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Abstract
Dissertation Title: Antagonism of the -Helix Mediated ProteinProtein Interactions of
the Bcl-2 and c-Myc Oncoprotein Families: