
(3-((2-((3-Fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-
yl)amino)benzoyl)-L-valine (3.22). Compound 3.22 was prepared in the same manner as
compound 3.20 from compound 3.5 using tert-butyl L-valinate. Yield (35 mg, 88%) as a
white solid. Mp: 140.0 — 140.5 °C. Purity >99% (UPLC). '"H NMR (400 MHz, Methanol-
ds) 6 8.07 (s, 1H), 7.92 — 7.83 (m, 2H), 7.70 (d, J = 8.1 Hz, 1H), 7.63 (t, /= 7.8 Hz, 1H),
7.55(t,J=8.3 Hz, 1H), 7.43 (d, J = 13.2 Hz, 1H), 7.24 (d, J = 8.5 Hz, 1H), 443 (d, J =
6.3 Hz, 1H), 4.20 (tt, J=10.2, 4.0 Hz, 1H), 3.56 — 3.43 (m, 2H), 3.27 - 3.12 (m, 2H), 2.29
(s,3H),2.26 —2.19 (m, 2H), 2.01 — 1.83 (m, 2H), 0.99 (t, /= 4.0, 6H) (two duplicate peaks
overlapping). MS: calcd for C2oH3sFN704 [M+H]* 564.3, found 564.2.
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3.23
(3-((2-((3-Fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-
yl)amino)benzoyl)-L-phenylalanine (3.23). Compound 3.23 was prepared in the same
manner as compound 3.20 from compound 3.5 using tert-butyl L-phenylalaninate. Yield
(13 mg, 73%) as a white solid. Mp: 201.3 —202.1 °C. Purity >99% (UPLC). '"H NMR (400
MHz, Methanol-ds) 6 7.94 (s, 1H), 7.86 (s, 1H), 7.75 (d, J= 7.7 Hz, 1H), 7.70 — 7.63 (m,
1H), 7.62 — 7.50 (m, 2H), 7.39 (d, J = 12.0 Hz, 1H), 7.32 — 7.11 (m, 6H), 4.82 — 4.76 (m,
1H), 4.18 (tt, J=10.1, 4.0 Hz, 1H), 3.54 — 3.43 (m, 2H), 3.31 — 3.25 (m, 1H), 3.24 - 3.13
(t, J=12.0 Hz, 2H), 3.08 (dd, J = 13.9, 9.0 Hz, 1H), 2.28 (s, 3H), 2.22 (dd, J = 14.4, 4.0
Hz, 2H), 1.97 — 1.83 (m, 2H). MS: calcd for C33H3sFN704 [M+H]*, 612.3; found 612.0.
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(3-((2-((3-Fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-
yl)amino)benzoyl)-L-aspartic Acid (3.24). Compound 3.24 was prepared in the same
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manner as compound 3.20 from compound 3.5 using di-fert-butyl L-aspartate. Yield (19
mg, 56%) as a white solid. Mp: 157.7 — 158.7°C. Purity >99% (UPLC). 'H NMR (400
MHz, Methanol-ds) & 8.08 (s, 1H), 7.91 — 7.82 (m, 2H), 7.68 (d, /= 8.1 Hz, 1H), 7.62 (t,J
= 7.8 Hz, 1H), 7.55 (t, /= 8.4 Hz, 1H), 7.43 (dd, J = 13.3, 1.9 Hz, 1H), 7.23 (dd, J = 8.6,
1.9 Hz, 1H), 4.97 (t,J= 8.0 Hz, 1H), 4.25 — 4.16 (m, 1H), 3.50 (dt, /= 13.3, 4.1 Hz, 2H),
3.19 (td, J=12.5, 3.1 Hz, 2H), 2.98 (dd, J = 16.7, 5.6 Hz, 1H), 2.85 (dd, J=16.8, 6.9 Hz,
1H), 2.36 —2.20 (m, 5H), 2.00 — 1.84 (m, 2H). MS: calcd for C2sH31FN70s [M+H]", 580.2;
found 580.2.
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(3-((2-((3-Fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-

yl)amino)benzoyl)-L-glutamic Acid (3.25). Compound 3.25 was prepared in the same
manner as compound 3.20 from compound 3.5 using di-fert-butyl L-glutamate. Yield (13
mg, 78%) as a white solid. Mp: 150.1 — 150.4 °C. Purity >99% (UPLC). '"H NMR (400
MHz, Methanol-ds) 6 8.09 (s, 1H), 7.90 (d, J=7.6, 1H), 7.85 (s, 1H), 7.72 — 7.59 (m, 2H),
7.55 (t, J = 8.4 Hz, 1H), 7.42 (dd, J = 13.2, 3.0 Hz, 1H), 7.24 (dd, J = 8.5, 2.0 Hz, 1H),
4.59 (dd, J=9.2, 5.1 Hz, 1H), 4.20 (tt, /= 10.0, 4.0 Hz, 1H), 3.51 (d, J = 13.0 Hz, 2H),
3.19 (td, J=13.0, 12.5, 3.2 Hz, 2H), 2.49 — 2.37 (m, 2H), 2.35 - 2.21 (m, 6H), 2.13 -2.10
(m, 1H), 1.99 — 1.84 (m, 2H). MS: calcd for C2o0H33FN70¢ [M+H]", 594.2; found 594.3.
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3.26
(3-((2-((3-Fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-
yl)amino)benzoyl)-L-allothreonine (3.26). Compound 3.26 was prepared in the same
manner as compound 3.20 from compound 3.5 using fert-butyl L-allothreoninate. Yield
(19 mg, 92%) as a white solid. Mp: 105.3 —105.6 °C. Purity >99% (UPLC). '"H NMR (400
MHz, Methanol-d4) 6 8.07 (s, 1H), 7.93 (d, J = 7.7 Hz, 1H), 7.85 (s, 1H), 7.72 (d, J = 8.3,
1H), 7.65 (t, J = 7.8 Hz, 1H), 7.55 (t, J = 8.4 Hz, 1H), 7.43 (d, J=13.3, 1H), 7.23 (d, J =
8.5, 1H),4.63 (d,J=3.1 Hz, 1H), 4.41 (dq, J = 6.6, 3.5 Hz, 1H), 4.23 —4.12 (m, 1H), 3.56
— 3.44 (m, 2H), 3.18 (td, J = 12.5, 3.1 Hz, 2H), 2.29 (s, 3H), 2.23 (dd, J = 14.3, 3.8 Hz,
2H), 1.90 (q, J = 10.5 Hz, 2H), 1.19 (d, J = 6.4 Hz, 3H). MS: calcd for C23H33FN7Os
[M+H]", 566.2; found 566.5.
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(3-((2-((3-Fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-
yl)amino)benzoyl)-L-proline (3.27). Compound 3.26 was prepared in the same manner as
compound 3.20 from compound 3.5 using tert-butyl L-prolinate. Yield (17 mg, 89%) as a
white solid. Mp: 182.2 — 183.0 °C. Purity >99% (UPLC). Mp: >250 °C. purity 90%. 'H
NMR (400 MHz, Methanol-ds) & 7.82 (s, 1H), 7.75 (s, 1H), 7.69 — 7.53 (m, 4H), 7.37 (d, J
=13.0 Hz, 1H), 7.25 (d, J= 8.0, 1H), 4.57 (dd, /= 8.4, 5.3 Hz, 1H), 4.18 (tt, J = 10.5, 4.5
Hz, 1H), 3.78 - 3.47 (m, 4H), 3.19 (td, /= 12.6, 3.2 Hz, 2H), 2.46 — 2.31 (m, 1H), 2.27 (s,
3H), 2.25-2.19 (m, 2H), 2.05 — 1.78 (m, 5H). MS: calcd for C20H33FN704 [M+H]", 562.3;
found 562.3.

H
N

O~_NH
F
Cl
o)\Q
NH
HO N—(
"

3.28
2-Chloro-5-((2-((3-fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-
methylpyrimidin-4-yl)amino)benzoic Acid (3.28). Compound 3.28 was prepared in the
same manner as compound 3.19 from compound 3.6. Yield (12 mg, 99%) as a white solid.
Purity >99% (UPLC). 'H NMR (400 MHz, Methanol-ds) & 8.08 (d, J = 2.4 Hz, 1H), 7.87
(s, 1H), 7.71 = 7.55 (m, 3H), 7.45 (dd, J=13.3, 1.9 Hz, 1H), 7.25 (dd, J=8.5, 1.9 Hz, 1H),
4.21 (tt, J = 9.7, 4.0 Hz, 1H), 3.50 (dt, J = 13.2, 4.2 Hz, 2H), 3.20 (td, / = 12.4, 3.1 Hz,
2H), 2.36 — 2.19 (m, 5H), 1.99 — 1.83 (m, 2H). MS: calcd for C24H25CIFNsO3 [M+H]",
499.2; found 499.2.
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3.29
(2-Chloro-5-((2-((3-fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-
methylpyrimidin-4-yl)amino)benzoyl)glycine (3.29). Compound 3.29 was prepared in
the same manner as compound 3.20 from compound 3.6 using tert-butyl glycinate
hydrochloride. Yield (16 mg, 80%) as a white solid. Mp: 147.6 — 148.2 °C. Purity >99%.
"H NMR (400 MHz, Methanol-ds) & 7.87 (s, 1H), 7.83 (s, 1H), 7.68 — 7.53 (m, 3H), 7.41
(d, J=13.1 Hz, 1H), 7.26 (d, J = 8.5 Hz, 1H), 4.22 (tt, J = 8.9, 3.7 Hz, 1H), 4.05 (s, 2H),
3.51 (dt, J=13.6, 4.2 Hz, 2H), 3.28 — 3.13 (m, 2H), 2.35 — 2.20 (m, 5H), 2.02 — 1.84 (m,
2H). BC NMR (101 MHz, DMSO) & 170.81, 166.37, 163.25 (d, J= 2 Hz), 159.30 (d, J =
173 Hz), 159.15, 156.54, 154.24 144.35 (d, J = 11 Hz), 138.29, 136.02, 130.20 (d, /=5
Hz), 129.58, 124.44,123.63, 122.37, 115.41 (d, J = 13 Hz), 113.60, 107.55, 104.73 (d, J =
28 Hz), 44.03, 42.11, 40.91, 28.09, 13.44. MS: calcd for C26H2sCIFN7O4 [M+H]", 556.2;
found 556.3.
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3.30
(2-Chloro-5-((2-((3-fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-
methylpyrimidin-4-yl)amino)benzoyl)-L-alanine (3.30). Compound 3.30 was prepared
in the same manner as compound 3.20 from compound 3.6 using tert-butyl L-alaninate.
Yield (16 mg, 91%) as a white solid. Mp: 138.1 — 138.4 °C. Purity >99% (UPLC). 'H
NMR (400 MHz, Methanol-d4) 6 7.88 (s, 1H), 7.80 (s, 1H), 7.70 — 7.52 (m, 3H), 7.42 (dd,
J=13.1,2.0 Hz, 1H), 7.26 (dd, /= 8.5, 2.0 Hz, 1H), 4.51 (q, /= 7.3 Hz, 1H), 4.22 (tt, J =
9.6,3.9 Hz, 1H), 3.51 (dt, J=13.5, 4.3 Hz, 2H), 3.28 — 3.12 (m, 2H), 2.31 — 2.19 (m, 5H),
2.02-1.87 (m, 2H), 1.44 (d, J=7.3 Hz, 3H). MS: calcd for C27H30CIFN;04 [M+H]*, 570.2;

found 570.0.

H
N

O~ _NH
F
0o Cl
HO{; 0
e <\} NH
Ho~<7NH N~
HN—
o P

3.31
(2-Chloro-5-((2-((3-fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-
methylpyrimidin-4-yl)amino)benzoyl)-L-glutamic acid (3.31). Compound 3.31 was

prepared in the same manner as compound 3.20 from compound 3.6 using di-tert-butyl L-
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glutamate. Yield (19 mg, 67%) as a white solid. Mp: 172.1 — 173.1 °C. Purity >99%
(UPLC). 'H NMR (400 MHz, Methanol-ds) 8 7.75 (s, 1H), 7.64 (s, 1H), 7.57 — 7.42 (m,
3H), 7.24 (d,J=12.0 Hz, 1H), 7.12 (d, /= 8.0 Hz, 1H), 4.47 (q, J= 5.3, Hz, 1H), 4.10 (tt,
J=9.3,4.0Hz, 1H), 3.41 (dt,J=13.1, 4.3 Hz, 2H), 3.10 (t, /= 11.1 Hz, 2H), 2.33 (t, /=
7.3 Hz, 2H), 2.21 — 2.09 (d, J = 11.4 Hz, 6H), 1.90 — 1.79 (s, 3H). MS: calcd for
C29H3:CIFN706 [M+H]", 628.2; found 627.9.
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(2-Chloro-5-((2-((3-fluoro-4-(piperidin-4-ylcarbamoyl)phenyl)amino)-5-
methylpyrimidin-4-yl)amino)benzoyl)-L-allothreonine (3.32). Compound 3.31 was
prepared in the same manner as compound 3.20 from compound 3.6 using tert-butyl L-
allothreoninate. Yield (13.5 mg, 94%) as a white solid. Mp: 187.4-189.1 °C. Purity >99%
(UPLC). '"H NMR (400 MHz, Methanol-ds) & 7.87 (s, 1H), 7.83 (s, 1H), 7.74 — 7.54 (m,
3H), 7.42 (d, J=12.0 Hz, 1H), 7.24 (d, J = 8.0 Hz,1H), 4.57 (d, J = 2.8 Hz, 1H), 4.38 (dt,
J=28.8,5.9 Hz, 1H), 4.21 (tt, J=10.1, 4.0 Hz, 1H), 3.51 (dt, J=13.5, 4.3 Hz, 2H), 3.27 —
3.13 (m, 2H), 2.33 -3.20 (m, 5H), 2.02 — 1.84 (m, 2H), 1.22 (d, /= 6.4 Hz, 3H). MS: calcd
for C23H32CIFN7Os [M+H]", 600.2; found 600.0.

HoN NH,

CO,Me
3.34
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Methyl 3,5-Diaminobenzoate (3.34).!2° To a mixture of 4-aminobenzoic acid (4.0 g, 26
mmol) and MeOH (75 mL), concentrated sulfuric acid (3.5 mL, 66 mmol) was added
slowly at 0 °C dropwise. The mixture was stirred at rt for 5 h. The mixture was washed
with a saturated solution of NaHCOs3 and extracted with EtoAc. The organic layer was
dried over MgSO4 and concentrated under vacuum to provide the title compound as a white
solid (4.0 g, 91%). Mp: 129.6 — 130.1 °C. '"H NMR (400 MHz, Acetone-de) 8 6.64 (d, J =
2.1 Hz, 2H), 6.23 (d, J=2.0 Hz, 1H), 4.56 (brs, 3H), 3.78 (s, 3H).

H
S ”(;N”Z

Cl CO,Me
3.35

Methyl 3-Amino-5-((2-chloro-5-methylpyrimidin-4-yl)amino)benzoate (3.35). To a
solution of methyl 3,5-diaminobenzoate (80 mg, 0.33 mmol) and 2,4-dichloro-5-
methylpyrimidine (3.34, 54 mg, 0.33 mmol) in n-BuOH (1 mL) was added DIPEA (0.23
mL, 1.3 mmol). The mixture was stirred at 120 °C for 24 h, then cooled to rt. The solvent
was removed under reduced pressure and the residue was purified by silica gel column
chromatography (MeOH:DCM) to give the title compound as a brown solid (84 mg, 69%).
Mp: 130.1 — 130.7 °C. 'H NMR (400 MHz, DMSO-ds)  8.76 (s, 1H), 8.04 (s, 1H), 7.38
(s, 1H), 7.15 (s, 1H), 6.99 (s, 1H), 5.46 (s, 2H), 3.82 (s, 3H), 2.16 (s, 3H).

N__N 0]
E CO,Me
3.36
Methyl 3-((tert-Butylsulfinyl)amino)-5-((2-chloro-5-methylpyrimidin-4-

ylamino)benzoate (3.36).!! To a solution of methyl 3-amino-5-((2-chloro-5-
methylpyrimidin-4-yl)amino)benzoate (3.35, 1.3 g, 4.4 mmol) in pyridine (10 mL) was
added a solution of fert-butylsulfinyl chloride (0.55 mL, 4.4 mmol) in DCM (10mL)

dropwise at 0 °C under nitrogen. The mixture was stirred at 0 °C for 2 h, then warmed to
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rt and further stirred for 20 h. Solvent was removed under vacuum. The residue was diluted
with EtOAc (20 mL) and washed with HCI (1 M, 1 x 50 mL) and water (1 x 50 mL). The
organic layer was dried (Na>SO4) and concentrated under reduced pressure. The yellow oil
was purified by silica gel column chromatography (EtOAc:hexanes, gradient) to give the
title compound as a pale-yellow foam (1.6 g, 89%). 'H NMR (400 MHz, Acetone-de) &
8.34 (s, IH), 8.11 (s, 1H), 8.05 (s, 1H), 7.94 (s, 1H), 7.50 (s, 1H), 7.31 (s, 1H), 3.89 (s, 3H),
2.31 (s, 3H), 1.35 (d, J= 1.2 Hz, 9H).
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Methyl 3-((2-Chloro-5-methylpyrimidin-4-yl)amino)-5-((1,1-
dimethylethyl)sulfonamido)benzoate (3.37)."*! To a solution of methyl 3-((zert-
butylsulfinyl)amino)-5-((2-chloro-5-methylpyrimidin-4-yl)amino)benzoate (3.36, 10 mg,
25 pumol) in DCM (1 mL) was added mCPBA (4.4 mg, 25 pmol) under nitrogen at 0 °C
for 1 h, then warmed to rt and further stirred overnight. The reaction mixture was diluted
with DCM (20 mL) and washed with saturated NaHCO3 solution (2 x 20 mL) and brine (1
x 20 mL). The organic layer was dried (Na>SO4) and concentrated under reduced pressure.
The yellow oil was purified by silica gel column chromatography (EtOAc/hexanes,
gradient) to give the title compound as a light-yellow solid (8.4 mg, 81%). Mp: 251.3 -
251.9 °C. '"H NMR (400 MHz, Chloroform-d) & 8.08 (s, 1H), 7.97 (s, 1H), 7.81 (s, 1H),
7.54 (s, 1H), 7.00 (s, 1H), 6.72 (s, 1H), 3.86 (s, 3H), 2.16 (s, 3H), 1.41 (s, 9H).
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tert-Butyl 4-(4-((4-((3-((1,1-Dimethylethyl)sulfonamido)-5-

(methoxycarbonyl)phenyl)amino)-5-methylpyrimidin-2-yl)amino)-2-
fluorobenzamido)piperidine-1-carboxylate (3.38). To a solution of fert-butyl 4-(4-
amino-2-fluorobenzamido)piperidine-1-carboxylate (2.9, 16 mg, 48 umol) and sodium
tert-butoxide (9.3 mg, 97 umol) in 1,4-dioxane (0.5 mL), a solution of methyl 3-((2-chloro-
5-methylpyrimidin-4-yl)amino)-5-((1,1-dimethylethyl)sulfonamido)benzoate (3.37, 20
mg, 48 pmol), Pd>(dba)s (2.2 mg, 2.4 umol) and BINAP (3.0 mg, 4.8 umol) in 1,4-dioxane
(0.5 mL) was added. The mixture was degassed and heated at 110 °C for 7 h. The mixture
was cooled to rt, diluted with EtOAc, and the organic layer was washed with brine (3 x 20
mL) and dried over Na;SOs. The solvent was removed and the residues was purified by
silica gel column chromatography (MeOH:DCM, gradient) to give the title compound as
an off-white solid (22 mg, 64%). Mp: 192.9. — 193.4 °C. 'H NMR (400 MHz, Methanol-
ds) 8 7.79 (d, J= 1.7 Hz, 1H), 7.77 — 7.67 (m, 3H), 7.56 — 7.36 (m, 2H), 7.07 (d, J = 8.5
Hz, 1H), 4.06 — 3.90 (m, 3H), 3.76 (s, 3H), 2.88 (s, 2H), 2.14 (s, 3H), 1.84 (dd, J = 13.3,
3.8 Hz, 2H), 1.49 — 1.39 (m, 2H), 1.38 (s, 9H), 1.26 (s, 9H).
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3-((2-((4-((1-(zert-Butoxycarbonyl)piperidin-4-yl)carbamoyl)-3-fluorophenyl)amino)-
S5-methylpyrimidin-4-yl)amino)-5-((1,1-dimethylethyl)sulfonamido)benzoic acid
(3.39). To a solution of fert-butyl 4-(4-((4-((3-((1,1-dimethylethyl)sulfonamido)-5-
(methoxycarbonyl)phenyl)amino)-5-methylpyrimidin-2-yl)amino)-2-
fluorobenzamido)piperidine-1-carboxylate (3.38, 10 mg, 14 pumol) in MeOH (0.125 mL)
and THF (0.125 mL), a solution of LiOH (1.0 mg, 42 pmol) in H>O (0.25 mL) was added.
The reaction was allowed to stir at 60 °C for 3 h. The mixture was cooled to rt, diluted with
EtOAc (10 mL), washed with 2 N HCI, and the organic layer was washed with brine (3 x
20 mL) and dried over Mg>SOs. The solvent was removed and the residue was purified by
silica gel column chromatography (MeOH:DCM:AcOH, gradient) to give the title
compound as a grey solid (5.6 mg, 57%). Mp: 166.2 — 167.1 °C. Purity: 98% (HPLC). 'H
NMR (400 MHz, DMSO-ds) 6 12.81(brs, 1H), 9.89 (d, J=2.8 Hz, 1H), 9.76 (s, 1H), 9.14
(s, 1H), 8.01 (s, 1H), 7.83 (s, 1H), 7.77 (d, J= 8.0 Hz 1H), 7.73 (s, 2H), 7.64 (d, J = 14.0
Hz, 1H), 7.42 (t, J = 8.5 Hz, 1H), 7.31 (d, J = 8.9 Hz, 1H), 3.96 — 3.84 (m, 3H), 2.87 (s,
2H), 2.16 (s, 3H), 1.78 (dd, /= 13.2, 3.9 Hz, 2H), 1.41 (s, 9H), 1.40 — 1.34 (m, 2H), 1.30
(s, 9H). 3C NMR (101 MHz, DMSO) § 172.0, 166.6, 162.6 (d, J = 2 Hz), 159.5 (d, J =
170 Hz), 158.2,153.8, 152.9, 142.2 (d, J= 12 Hz), 140.8, 138.8, 131.9, 130.2 (d, /=4 Hz),
120.4, 118.8, 117.1 (d, J =13 Hz), 116.4, 114.3, 107.9, 105.7 (d, J = 29 Hz), 78.6, 61.1,
55.8,46.3,29.6, 28.1,24.2, 13.4.
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Methyl 3-((1,1-Dimethylethyl)sulfonamido)-5-((2-((3-fluoro-4-(piperidin-4-
ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-yl)amino)benzoate (3.55).

Compound 3.55 was prepared in the same manner as compound 3.19 from compound 3.38.
Yield (11 mg, 94%) as a white solid. Mp: 142.2. — 143.1 °C. Purity 97%. 'H NMR (400
MHz, Methanol-ds) 6 7.86 (dd, J=2.2, 1.4 Hz, 1H), 7.78 (t, J = 1.7 Hz, 1H), 7.76 (d, J =
1.2 Hz, 1H), 7.59 (t, J = 2.1 Hz, 1H), 7.49 (t, J = 8.4 Hz, 1H), 7.35 (dd, J = 13.2, 2.1 Hz,
1H), 7.10 (dd, J = 8.5, 2.1 Hz, 1H), 4.14 — 4.01 (m, 1H), 3.76 (s, 3H), 3.38 (dt, J = 13.6,
4.1 Hz, 2H), 3.14 — 3.01 (m, 2H), 2.17 (d, J = 1.1 Hz, 3H), 2.11 (dd, J = 12.7, 5.1, 2H),
1.86 — 1.72 (m, 2H), 1.26 (s, 9H). MS: caled for C29oH37FN7OsS [M+H]", 614.3; found
614.2.
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(3-((1,1-Dimethylethyl)sulfonamido)-5-((2-((3-fluoro-4-(piperidin-4-
ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-yl)amino)benzoyl)glycine (3.56).
Compound 3.56 was prepared in the same manner as compound 3.20 from compound 3.39
using fert-butyl glycinate hydrochloride. Yield (25 mg, 73%) as a white solid. Mp: 216.7
—217.4 °C. Purity >99%. 'H NMR (400 MHz, DMSO-ds) & 10.44 (s, 1H), 9.91 (s, 1H),
9.58 (s, 1H), 8.72 (d, J=10.3 Hz, 1H), 8.59 (d, J= 7.5 Hz, 1H), 8.46 (d, /= 10.7 Hz, 1H),
8.06 (s, 1H), 8.02 (dd, J = 7.5, 2.4 Hz, 1H), 7.87 — 7.77 (m, J = 1.7 Hz, 1H), 7.66 (t, J =
1.7 Hz, 1H), 7.61 (t, J = 2.0 Hz, 1H), 7.50 (dd, J = 13.5, 2.0 Hz, 1H), 7.40 (t, J = 8.4 Hz,
1H), 7.30 (dd, J = 8.6, 2.0 Hz, 1H), 4.35 (ddd, J = 9.6, 7.4, 5.0 Hz, 1H), 4.09 — 3.95 (m,
1H), 3.31 (d, J=12.6 Hz, 2H), 3.11 — 2.94 (m, 2H), 2.26 (t, /= 7.7 Hz, 1H), 2.18 (s, 3H),
2.02 — 1.95 (m, 2H), 1.78 — 1.64 (m, 2H), 1.28 (s, 9H). MS: calcd for C3oH3sFNgOsS
[M+H]*, 657.3; found 657.3.
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(3-((1,1-Dimethylethyl)sulfonamido)-5-((2-((3-fluoro-4-(piperidin-4-
ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-yl)amino)benzoyl)-D-
phenylalanine (3.57). Compound 3.57 was prepared in the same manner as compound
3.20 from compound 3.39 using tert-butyl L-phenylalaninate. Yield (31 mg, 77%) as a
white solid. Mp: 184.5 — 185.5 °C. Purity >99%. '"H NMR (400 MHz, Methanol-ds) & 7.89
—7.68 (m, 2H), 7.55 (s, 1H), 7.52 — 7.38 (m, 3H), 7.28 (d, J = 13.4, 1H), 7.12 — 7.00 (m,
5H), 4.65 (dd, J= 8.9, 5.1 Hz, 1H), 4.07 (tt, J = 10.2, 3.9 Hz, 1H), 3.37 (d, J = 13.5, 2H),
3.16 (dd, J=13.8, 5.1 Hz, 1H), 3.07 (t, /= 12.8, Hz, 2H), 2.94 (dd, J = 13.9, 8.8 Hz, 1H),
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2.15 (s, 3H), 2.13 — 2.07 (m, 2H), 1.84 — 1.74 (m, 2H), 1.26 (s, 9H). MS: calcd for
C37H44FN3O¢S [M+H]", 747.3; found 747.2.
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(3-((1,1-Dimethylethyl)sulfonamido)-5-((2-((3-fluoro-4-(piperidin-4-
ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-yl)amino)benzoyl)-D-
phenylalanine hydrochloride (3.58). Compound 3.58 was prepared in the same manner
as compound 3.20 from compound 3.39 using tert-butyl D-phenylalaninate. Yield (17 mg,
77%) as a white solid; Mp: 189.7 — 190.2 °C. Purity >99%. 'H NMR (400 MHz, DMSO-
ds) 0 10.00 (s, 1H), 9.84 (s, 1H), 9.16 (s, 1H), 8.66 (s, 1H), 8.59 (d, /= 7.9 Hz, 1H), 8.41
(d, J=10.4 Hz, 1H), 8.07 — 7.99 (m, 2H), 7.71 (s, 1H), 7.65 (s, 1H), 7.58 (d, /= 1.9 Hz,
1H), 7.50 (s, 1H), 7.44 —7.30 (m, 2H), 7.24 (d, /= 7.2 Hz, 2H), 7.19 — 7.06 (m, 3H), 4.59
—4.53 (m, 1H), 4.01 (d, J= 8.2 Hz, 1H), 3.30 (d, /= 12.4 Hz, 2H), 3.14 (dd, /= 13.8, 4.6
Hz, 1H), 3.01 (dd, J=13.3, 9.7 Hz, 3H), 2.16 (s, 3H), 2.00 — 1.94 (m, 2H), 1.73 — 1.64 (m,
J=10.4 Hz, 2H), 1.28 (s, 9H). *C NMR (101 MHz, DMSO) & 172.94, 166.13, 163.12 (d,
J=2Hz), 160.80, 160.06, 159.55 (d, /=247 Hz), 158.34, 143.62 (d, J= 10 Hz), 140.43,
139.30, 137.92, 135.32, 130.23 (d, J = 4 Hz), 128.95, 128.02, 126.28, 117.61, 117.27,
11597 (d, J= 15 Hz), 114.69, 113.70, 107.62, 104.94 (d, J = 28 Hz), 61.00, 54.28, 44.04,
42.13, 36.19, 28.08, 24.21, 13.40. MS: calcd for C37H44FNgOsS [M+H]", 747.3; found
747.3.
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(3-((1,1-Dimethylethyl)sulfonamido)-5-((2-((3-fluoro-4-(piperidin-4-
ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-yl)amino)benzoyl)-L-threonine
(3.59). Compound 3.59 was prepared in the same manner as compound 3.20 from
compound 3.39 using tert-butyl L-allothreoninate. Yield (10 mg, 78%) as a white solid.
Mp: 178.9. — 179.4 °C. purity >99% (HPLC). '"H NMR (400 MHz, Methanol-ds) 8 7.75 (s,
1H), 7.73 (s, 1H), 7.64 (s, 1H), 7.57 (s, 1H), 7.48 (t, J= 8.3 Hz, 1H), 7.33 (dd, J = 13.3,
2.1 Hz, 1H), 7.11 (dd, J = 8.4, 2.0 Hz, 1H), 4.50 (d, J = 3.0 Hz, 1H), 4.30 (tt, /= 9.5, 4.5
Hz, 1H), 4.09 (tt, J = 9.9, 4.1 Hz, 1H), 3.90 (s, 1H), 3.40 (dt, J = 13.4, 4.3 Hz, 2H), 3.09
(td, J=11.8, 11.0, 3.6 Hz, 2H), 2.17 (s, 3H), 2.16 — 2.09 (m, 2H), 1.88 — 1.77 (m, 2H),
1.28 (s, 9H), 1.07 (d, J = 6.4 Hz, 3H). 13C NMR (101 MHz, DMSO) § 171.90, 165.97,
163.01 (d, /=2 Hz), 159.44 (d, /=261 Hz),158.90, 158.56, 158.23, 142.62 (d, J = 12 Hz),
140.68, 138.82,135.18,130.22 (d, /=3 Hz), 118.20,117.89, 116.77 (d, /= 14 Hz), 115.16,
114.22,107.74,105.64 (d, /=2 Hz), 66.42, 61.01, 58.58, 44.07,42.12, 28.07, 24.16, 20.33,
13.31. MS: calcd for C3oH42FNgO~7S [M+H]", 701.3; found 701.6.
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(3-((1,1-Dimethylethyl)sulfonamido)-5-((2-((3-fluoro-4-(piperidin-4-
ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-yl)amino)benzoyl)-L-serine (3.60).
Compound 3.60 was prepared in the same manner as compound 3.20 from compound 3.39
using fert-butyl L-serinate. Yield (12mg, 72%) as a white solid. Mp: 144.4 — 145.3 °C.
Purity 95% (HPLC). 'H NMR (400 MHz, DMSO-ds) 8 10.71 (s, 1H), 9.94 (s, 1H), 9.76 (s,
1H), 8.81 (d, J=11.0 Hz, 1H), 8.55 (d, /= 10.3 Hz, 1H), 8.32 (d, /= 7.6 Hz, 1H), 8.14 —
8.05 (m, 2H), 7.81 (s, 1H), 7.71 (t, J = 1.8 Hz, 1H), 7.63 (d, J = 2.0 Hz, 1H), 7.51 — 7.38
(m, 2H), 7.30 (d, J = 8.5, 1H), 4.53 — 4.40 (m, 1H), 4.02 (brs, 1H), 3.76 (m, 2H), 3.35 (d,
J=15.5Hz, 1H), 3.14 — 2.99 (m, 4H), 2.19 (s, 3H), 1.98 (dd, J = 14.1, 4.1 Hz, 2H), 1.70
(q,J=12.2,10.7 Hz, 2H), 1.28 (s, 9H). 3C NMR (101 MHz, DMSO) § 171.7, 165.5, 163.0
(d,J=2Hz), 161.1,159.5 (d,J=211 Hz) 159.4, 152.6, 142.1 (d, /= 12 Hz), 140.7, 138 .4,
135.2,130.2 (d, /=4 Hz), 118.7, 117.9, 117.3 (d, J = 15 Hz), 115.7, 114.5, 107.8, 106.0
(d, J = 27 Hz) , 61.1, 61.0, 55.6, 44.1, 42.1, 28.0, 24.1, 13.3. MS: calcd for
C31H4FNgO7S [M+H]", 687.3; found 687.6.
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3.61
(3-((1,1-Dimethylethyl)sulfonamido)-5-((2-((3-fluoro-4-(piperidin-4-
ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-yl)amino)benzoyl)-L-glutamic
acid (3.61). Compound 3.61 was prepared in the same manner as compound 3.20 from
compound 3.39 using di-tert-butyl L-glutamate. Yield (7.6 mg, 89%) as a white solid; Mp:
189.2 — 189.9 °C. Purity 98% (HPLC).'H NMR (400 MHz, Methanol-ds) & 7.93 (s, 2H),
7.74 (d, J=15.0 Hz, 1H), 7.66 (s, 1H), 7.63 — 7.50 (m, 2H), 7.17 (d, J = 8.5 Hz, 1H), 4.45
(q, /J=4.5Hz, 1H), 4.18 (s, 1H), 3.99 — 3.81 (m, 2H), 3.47 (d, J= 13.7 Hz, 2H), 3.14 (t, J
=11.7 Hz, 2H), 2.70 — 2.59 (m, 2H), 2.22 — 2.19 (m, 5H), 1.98 (d, J = 12.6 Hz, 2H), 1.39
(s, 9H). 3C NMR (101 MHz, DMSO) & 172.3, 171.3, 165.0, 163.2 (d, J = 2 Hz), 161.0,
158.4 (d, /=202 Hz), 158.6, 155.8, 145.0 (d, /= 11 Hz), 140.4, 140.3, 135.8, 130.0 (d, J
=4Hz), 116.6,116.2, 114.6 (d,J= 13 Hz), 113.3, 113.2, 107.2, 104.2 (d, J = 28Hz), 60.9,
55.8,44.4,42.2,32.1,29.6,28.7,24.3, 13.6. MS: calcd for C33H42FNsOsS [M+H]", 729.3;
found 729.2.
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3.62
(3-((1,1-Dimethylethyl)sulfonamido)-5-((2-((3-fluoro-4-(piperidin-4-
ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-yl)amino)benzoyl)-L-glutamine
(3.62). Compound 3.62 was prepared in the same manner as compound 3.20 from
compound 3.39 using fert-butyl L-glutaminate. Yield (7.6 mg, 82%) as a white solid. Mp:
183.6. — 183.9 °C. Purity >99% (HPLC). '"H NMR (400 MHz, Methanol-d4) 8 7.74 (s, 1H),
7.67 (dt,J=9.4,1.7 Hz, 2H), 7.52 (t, J=2.0 Hz, 1H), 7.45 (t, /= 8.4 Hz, 1H), 7.29 (dd, J
=13.3, 2.1 Hz, 1H), 7.10 (dd, J = 8.5, 2.1 Hz, 1H), 4.40 (dd, J = 8.8, 4.9 Hz, 1H), 4.13 —
4.01 (m, 1H), 3.46 — 3.32 (m, 2H), 3.08 (t, J = 13.0, 2H), 2.29 — 2.05 (m, 8H), 1.94 (dt, J
=14.3,9.0, 1H), 1.89 — 1.77 (m, 2H), 1.26 (s, 9H). MS: calcd for C33H43FNgOsS [M+H]",
728.3; found 728.5.

3.63
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4-((4-((3-(tert-Butylcarbamoyl)-5-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
methylpyrimidin-2-yl)amino)-2-fluoro-/N-(piperidin-4-yl)benzamide (3.63). Compound 3.63
was prepared in the same manner as compound 3.20 from compound 3.39 using 2-methylpropan-
2-amine hydrochloride. Yield (29 mg, 91%) as a grey solid. Mp: 186.7 — 187.5 °C. Purity 96%. 'H
NMR (400 MHz, DMSO-ds) 6 10.72 (s, 1H), 9.88 (s, 1H), 9.73 (s, 1H), 8.77 (d, /= 11.0 Hz, 1H),
8.55 (t, J=10.6 Hz, 1H), 8.18 — 8.00 (m, 2H), 7.76 (s, 1H), 7.66 — 7.49 (m, 3H), 7.49 — 7.38 (m,
2H), 7.33 (dd, J = 8.6, 1.9 Hz, 1H), 4.09 — 3.95 (m, 1H), 3.31 (d, /= 12.3 Hz, 2H), 3.03 (q, J =
11.3 Hz, 2H), 2.18 (s, 3H), 2.04 — 1.92 (m, 2H), 1.78 — 1.61 (m, 2H), 1.29 (s, 18H). '*C NMR (101
MHz, DMSO) 6 165.3, 162.9 (d, J=2 Hz), 162.0 (d, /=204 Hz), 160.5, 158.1, 152.6, 142.2 (d, J
=12 Hz), 140.4, 138.1, 136.9, 130.3 (d, /=4 Hz), 124.1,118.7,117.2 (d, /=13 Hz), 115.8, 114.3,
107.8, 105.7 (d, J = 14 Hz), 61.0, 50.8, 44.1, 42.1, 28.4, 28.1, 24.2, 13.3. MS: calcd for
C32Hy4FNgO4S [M+H]", 655.3; found 655.3.
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3.64

4-((4-((3-((1,1-Dimethylethyl)sulfonamido)-5-(phenethylcarbamoyl)phenyl)amino)-

S5-methylpyrimidin-2-yl)amino)-2-fluoro-/NV-(piperidin-4-yl)benzamide (3.64).
Compound 3.64 was prepared in the same manner as compound 3.20 from compound 3.39
using 2-phenylethan-1-amine. Yield (19 mg, 67%) as a white solid. Mp: 124.2. — 124.4 °C.
Purity 98%. 'H NMR (400 MHz, DMSO-ds) 8 10.86 (s, 1H), 9.94 (s, 1H), 9.87 (s, 1H),
8.75(d, J=11.2 Hz, 1H), 8.62 — 8.42 (m, 2H), 8.11(d, /=4 Hz, 1H), 8.07 (s, 1H), 7.76 (s,
1H), 7.71 (d, J= 2.1 Hz, 1H), 7.50 (s, 1H), 7.45 — 7.34 (m, 2H), 7.32 — 7.22 (m, 3H), 7.20
—7.14 (m, 3H), 4.04 — 3.95 (m, 1H), 3.44 — 3.36 (m, 2H), 3.29 (d, J = 12.6 Hz, 2H), 3.01
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(d,J=11.2 Hz, 2H), 2.72 (t,J=7.6 Hz, 2H), 2.19 (s, 3H), 1.98 — 1.90 (m, 2H), 1.74 — 1.62
(m, 2H), 1.28 (s, 9H). 1*C NMR (101 MHz, DMSO) & 165.3, 162.9 (d, J = 2 Hz), 161.2,
159.2 (d, /=247 Hz), 153.8, 152.0, 141.8 (d, J= 12 Hz), 140.6, 139.4, 138.1, 135.8, 130.2
(d,J=4Hz), 128.5,128.2,126.0, 124.1, 119.0, 117.6 (d, /= 15 Hz), 116.1, 114.7,, 107.9,
106.3 (d, J = 28 Hz), 61.1, 44.1, 42.1, 40.9, 35.0, 28.0, 24.2, 13.3. MS: calcd for
C36H44FNgO4S [M+H]", 703.3; found 703.2.
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3.65
Methyl (3-((1,1-Dimethylethyl)sulfonamido)-5-((2-((3-fluoro-4-(piperidin-4-

ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-yl)amino)benzoyl)glycinate (3.65).
Compound 3.65 was prepared in the same manner as compound 3.20 from compound 3.39
using methyl glycinate. Yield (37 mg, 84%) as a white solid; Mp: 152.1 — 152.7 °C. Purity
94% (HPLC).'"H NMR (400 MHz, DMSO-ds) 8 10.09 (s, 1H), 9.89 (s, 1H), 9.31 (s, 1H),
8.86 (t,J=5.8 Hz, 1H), 8.71 — 8.58 (m, 1H), 8.40 (d, /= 10.6 Hz, 1H), 8.04 (s, 2H), 7.81
(s, 1H), 7.62 (d, J=12.4, 2H), 7.53 (d, /= 13.5 Hz, 1H), 7.45 — 7.30 (m, 2H), 4.06 — 3.99
(m, 1H), 3.94 (d, J = 8.0, 2H), 3.63 (s, 3H), 3.31 (d, /= 12.5 Hz, 2H), 3.03 (q, /=114
Hz, 2H), 2.17 (s, 3H), 1.98 (dd, J = 13.8, 3.9 Hz, 2H), 1.74 — 1.65 (m, 2H), 1.29 (s, 9H).
BC NMR (101 MHz, DMSO) § 170.22, 166.07, 163.08 (d, J = 2 Hz), 161.47, 160.65,
159.26 (d, J =215 Hz), 154.62, 143.90 (d, J = 13 Hz), 140.54, 139.19, 134.86, 130.18 (d,
J=4Hz), 118.13, 117.81, 116.24 (d, /= 11 Hz), 114.96, 114.01, 107.57, 105.34 (d, J =
29 Hz), 61.03, 51.68, 44.04, 42.15, 41.26, 28.10, 24.20, 13.39. MS: calcd for
C31H40FNgOgS [M+H]", 671.3; found 671.2.
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3.66
3-(3-((1,1-Dimethylethyl)sulfonamido)-5-((2-((3-fluoro-4-(piperidin-4-
ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-yl)amino)benzamido)propanoic
acid (3.66). Compound 3.66 was prepared in the same manner as compound 3.20 from
compound 3.39 using tert-butyl 3-aminopropanoate hydrochloride. Yield (32 mg, 90%) as
a white solid; Mp: 195.1 — 195.8°C. Purity >99%. 'H NMR (400 MHz, DMSO-ds) & 10.52
(s, 1H), 9.77 (s, 1H), 9.58 (s, 1H), 8.62 (d, /= 11.0 Hz, 1H), 8.47 — 8.27 (m, 2H), 8.04 —
7.89 (m, 2H), 7.64 (t, J = 1.6 Hz, 1H), 7.54 (t, J = 1.8 Hz, 1H), 7.39 (t, /= 1.9 Hz, 1H),
7.35—-7.21 (m, 2H), 7.16 (dd, J = 8.6, 2.0 Hz, 1H), 3.95 — 3.81 (m, 1H), 3.26 (q, J=7.0
Hz, 2H), 3.18 (d, /= 12.4 Hz, 2H), 2.90 (q, /= 11.3 Hz, 2H), 2.30 (t,J= 7.2 Hz, 2H), 2.04
(s,3H), 1.90 - 1.80 (m, 2H), 1.65—1.48 (m, 2H), 1.14 (s, 9H). *CNMR (101 MHz, DMSO)
0 172.77, 165.40, 162.97 (d, J = 2 Hz), 159.88 (d, J = 218 Hz), 158.46, 158.01, 153.82,
142.18 (d, /=12 Hz), 140.55, 138.34, 135.52, 130.13 (d, /=4 Hz) 124.12, 118.70, 117.24
(d, J=17 Hz), 115.76, 114.53, 107.76, 106.08 (d, J = 29 Hz), 61.02, 44.06, 42.09, 35.6,
33.6,28.05, 24.17, 13.30. MS: caled for C31H40FNgOgS [M+H]", 671.3; found 671.4.
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4-(3-((1,1-Dimethylethyl)sulfonamido)-5-((2-((3-fluoro-4-(piperidin-4-
ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-yl)amino)benzamido)butanoic
acid hydrochloride (3.67). Compound 3.67 was prepared in the same manner as
compound 3.20 from compound 3.39 using fert-butyl 4-aminobutanoate hydrochloride.
Yield (17 mg, 71%) as a white solid; Mp: 179.4 — 180.1 °C. Purity 96%. 'H NMR (400
MHz, DMSO-ds) 6 10.51 (s, 1H), 9.88 (s, 1H), 9.61 (s, 1H), 8.71 (d, J=11.0 Hz, 1H), 8.53
—8.36 (m, 2H), 8.14 — 8.00 (m, 2H), 7.79 (s, 1H), 7.66 (s, 1H), 7.53 (s, 1H), 7.44 (d, J =
12.0 Hz, 1H), 7.38 (t, /= 8.3 Hz, 1H), 7.30 (dd, J= 8.6, 1.9 Hz, 1H), 4.06 — 3.98 (m, 1H),
3.32(d,J=12.6 Hz, 2H), 3.20 (q, J = 6.6 Hz, 2H), 3.03 (q, /= 11.3 Hz, 2H), 2.22 - 2.10
(m, 5H), 2.04 — 1.93 (m, 2H), 1.80 — 1.59 (m, 4H), 1.28 (s, 9H). *C NMR (101 MHz,
DMSO) 6 174.2, 165.5, 163.0 (d, J =2 Hz) 159.8 (d, J = 202 Hz), 158.8, 158.4, 158.0,
142.4 (d, J= 12 Hz), 140.5, 138.5, 135.7, 130.1 (d, /= 4 Hz), 124.1, 118.6, 117.0 (d, J =
14 Hz), 115.6, 114.4, 107.7, 105.9 (d, /=27 Hz), 61.0, 44.1, 42.1, 38.7, 31.0, 28.1, 24.3,
24.2,13.3. MS: caled for C3oH42FNgOgS [M+H]", 685.3; found 685.3.
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3.68
(3-((1,1-Dimethylethyl)sulfonamido)-5-((2-((3-fluoro-4-(piperidin-4-
ylcarbamoyl)phenyl)amino)-5-methylpyrimidin-4-
yl)amino)benzamido)methanesulfonic acid hydrochloride (3.68). Compound 3.68 was
prepared in the same manner as compound 3.20 from compound 3.39 using
aminomethanesulfonic acid. Yield (15 mg, 68%) as a white solid. Mp: 284.3 — 285.0 °C.
Purity 97% (HPLC). 'H NMR (400 MHz, DMSO-ds) 8 10.41 (s, 1H), 9.98 (s, 1H), 9.50 (s,
1H), 8.81 (s, 1H), 8.57 (s, 1H), 8.31 —8.01 (m, 2H), 7.92 (s, 1H), 7.78 (s, 1H), 7.68 (s, 1H),
7.58 (d, J=13.3 Hz, 1H), 7.39 (t, J= 8.0 Hz, 1H), 7.24 (d, /= 9.1 Hz, 1H), 4.01 (s, 1H),
3.77 (s, 2H), 3.30 (d, /= 11.5 Hz, 2H), 3.01 (d, J=11.8 Hz, 2H), 2.16 (s, 3H), 1.96 (d, J =
12.3 Hz, 2H), 1.68 (d,J=11.6 Hz, 2H), 1.28 (s, 9H). *C NMR (101 MHz, DMSO) 5 165.0,
163.1 (d,J=2Hz), 160.7, 160.6, 159.4 (d, /=251 Hz), 153.6, 142.6 (d, J= 10 Hz), 140.4,
138.7,135.7,130.2 (d, /=4 Hz), 118.6, 117.7, 116.8 (d, J= 11 Hz), 115.6, 114.4, 107.7,
105.8 (d, J = 27 Hz), 61.0, 55.9, 43.9, 42.0, 27.9, 24.2, 13.4. MS: caled for
CogH36FNgO7S, [M-H], 691.2; found 691.5.
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4-((4-((3-((1,1-Dimethylethyl)sulfonamido)-5-((2-
sulfamoylethyl)carbamoyl)phenyl)amino)-5-methylpyrimidin-2-yl)amino)-2-fluoro-
N-(piperidin-4-yl)benzamide hydrochloride (3.69). Compound 3.69 was prepared in the
same manner as compound 3.20 from compound 3.39 using aminomethanesulfonamide.
Yield (21 mg, 91%) as a white solid. Mp: 187.0 — 187.6 °C. Purity >99%. 'H NMR (400
MHz, DMSO-ds) 6 10.27 (s, 1H), 9.89 (s, 1H), 9.43 (s, 1H), 8.70 (d, /= 11.0 Hz, 1H), 8.55
(t,J=5.5Hz, 1H), 8.44 (d,J=9.7 Hz, 1H), 8.15—-8.01 (m, 2H), 7.80 (s, 1H), 7.64 (s, 1H),
7.60 — 7.49 (m, 2H), 7.44 — 7.28 (m, 2H), 6.92 (s, 2H), 4.10 — 3.96 (m, 1H), 3.66 — 3.51
(m, 2H), 3.31 (d, J=12.6 Hz, 2H), 3.15 (t,J = 6.0 Hz, 2H), 3.03 (q, /= 11.3 Hz, 2H), 2.17
(s, 3H), 2.03 — 1.95 (m, 2H), 1.69 (q, J = 10.9 Hz, 2H), 1.29 (s, 9H). *C NMR (101 MHz,
DMSO) & 165.6, 163.1 (d, J =3 Hz), 160.6, 160.6, 159.3 (d, /=235 Hz), 154.1, 143.0 (d,
J =11 Hz), 140.5, 138.9, 135.1, 130.1 (d, /=3 Hz), 118.2, 117.7, 116.5 (d, J = 12 Hz),
115.1, 114.1, 107.6, 105.6 (d, J = 27 Hz), 61.03, 53.4, 44.1, 42.1, 34.7, 28.1, 24.2, 13.4.
MS: calcd for C30H41FNgOgS, [M+H]", 706.3; found 706.2.
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4-((4-((3-((2-Amino-2-oxoethyl)carbamoyl)-5-((1,1-
dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-2-yl)amino)-2-fluoro-
N-(piperidin-4-yl)benzamide hydrochloride (3.70). Compound 3.70 was prepared in the
same manner as compound 3.20 from compound 3.39 using 2-aminoacetamide. Yield (12
mg, 73%) as a pale yellow solid. Mp: 286.6 —287.6 °C. Purity >99%. '"H NMR (400 MHz,
DMSO-ds) 6 10.66 (s, 1H), 9.93 (s, 1H), 9.76 (s, 1H), 8.74 (s, 1H), 8.59 — 8.40 (m, 2H),
8.16 — 8.04 (m, 2H), 7.80 (s, 1H), 7.71 (s, 1H), 7.56 (s, 1H), 7.52 — 7.34 (m, 3H), 7.27 (dd,
J=28.6,1.9 Hz, 1H), 7.04 (s, 1H), 4.10 —3.97 (m, 1H), 3.78 (d, /= 5.7 Hz, 2H), 3.31 (d, J
= 12.3 Hz, 2H), 3.03 (q, J = 11.5 Hz, 2H), 2.18 (s, 3H), 2.08 — 1.94 (m, 2H), 1.81 — 1.57
(m, 2H), 1.28 (s, 9H). 3C NMR (101 MHz, DMSO) 8 170.74, 165.52, 163.0 (d, J = 2 Hz),
161.10, 159.50 (d, J = 195 Hz, 2H), 158.88, 158.03, 142.1 (d, /= 11 Hz), 140.61, 138.37,
135.36, 130.2 (d, /=4 Hz), 118.90, 118.23, 117.3 (d, J= 14 Hz), 115.82, 114.85, 107.82,
106.05 (d, J = 28 Hz), 61.04, 44.07, 42.36, 42.11, 28.05, 24.17, 13.30. MS: calcd for
C30H39FN9O5S [M+H]", 656.3; found 656.3.
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3.711
N-(2-Chloro-5-((5-methyl-2-(phenylamino)pyrimidin-4-yl)amino)phenyl)-2-
methylpropane-2-sulfonamide (3.71). Compound 3.71 was prepared in the same manner
as compound 3.38 from compound 2.7 using aniline. Yield (32 mg, 70%) as a white solid;
Mp: 154.1 — 155.0 °C. Purity >99%. 'H NMR (400 MHz, DMSO-ds) & 9.35 (s, 1H), 8.91
(s, 1H), 8.51 (s, 1H), 7.96 — 7.87 (m, 2H), 7.76 (dd, J = 8.9, 2.5 Hz, 1H), 7.65 (d, J = 8.1
Hz, 2H), 7.38 (d, J=8.7 Hz, 1H), 7.21 (t,J= 7.8 Hz, 2H), 6.86 (t,J = 7.3 Hz, 1H), 2.12 (s,
3H), 1.33 (s, 9H). 3*C NMR (101 MHz, DMSO) 8 158.92, 157.98, 155.98, 140.97, 139.23,
135.33, 128.83, 128.29, 120.78, 120.72, 120.47, 120.43, 118.34, 106.05, 60.54, 23.85,
13.50. MS: caled for Cp1Hp3CIN5O2S [M-HJ, 444.1; found 444.0.

NH
HN\gN\\fN
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Methyl 3-((1,1-Dimethylethyl)sulfonamido)-5-((5-methyl-2-(phenylamino)pyrimidin-
4-yl)amino)benzoate (3.72). Compound 3.72 was prepared in the same manner as
compound 3.38 from compound 3.37 using aniline. Yield (17 mg, 76%) as a white solid;
Mp: 124.2 — 124.6 °C. Purity >99%. 'H NMR (400 MHz, DMSO-ds) & 8.83 (s, 1H), 8.64
(s, 1H), 7.95 (d, J=2.8 Hz, 2H), 7.90 (t, /= 1.7 Hz, 1H), 7.65 (t, /= 1.8 Hz, 1H), 7.64 —
7.57 (m, 2H), 7.10 (t, J = 8.0 Hz, 2H), 6.82 (t, J= 7.2 Hz, 1H), 3.80 (s, 3H), 2.12 (s, 3H),
1.30 (s, 9H). 13C NMR (101 MHz, DMSO) & 165.95, 159.07, 157.90, 156.21, 140.86,
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140.81, 140.51, 130.16, 128.15, 120.33, 118.47, 118.16, 117.75, 114.05, 106.06, 61.08,
52.17,24.24, 13.43. MS: calcd for Co3HpgN504S [M-H], 468.2; found 468.1.

H H J<
N N Nsg-
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3.73

3-((1,1-Dimethylethyl)sulfonamido)-5-((5-methyl-2-(phenylamino)pyrimidin-4-
y)amino)benzoic acid (3.73). Compound 3.73 was prepared in the same manner as
compound 3.39 from compound 3.72. Mp: 259.7 —260.1 °C. The product was used directly

for the next step.
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3.76
(3-((1,1-Dimethylethyl)sulfonamido)-5-((5-methyl-2-(phenylamino)pyrimidin-4-
yl)amino)benzoyl)glycine (3.76). Compound 3.76 was prepared in the same manner as
compound 3.20 from compound 3.73 using tert-butyl glycinate. Yield (21 mg, 82%) as a
white solid. Mp: 199.5 —200.2 °C. Purity >99%. 'H NMR (400 MHz, DMSO-ds) & 12.35
(s, 1H), 9.78 (s, 1H), 8.86 (s, 1H), 8.70 (t, J= 5.9 Hz, 1H), 8.62 (s, 1H), 7.93 (s, 1H), 7.84
(s, 1H), 7.74 (s, 1H), 7.60 (d, J = 8.0 Hz, 2H), 7.49 (s, 1H), 7.12 (t, J = 7.7 Hz, 2H), 6.81
(t,J=7.3 Hz, 1H), 3.88 (d,J= 5.7 Hz, 2H), 2.12 (s, 3H), 1.30 (s, 9H). *C NMR (101 MHz,
DMSO0)6172.0,171.2,166.4, 159.4,157.8, 140.8, 140.3, 140.1, 135.0, 128.2,120.3, 118.2,
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117.2,117.0, 113.7, 105.9, 61.0, 45.6, 24.3, 13.5. MS: calcd for Co4Hy7NgO5S [M-HT,

O\\>
’/S\
O g 2
Ho— /N NH
H N
L

3.77

511.2; found 511.3.

(3-((1,1-Dimethylethyl)sulfonamido)-5-((5-methyl-2-(phenylamino)pyrimidin-4-
yl)amino)benzoyl)-L-phenylalanine (3.77). Compound 3.77 was prepared in the same
manner as compound 3.20 from compound 3.73 using fert-butyl glycinate. Yield (24 mg,
83%) as a white solid. Mp: 165.2 — 165.7 °C. Purity >99%. 'H NMR (400 MHz, Methanol-
ds) 6 7.58 (s, 1H), 7.53 (s, 1H), 7.50 (s, 1H), 7.46 (s, 1H), 7.20 (d, J=7.9 Hz, 2H), 7.15 —
7.02 (m, 7H), 6.95 (t,J="7.4 Hz, 1H), 4.75 — 4.65 (m, 1H), 3.21 (dd, J=15.6, 7.8 Hz, 1H),
2.98 (dd, J = 13.8, 8.8 Hz, 1H), 2.09 (s, 3H), 1.22 (s, 9H). 1*C NMR (101 MHz, MeOD)
0175.3, 168.8, 163.7, 153.0, 142.2, 142.1, 139.6, 138.7, 138.0, 137.1, 130.3, 130.2, 129.5,
127.8,126.1, 122.8, 121.1, 120.8, 117.6, 109.1, 62.9, 56.0, 38.3, 25.0, 13.5. MS: calcd for
C31H33NgO5S [M-H], 601.2; found 601.1.
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5.4 Chapter 4 synthesis of bivalent inhibitors for BRDT

41
N,N'-((2,2'-Oxybis(acetyl))bis(piperidine-1,4-diyl))bis(4-((4-((4-chloro-3-((1,1-
dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-2-yl)amino)-2-
fluorobenzamide) (4.1). To a mixture of 2,2'-oxydiacetic acid (1.1 mg, 8.2 umol) and
HATU (25 mg, 67 umol) in anhydrous DMF (1 mL), DIPEA (21 puL, 121 umol) was added.
The solution was stirred at room temperature for 30 min followed by the addition of
compound 2.11 (9.7 mg, 16 umol) were added. The reaction solution was stirred at room
temperature for 15 h. The mixture was diluted with EtOAc, and the organic layer was
washed with brine (3 x 20 mL) and dried over Na>;SOa. The solvents were removed under
reduced pressure. The residue was portioned between ethyl acetate and 1M sodium
bicarbonate solution. The organic phase was washed with 1M sodium bicarbonate solution
and brine, dried over magnesium sulfate, filtered and concentrated. The residues were
purified by silica gel column chromatography (MeOH/DCM) to give the title compound as
a white solid (5.7 mg, 56%). Mp: 222.1 — 222.6 °C. Purity: >99% (HPLC). '"H NMR (400
MHz, DMSO-ds) 6 10.29 (s, 2H), 9.60 — 9.37 (m, 4H), 8.08 — 7.94 (m, 4H), 7.72 (d, J =
2.4 Hz, 2H), 7.66 — 7.54 (m, 4H), 7.53 — 7.40 (m, 4H), 7.27 (d, /= 8.5 Hz, 2H), 4.36 —4.13
(m, 6H), 3.99 (d, J = 10.4 Hz, 2H), 3.84 (d, J = 13.1 Hz, 2H), 3.12 (t, J = 12.0 Hz, 2H),
2.82 (t,J=12.0 Hz, 2H), 2.17 (s, 6H), 1.84 (s, 4H), 1.55 — 1.36 (m, 4H), 1.31 (s, 18H). 13C
NMR (101 MHz, DMSO) 6 166.7, 162.8 (d, J=2 Hz), 160.6, 159.4 (d, J= 244 Hz), 153 .4,
153.2,142.4 (d,J=12 Hz), 137.5, 135.8, 130.2 (d, J = 4 Hz), 129.4, 123.2, 122.6, 122.0,
117.3 (d, J= 15 Hz), 114.6, 108.0, 106.0 (d, /=30 Hz), 69.1, 60.7, 46.3, 42.9, 31.7, 23.8,
13.4. MS: calcd for CssHg7Cl2F2N1409S2 [M-H]", 1275.4; found 1275.6.
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4.2
N,N'-((2,2'-(Ethane-1,2-diylbis(oxy))bis(acetyl))bis(piperidine-1,4-diyl))bis(4-((4-((4-
chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-2-
yl)amino)-2-fluorobenzamide) (4.2). Compound 4.2 was prepared in the same manner as
compound 4.1 from compound 2.11 and 2,2'-(ethane-1,2-diylbis(oxy))diacetic acid. Yield
(19 mg, 89%) as a white solid. Mp: 176.4 — 177.0 °C. Purity: 98% (HPLC). 'H NMR (400
MHz, DMSO-ds) 6 9.48 (s, 2H), 8.68 (s, 2H), 8.04 (s, 2H), 7.91 (dd, J = 7.9, 3.0 Hz, 2H),
7.82 —17.62 (m, 6H), ), 7.51 (t, J= 8.5 Hz, 2H), 7.48 — 7.39 (m, 4H), 4.37 — 4.14 (m, 6H),
4.11 —3.98 (m, 2H), 3.84 (d, J=13.3 Hz, 2H), 3.63 (s, 4H) 3.16 (t,J = 12.4 Hz, 2H), 2.83
(t,J=12.1 Hz, 2H), 2.18 (s, 6H), 1.94 — 1.79 (m, 4H), 1.65 — 1.41 (m, 4H), 1.38 (s, 18H).
BCNMR (101 MHz, DMSO) 6 167.0, 162.9 (d, J=2Hz), 159.8 (d, J=2Hz), 159.1, 157.3,
155.7, 144.8 (d, J = 12Hz), 138.9, 136.0, 130.2 (d, J = 2Hz), 129.0, 121.1, 120.5, 120.4,
114.8 (d, J = 14Hz), 113.2, 107.3, 104.4 (d, J = 28Hz), 69.5, 69.3, 60.4, 46.2, 43.1, 29.6,
23.9, 13.5. MS: calcd for CeoH71C12F2N14010S2 [M-H], 1319.4; found 1319.5.
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N,N'-((2,2'-((Oxybis(ethane-2,1-diyl))bis(oxy))bis(acetyl))bis(piperidine-1,4-
diyl))bis(4-((4-((4-chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
methylpyrimidin-2-yl)amino)-2-fluorobenzamide) (4.3). Compound 4.3 was prepared
in the same manner as compound 4.1 from compound 2.11 and 2,2'-((oxybis(ethane-2,1-
diyl))bis(oxy))diacetic acid. Yield (11 mg, 91%) as a transparent gel. Purity: >99% (HPLC).
"H NMR (400 MHz, DMSO-ds) 6 9.40 (s, 2H), 8.56 (s, 2H), 7.96 (s, 2H), 7.86 (dd, J = 8.0,
2.9 Hz, 2H), 7.77 (dd, J = 14.3, 1.8 Hz, 2H), 7.73 (d, J = 2.4 Hz, 2H), 7.58 (s, 2H), 7.49 —
7.31 (m, 6H), 4.25 -4.10 (m, 6H), 3.99 (d, /J=9.1 Hz, 2H), 3.78 (d, /= 13.6 Hz, 2H), 3.57
(s, 8H), 3.10 (t, J = 12.4 Hz, 2H), 2.78 (t, J = 12.0 Hz, 2H), 2.12 (s, 6H), 1.89 -1.75 (m,
4H), 1.56 — 1.37 (m, 4H), 1.31 (s, 18H). *C NMR (101 MHz, DMSO) & 166.99, 162.73 (d,
J=2Hz), 159.50 (d, J =211 Hz), 158.79, 158.09, 152.31, 141.80 (d, J = 11Hz), 137.06,
135.89, 130.25 (d, J=5 Hz), 129.53, 123.66, 123.07, 122.35,117.92 (d, /= 14 Hz), 114.88,
108.09, 106.45 (d,J=28 Hz), 69.72, 69.50, 69.40, 60.68, 46.29, 43.02,31.67, 23.76, 13.31.
MS: caled for Ce2H75Cl2FaN14011S2 [M-H], 1363.5; found 1363.4.
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4.4
N,N'-((4,7,10,13-Tetraoxahexadecanedioyl)bis(piperidine-1,4-diyl))bis(4-((4-((4-
chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-2-
yl)amino)-2-fluorobenzamide) (4.4). Compound 4.4 was prepared in the same manner as
compound 4.1 from compound 2.11 and 4,7,10,13-tetraoxahexadecanedioic acid. Yield (22
mg, 90%) as a transparent gel. Purity: >99% (HPLC). 'H NMR (400 MHz, DMSO-ds) &
9.47 (s, 2H), 9.40 (brs, 2H), 8.68 (s, 2H), 8.00 (s, 2H), 7.92 —7.71 (m, 8H), 7.52 — 7.45 (m,
2H), 7.45 —7.37 (m, 4H), 4.28 (d, /= 12.6 Hz, 2H), 4.06 — 3.94 (m, 2H), 3.87 (d, /= 13.2
Hz, 2H), 3.63 (t, J = 6.7 Hz, 4H), 3.51(s, 12H), 3.12 (t, /= 12.2 Hz, 2H), 2.76 (t, J=11.9
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Hz, 2H), 2.58 (t, J = 6.8 Hz, 4H), 2.15 (s, 6H), 1.95 — 1.72 (m, 4H), 1.56 — 1.36 (m, 4H),
1.34 (s, 18H). 3C NMR (DMSO, 101 MHz): § 168.5, 163.0 (d, /=2 Hz), 159.8 (d, J=244
Hz), 159.0, 157.3, 155.8, 144.9 (d, J = 12 Hz), 139.0, 135.4, 130.2 (d, J = 5 Hz), 129.04,
121.2,121.0, 120.7, 114.8 (d, J = 15 Hz), 113.2, 107.4, 104.2 (d, /= 28 Hz), 69.7 (PEG C
start to overlap), 69.7, 69.6, 66.8, 60.5, 46.4, 43.8, 32.8, 23.8, 13.6. MS: calcd for
CesHg3CLoFaN14012S2 [M-HT, 1435.5; found 1435.9.

4.5
N,N'-((4,7,10,13,16-Pentaoxanonadecanedioyl)bis(piperidine-1,4-diyl))bis(4-((4-((4-
chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-2-
yl)amino)-2-fluorobenzamide) (4.5). Compound 4.5 was prepared in the same manner as
compound 4.1 from compound 2.11 and 4,7,10,13,16-pentaoxanonadecanedioic acid.
Yield (24 mg, 92%) as a transparent gel. Purity: 98% (HPLC). 'H NMR (400 MHz,
Methanol-ds) 8 8.09 (d, J= 2.3 Hz, 2H), 7.79 (s, 2H), 7.64 (dd, J= 14.8, 1.9 Hz, 2H), 7.48
(t, J=8.6 Hz, 2H), 7.37 (dd, J = 8.7, 2.4 Hz, 2H), 7.27 (d, J = 8.7 Hz, 2H), 7.15 (dd, J =
8.6, 1.9 Hz, 2H), 4.36 (d, /= 13.5 Hz, 2H), 4.07 — 3.98 (m, 2H), 3.92 (d, /= 13.9 Hz, 2H),
3.69 —3.60 (m, 4H), 3.49 (s, 16H), 3.14 (t, /= 12.3 Hz, 2H), 2.76 (t,J = 12.0 Hz, 2H), 2.70
—2.58 (m, 2H), 2.56 — 2.46 (m, 2H), 2.04 (s, 6H), 1.89 (dd, J=22.9, 12.9 Hz, 4H), 1.53 -
1.35 (m, 4H), 1.28 (s, 18H). 13C NMR (101 MHz, DMSO) & 168.5, 163.0 (d, J = 3 Hz),
159.8 (d, J =244 Hz), 159.1, 157.3, 155.7, 144.9 (d, J = 12 Hz), 138.9, 138.8, 130.2 (d, J
=4 Hz), 128.9, 121.1, 120.3, 120.2, 114.8 (d, J = 12 Hz), 113.2, 107.3, 104.2 (d, J = 29
Hz), 69.7( 2 peaks, C from PEG linker overlap together), 69.6, 66.8, 60.1, 46.4, 43.8, 32.8,
24.0, 13.5. MS: calcd for CesHg7Cl2F2N14013S2 [M-H], 1479.5; found 1479.6.
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4.6
N,N'-((4,7,10,13,16,19,22-Heptaoxapentacosanedioyl)bis(piperidine-1,4-diyl))bis(4-
((4-((4-chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-
2-yl)amino)-2-fluorobenzamide) (4.6). Compound 4.6 was prepared in the same manner
as compound 4.1 from compound 2.11 and 4,7,10,13,16,19,22-heptaoxapentacosanedioic
acid. Yield (17 mg, 63%) as a transparent gel. Purity: >99% (HPLC). 'H NMR (400 MHz,
Chloroform-d) & 8.58 (d, /= 2.5 Hz, 2H), 7.95 - 7.80 (m, 6H), 7.76 (dd, J= 2.0, 15.5 Hz,
2H), 7.25 (d, J = 8.7 Hz, 2H), 7.16 — 7.04 (m, 4H), 6.80 — 6.61 (m, 2H), 6.61 — 6.49 (m,
4H), 4.44 (d, J = 13.5 Hz, 2H), 4.14 (dt, J= 5.7, 12.4 Hz, 2H), 3.81 (d, J = 13.8 Hz, 2H),
3.71 (td, J=2.6, 6.8 Hz, 4H), 3.68 — 3.45 (m, 28H), 3.12 (ddd, J=2.8, 11.5, 14.1 Hz, 2H),
2.85-2.69 (m, 2H), 2.66 — 2.48 (m, 6H), 2.05 — 1.93 (m, 4H), 1.45 (dt, J = 5.7, 8.1 Hz,
4H), 1.36 (s, 18H). MS: calcd for C72HosC1oFaN14015S2 [M-H], 1567.6; found 1567.6.

4.7
N,N'-((4,7,10,13,16,19,22,25,28-Nonaoxahentriacontanedioyl)bis(piperidine-1,4-
diyl))bis(4-((4-((4-chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
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methylpyrimidin-2-yl)amino)-2-fluorobenzamide)(4.7). Compound 4.7 was prepared in
the same manner as compound 4.1 from compound 2.11 and 4,7,10,13,16,19,22,25,28-
nonaoxahentriacontanedioic acid. Yield (22 mg, 77%) as a white solid. Mp: 80.1 — 80.4°C.
Purity: 98% (HPLC). '"H NMR (400 MHz, DMSO-ds) & 10.30 (s, 2H), 9.45 (s, 4H), 8.02
(s, 2H), 7.96 (dd, J= 7.6, 2.4 Hz, 2H), 7.72 (d, J = 2.4 Hz, 2H), 7.67 — 7.55 (m, 4H), 7.54
—7.42 (m, 4H), 7.27 (dd, J = 8.4, 2.0 Hz, 2H), 4.26 (d, J = 12.8 Hz, 2H), 4.08 — 3.92 (m,
2H), 3.87 (d, J=13.3 Hz, 2H), 3.63 (t,J = 6.6 Hz, 4H), 3.50 (s, 32H), 3.14 (t, /= 13.1 Hz,
2H), 2.77 (t, J = 11.8 Hz, 2H), 2.58 (t, J = 6.7 Hz, 4H), 2.17 (s, 6H), 1.87 — 1.77 (m, 4H),
1.50 — 1.34 (m, 4H), 1.31 (s, 18H). *C NMR (101 MHz, DMSO) § 168.5, 162.8 (d, J =3
Hz), 160.7, 159.4 (d, J =233 Hz), 153.8, 142.5 (d, /= 13 Hz), 137.5, 135.8, 130.2 (d, J =
4 Hz), 129.4, 124.14, 123.1, 122.6, 122.0, 117.2 (d, /= 14 Hz), 114.5, 107.9, 106.0 (d, J =
34 Hz), 69.7 (C from PEG linker overlap together), 69.6, 66.8, 60.7, 46.4, 43.8, 32.8, 23.8,
13.4. MS: calcd for C76H103Cl2F2N14017S2 [M-H], 1655.6; found 1655.9

4.8
N,N'-(((Ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(piperidine-1,4-diyl))bis(4-
((4-((4-chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-
2-yl)amino)-2-fluorobenzamide) (4.8). Compound 2.11 (10 mg, 17umol), 1,2-bis(2-
bromoethoxy)ethane (2.0 mg, 8.6 umol), KI (2.9 mg, 17 umol) and DIPEA (6.4 uL, 35
pumol) were added in N,N-dimethylformamide (0.5 mL). The reaction was stirred at room
temperature for 12 h. DCM (20 mL) was added and the organic layer was washed with
brine (3 x 10 mL) and dried over Na>;SOs. The solvent was removed under reduced pressure
and the residues was purified by silica gel column chromatography (DCM/MeOH) to give
the title compound as a white solid (4.5 mg, 42%). Mp: 165.2 — 165.8 °C. Purity: 95%
(HPLC). '"H NMR (400 MHz, Methanol-ds) & 8.09 (s, 2H), 7.74 (s, 2H), 7.56 (dd, J = 14.8,
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1.8 Hz, 2H), 7.42 (t, J = 8.7 Hz, 2H), 7.35 (dd, J = 8.7, 2.5 Hz, 2H), 7.23 (d, J = 8.7 Hz,
2H), 7.09 (dd, J = 8.6, 1.9 Hz, 2H), 3.99 — 3.91 (m, 2H), 3.69 (t, J = 5.0 Hz, 4H), 3.59 (s,
4H), 3.31 (d, J = 12.5 Hz, 4H), 3.00 (t, J = 4.9 Hz, 4H), 2.79 (t, J = 11.8 Hz, 4H), 2.08 -
2.05 (m, J = 6.1 Hz, 4H), 2.02 (s, 6H), 1.80 (q, J = 11.6 Hz, 4H), 1.28 (s, 18H). MS: calcd
for CooH77ClFaN1405S, [M+HT, 1293.5; found 1293.5

410
N,N'-((Oxybis(ethane-2,1-diyl))bis(piperidine-1,4-diyl))bis(4-((4-((4-chloro-3-((1,1-
dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-2-yl)amino)-2-
fluorobenzamide) (4.10). 2,5-Dihydrofuran (40 mg, 0.57 mmol) was dissolved in DCM
(4 mL) in a 10 mL round bottom flask and cooled to -78 °C. Ozone was bubbled through
the solution until a faint blue color persisted (~20 min). Ozone was continued to be bubbled
through the solution for an additional 5 min. Nitrogen was bubbled through the mixture to
purge excess ozone until the blue color faded. Triphenylphosphine (299 mg, 1.1 mmol)
was then added. The flask was transferred into a freezer (-20 °C) and let sit for 1 h.!?® The
solution of 2,2'-oxydiacetaldehyde was used without further purification. 2,2'-
Oxydiacetaldehyde solution (0.12 mL, 17 umol) and AcOH (2.19 pL, 51 umol) was added
to compound 2.11 (20 mg, 34 umol) in 1 mL of 1,2-dichloroethane. The mixture was stirred
at ambient temperature for 1 h. Sodium triacetoxyborohydride (12 mg, 54 umol) and
MgSO4 (17 mg, 136 pmol) were then added. The resulting mixture was stirred overnight.
The solvents were removed under reduced pressure. The residue was portioned between
ethyl acetate and 1M sodium bicarbonate solution. The organic phase was washed with 1M
sodium bicarbonate solution and brine, dried over magnesium sulfate, filtered and

concentrated. The residues were purified by silica gel column chromatography
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(MeOH/DCM/TEA) to give the title compound as a yellow solid (8.1 mg, 38%). Mp: 238.7
—239.5 °C. Purity: >99% (HPLC). 'H NMR (400 MHz, DMSO-ds) & 9.43 (s, 4H), 8.64
(s, 2H), 7.99 (s, 2H), 7.86 (d, J = 7.3 Hz, 2H), 7.77 (td, J = 7.1, 6.4, 2.1 Hz, 6H), 7.51 —
7.34 (m, 6H), 3.81 (s, 2H), 3.57 (s, 4H), 3.03 (d, J = 10.4 Hz, 4H), 2.72 (s, 4H), 2.30 (s,
4H), 2.13 (s, 6H), 1.88 (d, J=28.1 Hz, 4H), 1.64 (d, J=12.0 Hz, 4H), 1.33 (s, 18H). MS:
caled for CsgH73C1FaN1407S, [M+H], 1249.5; found 1249.4

O
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4.11
4,4'"-(((((5,8,11-Trioxa-2,14-diazapentadecanedioyl)bis(5-((1,1-
dimethylethyl)sulfonamido)-3,1-phenylene))bis(azanediyl))bis(5-methylpyrimidine-
4,2-diyl))bis(azanediyl))bis(2-fluoro-N-(piperidin-4-yl)benzamide) (4.11). To a
mixture of compound 3.39 (25 mg, 36 pmol), HATU (15 mg, 40 pmol) in anhydrous DMF
(1 mL), DIPEA (19 pL, 109 umol) was added. The solution was stirred at room temperature
for 30 min followed by the addition of amine (3.5 mg, 18 umol). The reaction solution was
stirred at room temperature for 6 h. The mixture was diluted with EtOAc, and the organic
layer was washed with brine (3 x 20 mL) and dried over Na>xSO4. The solvent was removed
under reduced pressure. The residues were added to a mixture of DCM (0.8 mL) and TFA
(0.2 mL) and stirred at room temperature for 2 h. Solvent was removed in vacuo and the
residues was purified by preparative HPLC to give the title compound as a white solid (13
mg, 45%). transparent gel. Purity: 95% (HPLC). 'H NMR (400 MHz, Methanol-d4) & 7.86
(s, 1H), 7.83 (s, 1H), 7.79 (t,J = 1.8 Hz, 2H), 7.71 (dt, J= 8.8, 1.7 Hz, 2H), 7.67 — 7.52 (m,
4H), 7.40 (t, J = 13.0 Hz, 2H), 7.29 — 2.18 (m, 2H), 4.28 — 4.10 (m, 2H), 3.62 — 3.57 (m,
8H), 3.54 — 3.48 (m, 12H), 3.20 (t, /= 12.8, 4H), 2.33 — 2.15 (m, J = 11.7 Hz, 10H), 2.19
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—1.85 (m, 4H), 1.38 (s, 9H), 1.37 (s, 9H). MS: calcd for Ce4sHgsF2N16011S2 [M+H]", 1355.6;
found 1355.8
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4.12
(9H-Fluoren-9-yl)methyl (2-(2-(3-(4-(4-((4-((4-Chloro-3-((1,1-

dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-2-yl)amino)-2-
fluorobenzamido)piperidin-1-yl)-3-oxopropoxy)ethoxy)ethyl)carbamate (4.12).
Compound 4.12 was prepared in the same manner as compound 3.20 from compound 2.11
using 1-(9H-fluoren-9-yl)-3-ox0-2,7,10-trioxa-4-azatridecan-13-oic acid. Yield (44 mg,
89%) as a white solid. Mp: 169.6 — 170.3 °C. 'H NMR (400 MHz, Methanol-ds) & 8.21 (s,
1H), 7.91 (s, 1H), 7.81 = 7.70 (m, J=11.0 Hz, 3H), 7.67 — 7.53 (m, 3H), 7.46 (dd, J = 8.8,
2.5Hz, 1H), 7.36 (dd, /= 8.2, 6.0 Hz, 3H), 7.33 — 7.20 (m, 3H), 4.46 (d, /= 13.8 Hz, 1H),
431 (d, J=6.9 Hz, 1H), 4.23 — 4.05 (m, 2H), 3.97 (d, /= 13.8 Hz, 1H), 3.75 (q, /= 5.9
Hz, 2H), 3.70 — 3.39 (m, 6H), 3.36 (t, /= 6.0 Hz, 1H), 3.30 (t, /= 5.6 Hz, 2H), 3.20 (t,J =
12.1 Hz, 1H), 2.87 (t,J=11.6 Hz, 1H), 2.65 (ddt, J=40.4, 15.3, 7.8 Hz, 2H), 2.16 (s, 3H),
2.05-1.93 (m, 2H), 1.61 — 1.47 (m, 2H), 1.39 (s, 9H).
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(9H-Fluoren-9-yl)methyl (2-(2-(2-(3-(4~(4-((4-((4-Chloro-3-((1,1-

dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-2-yl)amino)-2-
fluorobenzamido)piperidin-1-yl)-3-oxopropoxy)ethoxy)ethoxy)ethyl)carbamate
(4.13). Compound 4.13 was prepared in the same manner as compound 3.20 from
compound 2.11 using 1-(9H-fluoren-9-yl)-3-ox0-2,7,10,13-tetraoxa-4-azahexadecan-16-
oic acid. Yield (78 mg, 91%) as a clear foam. 'H NMR (400 MHz, Chloroform-d) & 8.48
(s, 1H), 8.38 (s, 1H), 7.96 — 7.88 (m, 2H), 7.88 — 7.63 (m, 4H), 7.59 (d, J = 7.5 Hz, 2H),
7.38 (t,J=7.5Hz,2H), 7.35-7.26 (m,J=8.1, 7.7, 3.8 Hz, 4H), 7.26 — 7.16 (m, 2H), 6.89
(s, IH), 6.65 (dd, J=13.5,7.6 Hz, 1H), 4.50 (d, /= 13.8 Hz, 1H), 4.38 (d, J= 7.0 Hz, 2H),
4.28 —4.14 (m, 2H), 3.90 - 3.71 (m, 3H), 3.63 — 3.55 (m, 8H), 3.42 -3.34 (m, J=4.8,4.2
Hz, 2H), 3.16 (t,J=12.4 Hz, 1H), 2.82 (t,J=12.2 Hz, 1H), 2.63 (d, /= 6.5 Hz, 2H), 2.13
(s, 3H), 2.11 - 1.96 (m, 2H), 1.55 - 1.30 (m, 11H).
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414
(9H-Fluoren-9-yl)methyl (15-(4-(4-((4-((4-Chloro-3-((1,1-
dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-2-yl)amino)-2-
fluorobenzamido)piperidin-1-yl)-15-0x0-3,6,9,12-tetraoxapentadecyl)carbamate
(4.14). Compound 4.14 was prepared in the same manner as compound 3.20 from
compound 2.11 using 1-(9H-fluoren-9-yl)-3-0x0-2,7,10,13,16-pentaoxa-4-azanonadecan-
19-oic acid. Yield (46 mg, 85%) as a white solid. Mp: 132.2 — 132.6 °C. '"H NMR (400
MHz, Methanol-ds) 6 8.35 (d, J = 8.0, 1H), 8.14 (d, J= 5.2 Hz, 1H), 791 — 7.81 (m, J =
7.8 Hz, 1H), 7.80 — 7.73 (m, 2H), 7.66 — 7.58 (m, 3H), 7.46 (q, 3.4 Hz, 1H), 7.42 — 7.34
(m, 3H), 7.31 — 7.22 (m, 3H), 4.44 (d, J = 12.0 Hz, 1H), 4.32 (d, /= 6.9 Hz, 1H), 4.24 —
4.06 (m, 2H), 3.96 (d, J=13.8 Hz, 1H), 3.71 (t, 4.3 Hz, 2H), 3.61 —3.49 (m, 14H), 3.33 (t,
J=1.7Hz, 2H), 3.29 (d, J= 5.7 Hz, 1H), 3.20 (t, /= 12.0 Hz, 1H), 2.84 (t, /= 12.0 Hz,
1H), 2.68 — 2.52 (m, 2H), 2.17 (s, 3H), 2.04 — 1.91 (m, 2H), 1.65 — 1.46 (m, 2H), 1.37 (s,
9H).
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415
(9H-Fluoren-9-yl)methyl (18-(4-(4-((4-((4-Chloro-3-((1,1-
dimethylethyl)sulfonamido)phenyl)amino)-5-methylpyrimidin-2-yl)amino)-2-
fluorobenzamido)piperidin-1-yl)-18-0x0-3,6,9,12,15-pentaoxaoctadecyl)carbamate
(4.15). Compound 4.15 was prepared in the same manner as compound 3.20 from
compound 2.11 using 1-(9H-fluoren-9-yl)-3-0x0-2,7,10,13,16,19-hexaoxa-4-azadocosan-
22-oic acid. Yield (51 mg, 91%) as a white solid. Mp: 81.7 — 82.5 °C. 'H NMR (400 MHz,
Methanol-ds) 8 8.19 (d, J= 2.5 Hz, 1H), 7.90 (s, 1H), 7.76 — 7.69 (m, 3H), 7.66 — 7.58 (m,
3H), 7.45 (d, J= 2.4 Hz, 1H), 7.42 — 7.35 (m, 3H), 7.34 — 7.24 (m, 3H), 4.47 (d, J = 13.1
Hz, 1H), 4.35 (d, /= 6.8 Hz, 1H), 4.26 —4.07 (m, J = 24.0, 8.6 Hz, 2H), 4.00 (d, J = 13.8
Hz, 1H), 3.73 (td, /= 6.2, 3.6 Hz, 2H), 3.64 — 3.49 (m, 18H), 3.36 (s, 1H), 3.28 (t, /= 4.8
Hz, 2H), 3.23(t, /= 12.6 Hz, 1H), 2.87 (t, /= 12.6 Hz, 1H), 2.70 (q, J = 6.5 Hz, 1H), 2.60
(q, 6.0 Hz, 1H), 2.16 (s, 3H), 2.07 — 1.94 (m, 2H), 1.64 — 1.46 (m, 2H), 1.39 (s, 9H).
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4.16
4-((4-((4-Chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
methylpyrimidin-2-yl)amino)-VN-(1-(3-(2-(2-(3-((1,1-dimethylethyl)sulfonamido)-5-
((5-methyl-2-((4-(piperidin-4-ylcarbamoyl)phenyl)amino)pyrimidin-4-
y)amino)benzamido)ethoxy)ethoxy)propanoyl)piperidin-4-yl)-2-fluorobenzamide
(4.16). Compound 4.12 (19 mg, 19 umol) was dissolved in a mixture of piperidine (0.1 mL)
and DMF (0.4 mL) and stirred at room temperature for 4 h. The mixture was diluted with
EtOAc, and the organic layer was washed with brine (3 x 20 mL) and dried over Mg>SOs.
The solvent was removed under reduced pressure. The residue was dissolved in anhydrous
DMF (1 mL). Compound 3.39 (16 mg, 23 umol), HATU (8.8 mg, 23 pmol) and DIPEA
(10 uL, 57 pmol) was added. The reaction solution was stirred at room temperature for 15
h. The mixture was diluted with EtOAc, and the organic layer was washed with brine (3 x
20 mL) and dried over Mg>SOs. The solvent was removed under reduced pressure. The
residues were added to a mixture of DCM (0.8 mL) and TFA (0.2 mL) and stirred at room
temperature for 2 h. Solvent was removed in vacuo and the residues was purified by silica
gel column chromatography (MeOH/DCM/TEA) and preparative HPLC to give the title
compound as a white solid (11 mg, 42%). Mp: 223.4 — 224.4 °C. Purity: >99% (HPLC).
'"H NMR (400 MHz, Methanol-ds) 8 7.92 (d, J=3.7 Hz, 1H), 7.83 (d, J= 5.5 Hz, 2H), 7.78
(s, 1H), 7.70 (s, 1H), 7.66 — 7.49 (m, 4H), 7.45 — 7.31 (m, 3H), 7.30 — 7.19 (m, 2H), 4.42
(d, J=13.6 Hz, 1H), 4.15 — 4.05 (m, 1H), 4.15 — 4.05 (m, 1H), 4.05 — 3.94 (m, 1H), 3.81
—3.71 (m, 2H), 3.68 — 3.46 (m, 10H), 3.27 — 3.12 (m, 3H), 2.93 — 2.81 (m, 1H), 2.65 (dd,
J=10.1, 6.2 Hz, 2H), 2.25 (d, /= 3.1 Hz, 6H), 2.22 — 2.17 (m, 2H), 2.02 — 1.89 (m, 4H),
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1.61 - 1.47 (m, 2H), 1.37 (s, 9H), 1.35 (s, 9H). MS: calcd for Ce2H7oCIFaN 50108, [M+H],

1330.5; found 1330.7
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417
4-((4-((4-Chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
methylpyrimidin-2-yl)amino)-VN-(1-(1-(3-((1,1-dimethylethyl)sulfonamido)-5-((5-
methyl-2-((4-(piperidin-4-ylcarbamoyl)phenyl)amino)pyrimidin-4-
y)amino)phenyl)-1-0x0-5,8,11-trioxa-2-azatridecan-13-oyl)piperidin-4-yl)-2-
fluorobenzamide(4.17). Compound 4.17 was prepared in the same manner as compound
4.16 from compound 4.13. Yield (20 mg, 30%) as a white solid. Mp: 150.9 — 151.3 °C.
Purity: >99% (HPLC). 'H NMR (400 MHz, DMSO-ds)  10.18 (s, 1H), 10.06 (s, 1H),
9.79 (s, 1H), 9.34 (s, 2H), 9.19 (s, 1H), 8.59 (d, J=11.1 Hz, 1H), 8.46 — 8.24 (m, 2H),
8.15—-7.82 (m, 4H), 7.74 (s, 2H), 7.63 — 7.50 (m, 3H), 7.51 — 7.35 (m, 4H), 7.31 (t,J =
8.3 Hz, 1H), 7.28 - 7.17 (m, 2H), 4.18 (d, J = 12.8 Hz, 1H), 4.05 — 3.85 (m, 2H), 3.77 (d,
J=13.2 Hz, 1H), 3.53 (t, /= 6.9 Hz, 2H), 3.42 - 3.32 (m, J = 10.7 Hz, 8H), 3.25 (dd, J =
14.0, 8.0 Hz, 3H), 3.13 — 2.89 (m, 3H), 2.86 — 2.58 (m, 2H), 2.57 — 2.46 (m, 2H), 2.09 (s,
6H), 1.91 (d, J=15.7 Hz, 2H), 1.83 — 1.68 (m, 2H), 1.68 — 1.55 (m, 2H), 1.37 (dd, J =
14.5, 5.9 Hz, 2H), 1.24 (s, 9H), 1.21 (d, /= 2.8 Hz, 9H). MS: calcd for
Ce3Hs1CIF2N15011S2 [M+H]", 1360.5; found 1360.4
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4.18
4-((4-((4-Chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
methylpyrimidin-2-yl)amino)-VN-(1-(1-(3-((1,1-dimethylethyl)sulfonamido)-5-((5-
methyl-2-((4-(piperidin-4-ylcarbamoyl)phenyl)amino)pyrimidin-4-
y)amino)phenyl)-1-0x0-5,8,11,14-tetraoxa-2-azaheptadecan-17-oyl)piperidin-4-yl)-
2-fluorobenzamide (4.18). Compound 4.18 was prepared in the same manner as
compound 4.16 from compound 4.14. Yield (16 mg, 39%) as a transparent gel. Purity: >99%
(HPLC). '"H NMR (400 MHz, Methanol-ds) 8 7.96 (d, J = 2.5 Hz, 1H), 7.86 (d, J = 12.9
Hz, 2H), 7.75 (d, J = 2.0 Hz, 2H), 7.64 (t, J = 2.0 Hz, 1H), 7.59 (td, J = 8.4, 4.9 Hz, 2H),
7.53 (d, J=8.6 Hz, 1H), 7.46 (ddd, J = 13.3, 8.8, 2.0 Hz, 2H), 7.36 (dd, J = 8.7, 2.5 Hz,
1H), 7.24 (dt, J= 8.6, 2.3 Hz, 2H), 4.45 (d, /= 13.5 Hz, 1H), 4.16 (ddt, /= 21.7, 10.6, 5.3
Hz, 2H), 4.01 (d, J=11.8 Hz, 1H), 3.74 (t, J = 6.2 Hz, 2H), 3.72 — 3.40 (m, 18H), 3.28 —
3.14 (m, 3H), 2.90 (t, J = 12.3 Hz, 1H), 2.68 (s, 2H), 2.35 —2.19 (m, 8H), 2.06 — 1.88 (m,
4H), 1.59 (q, J = 11.7, 10.8 Hz, 2H), 1.38 (s, 9H), 1.36 (s, 9H). MS: calcd for
CesHg7CIF2N 1501282 [M+H]", 1418.6; found 1418.5
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4-((4-((4-Chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
methylpyrimidin-2-yl)amino)-VN-(1-(1-(3-((1,1-dimethylethyl)sulfonamido)-5-((5-
methyl-2-((4-(piperidin-4-ylcarbamoyl)phenyl)amino)pyrimidin-4-
yDamino)phenyl)-1-0x0-5,8,11,14,17,20-hexaoxa-2-azatricosan-23-oyl)piperidin-4-
yl)-2-fluorobenzamide (4.19). Compound 4.19 was prepared in the same manner as
compound 4.16 from compound 4.15. Yield (13 mg, 43%) as a transparent gel. Purity: >99%
(HPLC). '"H NMR (400 MHz, Methanol-ds) 8 7.91 (d, J=3.1 Hz, 1H), 7.88 —7.76 (m, 3H),
7.72 (t,J=1.7 Hz, 1H), 7.62 — 7.51 (m, 4H), 7.45—-7.31 (m, 3H), 7.23 (dt, J = 8.6, 2.5 Hz,
2H), 4.44 (d, J=13.1 Hz, 1H), 4.23 —4.08 (m, 2H), 4.02 (d, /= 12.3 Hz, 1H), 3.75 (t, J =
6.1 Hz, 2H), 3.69 — 3.35 (m, 26H), 3.27 - 3.11 (m, 3H), 2.93 — 2.85 (m, 1H), 2.68 (td, J =
6.1, 3.7 Hz, 2H), 2.31 — 2.18 (m, 8H), 2.02 — 1.86 (m, 4H), 1.59 — 1.47 (m, 2H), 1.37 (s,
9H), 1.34 (d, J = 2.5 Hz, 9H). MS: calcd for C70HosCIF2N15014S2 [M+H]", 1506.6; found
1506.9
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(5)-2-(4-(4-Chlorophenyl)-2,3,9-trimethyl-6 H-thieno|[3,2-f][1,2,4]triazolo[4,3-
a][1,4]diazepin-6-yl)acetic acid (4.20). To a solution of tert-butyl (S)-2-(4-(4-
chlorophenyl)-2,3,9-trimethyl-6 H-thieno[3,2-f][ 1,2,4]triazolo[4,3-a][ 1 ,4]diazepin-6-
ylacetate (JQ-1, 20 mg, 44 mmol) in DCM (0.75 mL) was added TFA (0.25 mL) and the
mixture was stirred at rt for 2 h. The solvent was removed under reduced pressure and the
residue was treated with dichloromethane and concentrated to dryness three times to give

the title compound as a colorless oil (16 mg, 91%). The 'H NMR matches the reported data.
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(8)-4-((4-((4-Chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
methylpyrimidin-2-yl)amino)-N-(1-(1-(4-(4-chlorophenyl)-2,3,9-trimethyl-6 H-
thieno|[3,2-f][1,2,4|triazolo[4,3-a][1,4]diazepin-6-yl)-2-0x0-6,9,12-trioxa-3-
azatetradecan-14-oyl)piperidin-4-yl)-2-fluorobenzamide (4.21). Compound 4.21 was
prepared in the same manner as compound 4.16 from compound 4.13 and compound 4.20.
Yield (6.2 mg, 70%) as a white solid. Mp: 164.2 — 165.0 °C. Purity: 98% (HPLC). 'H NMR
(400 MHz, Chloroform-d) 6 8.55 (s, 1H), 7.97 — 7.82 (m, 2H), 7.82 — 7.67 (m, 2H), 7.33
(d, J= 8.2 Hz, 2H), 7.29 — 7.22 (m, 3H), 7.15 — 7.06 (m, 2H), 7.01 (d, J = 5.7 Hz, 1H),
6.60 (dd, J=13.5, 6.9 Hz, 1H), 6.54 (s, 1H), 4.58 (t,J= 6.9 Hz, 1H), 4.43 (d, /= 13.6 Hz,
1H), 4.11 (s, 1H), 3.79 (s, 1H), 3.74 (t, /= 6.8 Hz, 2H), 3.64 3.55 (m, 8H), 3.53 (q,J=5.0
Hz, 2H), 3.47 — 3.43 (m, 2H), 3.35 - 3.28 (m, 1H), 3.17—-3.00 (m, 1H), 2.75 (q, J = 10.6
Hz, 1H), 2.66 -2.53 (m, 5H), 2.32 (s, 3H), 2.07 (s, 3H), 2.00 -1.90 (m, 2H), 1.59 (s, 3H),
1.35 (s, 11H). 3C NMR (101 MHz, CDCl3) § 207.0, 169.3, 162.9 (d, J =3 Hz), 161.5 (d,
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J =244 Hz), 160.3, 158.7, 157.3, 156.6, 155.9, 145.2 (d, /= 14 Hz) , 144.0, 141.3, 138.6,
135.7,132.2 (d, /=3 Hz), 129.2, 127.6 , 127.0 , 125.1, 119.9, 117.3, 117.0, 114.0, 113.9
(2 peaks), 112.8 (d, J = 12 Hz), 107.1, 104.5 (d, J = 30 Hz), 70.6, 70.5, 70.4, 70.3, 70.1,
67.5, 66.6, 62.7, 47.3, 46.8, 44.5, 41.0, 40.6, 33.5, 32.6, 31.7, 29.7, 29.3, 24.7, 13.2. MS:
calcd for CssHe2C1FN1205S2 [M-H], 1159.4; found 1159.1.

HoN">O

4.22
2-(4-(2-aminoethoxy)-3,5-dimethylphenyl)-5,7-dimethoxyquinazolin-4(1 H)-one
(4.22). To a schlenk flask was added RVX208 (200 mg, 0.54 mmol), PPh; (170 mg, 0.65
mmol), phthalimide (95 mg, 0.65 mmol) and anhydrous THF (2 mL) under N, atmosphere.
The mixture was stirred for 10 min at 0 °C. 10% DIAD THEF solution (0.13 mL, 0.65 mmol)
was added to this mixture through a syringe. The mixture was allowed to reach rt and stirred
overnight. The reaction mixture was quenched with EtOH (1 mL) and concentrated. The
residue was dissolved in EtOH (2 mL). Hydrazine monohydrate (0.4 mL) was added to this
mixture and refluxed for another 2 h. The solution was concentrated under reduced pressure.
The reaction mixture was diluted with 2 mL of EtOAc and 2 mL of KOH (1 M) and stirred
for 30 min. The aqueous phase was extracted with EA. The mixture was diluted with
EtOAc (3 x 10 mL), and the organic layer was washed with brine (3 x 20 mL) and dried
over Mg>SO4. The solvent was removed under reduced pressure. The residues were
purified by silica gel column chromatography (MeOH/DCM/TEA) to give the title
compound as a yellow solid (129 mg, 65 %). Mp: 174.5 — 175.0 °C. Purity: 95% (HPLC).
'"H NMR (400 MHz, Methanol-d4) 8 7.62 (d, J=5.8 Hz, 2H), 6.71 (d, J=2.2 Hz, 1H), 6.47
(d, J=2.1 Hz, 1H), 3.98 (t, /= 5.7 Hz, 2H), 3.83 (d, /= 3.4 Hz, 6H), 3.63 (t, /= 5.6 Hz,
2H), 2.28 (d, J=11.8 Hz, 6H).
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4.23
2,2'-((Oxybis(ethane-2,1-diyl))bis(oxy))bis(/V-(2-(4-(5,7-dimethoxy-4-0x0-1,4-
dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)ethyl)acetamide) (4.23). Compound
4.23 was prepared in the same manner as compound 4.1 from compound 4.22 and 2,2'-
((oxybis(ethane-2,1-diyl))bis(oxy))diacetic acid. Yield (14 mg, 56%) as a clear foam.
Purity: 98% (HPLC). 'H NMR (400 MHz, DMSO-ds) 8 7.93 (s, 2H), 7.83 (s, 4H), 6.72 (s,
2H), 6.52 (s, 2H), 3.94 (s, 4H), 3.91 —3.76 (m, 16H), 3.62 (s, 8H), 3.54 (d, /= 5.8 Hz, 4H),
2.27 (s, 12H). 3C NMR (101 MHz, DMSO) & 169.4, 164.4, 161.0, 159.2, 158.3, 153.1,
151.2,130.7, 128.5, 126.3, 104.2, 100.0, 97.6, 70.3, 70.2, 70.0, 69.6, 56.0, 55.6, 38.5, 15.9.
MS: caled for C4sHs7N6O13 [M+H]", 925.4; found 925.1.

4.24 A
NLN-Bis(2-(4-(5,7-dimethoxy-4-oxo-1,4-dihydroquinazolin-2-yl)-2,6-
dimethylphenoxy)ethyl)-4,7,10,13,16,19,22-heptaoxapentacosanediamide (4.24).
Compound 4.24 was prepared in the same manner as compound 4.1 from compound 4.22
and 4,7,10,13,16,19,22-heptaoxapentacosanedioic acid. Yield (43 mg, 68%) as a
transparent gel. Purity: >99% (HPLC). 'H NMR (400 MHz, DMSO-d)  8.22 (s, 2H), 7.89
(s, 4H), 6.73 (d, J = 2.4 Hz, 2H), 6.51 (d, /= 2.4 Hz, 2H), 3.88 (s, 6H), 3.84 (s, 6H), 3.80
(t,J=5.6 Hz, 4H), 3.62 (t, /= 6.4 Hz, 4H), 3.51 — 3.44 (m, 28H), 2.38 (t, /= 6.4 Hz, 4H),
2.28 (s, 12H). 13C NMR (101 MHz, DMSO) & 170.30, 164.17, 160.89, 159.78, 157.94,
153.02, 152.46, 130.66, 128.24, 127.41, 104.58, 101.02, 97.49, 70.49, 69.79, 69.71, 69.63,
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69.50, 66.71, 55.90, 55.57, 45.58, 36.04, 15.95. MS: calcd for CssH77NsO17 [M+H]",
1129.5; found 1129.6.
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4.25
1-(4-(5,7-Dimethoxy-4-o0x0-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-4-oxo-
6,9,12-trioxa-3-azatetradecan-14-oic acid (4.25). To a mixture of 2,2'-((oxybis(ethane-
2,1-diyl))bis(oxy))diacetic acid (12 mg, 0.054 mmol) and HATU (45 mg, 0.12 mmol) in
anhydrous DMF (1 mL), DIPEA (57 pL, 0.32 mmol) was added. The solution was stirred
at room temperature for 30 min followed by the addition of compound 4.22 (20 mg, 0.054
mmol). The reaction solution was stirred at room temperature for 15 h. Water (1 mL) was
added to this mixture and stirred at room temperature for another 1 h. The mixture was
diluted with EtOAc, and the organic layer was washed with brine (3 x 20 mL) and dried
over Mg>SO4. The solvents were removed under reduced pressure. The residues were
purified by silica gel column chromatography (MeOH/DCM/AcOH) to give the title
compound as a yellow gel (11 mg, 36%). '"H NMR (400 MHz, Methanol-d4) § 7.71 (s, 2H),
6.80 (d, J=2.3 Hz, 1H), 6.56 (d, J = 2.3 Hz, 1H), 4.11 (s, 2H), 4.07 (s, 2H), 3.99 — 3.91
(m, 8H), 3.82 — 3.64 (m, 10H), 2.37 (s, 6H).
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1-(4-(5,7-Dimethoxy-4-o0x0-1,4-dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-4-oxo-
7,10,13,16,19,22,25-heptaoxa-3-azaoctacosan-28-oic Acid (4.26). Compound 4.26 was
prepared in the same manner as compound 4.25 from compound 4.22 and

4,7,10,13,16,19,22-heptaoxapentacosanedioic acid. Yield (17 mg, 33%) as a transparent
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gel. 'TH NMR (400 MHz, Methanol-ds) & 7.61 (s, 2H), 6.68 (d, J = 2.2 Hz, 1H), 6.44 (d, J
= 2.3 Hz, 1H), 3.82 (d, /= 3.2 Hz, 6H), 3.66 (t, J = 6.0 Hz, 2H), 3.60 (t, J = 6.2 Hz, 2H),
3.57-3.48 (m, 28H), 2.42 (t, J = 6.1 Hz, 4H), 2.26 (s, 6H).
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4-((4-((4-Chloro-3-((1,1-dimethylethyl)sulfonamido)phenyl)amino)-5-
methylpyrimidin-2-yl)amino)-VN-(1-(1-(4-(5,7-dimethoxy-4-oxo-1,4-
dihydroquinazolin-2-yl)-2,6-dimethylphenoxy)-4-0x0-6,9,12-trioxa-3-azatetradecan-
14-oyl)piperidin-4-yl)-2-fluorobenzamide (4.27). To a solution of compound 4.25 (10
mg, 17 umol) in 1 mL anhydrous DCM under N> was added 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC, 4.0 mg, 21 umol), HOBt (3.2 mg, 21 pmol). The
resulting solution was stirred for 30 min, and compound 2.11 (10 mg, 17 mmol) and DIPEA
(9.1 pL, 52 pmol) were added. The resulting mixture was stirred at rt for 15 h, then
partitioned between EtOAc (3 x 10 mL) and 1M HCI (10 mL). The organic layer was
washed with brine (1x10 mL), dried over Mg>SO4. The solvents were removed under
reduced pressure. The residues were purified by silica gel column chromatography
(MeOH/DCM) to give the title compound as a white solid (17 mg, 84%). 192.8 — 193.4 °C.
Purity: 96% (HPLC). '"H NMR (400 MHz, Methanol-d4) & 8.06 (d, J = 2.5 Hz, 1H), 7.75
(s, 1H), 7.56 (s, 2H), 7.56 — 7.49 (m, 1H), 7.44 (t, J= 8.7 Hz, 1H), 7.36 (dd, J = 2.6, 8.7
Hz, 1H), 7.26 (d, /= 8.8 Hz, 1H), 7.08 (dd, J = 2.1, 8.7 Hz, 1H), 6.60 (d, J = 2.2 Hz, 1H),
6.36 (d, J=2.3 Hz, 1H), 4.27 (d, J = 13.1 Hz, 1H), 4.20 — 4.05 (m, 2H), 4.03 — 3.89 (m,
3H), 3.88 — 3.70 (m, 9H), 3.70 — 3.50 (m, 10H), 3.11 —3.01 (m, 1H), 2.76 (t, /= 12.0 Hz,
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1H), 2.23 (s, 6H), 2.03 (s, 3H), 1.84 (s, 2H), 1.46 — 1.34 (m, 2H), 1.27 (s, 9H). MS: calcd
for CssHe7CIFN10012S [M+H]", 1145.4; found 1145.4.

4.28
NLN-Bis(2-(4-(5,7-dimethoxy-4-oxo0-1,4-dihydroquinazolin-2-yl)-2,6-
dimethylphenoxy)ethyl)-4,7,10,13,16,19,22-heptaoxapentacosanediamide (4.28).
Compound 4.28 was prepared in the same manner as compound 4.27 from compound 4.26
and compound 2.11. Yield (15 mg, 88%) as a white solid. 91.0 — 91.5 °C. Purity: 98%
(HPLC). 'H NMR (400 MHz, Methanol-ds) & 8.20 (d, J = 2.6 Hz, 1H), 7.90 (s, 1H), 7.79
—7.69 (m, 3H), 7.59 (t, J= 8.6 Hz, 1H), 7.49 (dd, /= 8.8, 2.5 Hz, 1H), 7.38 (d, J = 8.8 Hz,
1H), 7.26 (dd, J= 8.6, 2.1 Hz, 1H), 6.78 (d, /= 2.3 Hz, 1H), 6.54 (d, J=2.3 Hz, 1H), 4.48
(d, J=13.5 Hz, 1H), 4.20 — 4.07 (m, 1H), 4.03 (d, J = 13.9 Hz, 1H), 3.92 (s, 6H), 3.81 —
3.69 (m, J= 6.5 Hz, 6H), 3.66 — 3.55 (m, 26H), 3.25 (q, /= 8.0 Hz, 2 H), 2.88 (t, /= 12.7
Hz, 1H), 2.78 — 2.69 (m, 1H), 2.53 (t, J = 4.0 Hz, 2H), 2.20 (s, 6H), 2.16 (s, 3H), 2.07 —
1.98 (m, 2H), 1.65 — 1.50 (m, 2H), 1.27 (s, 9H). MS: calcd for CssHg7CIFN10016S [M+H]",
1349.6; found 1349.5.
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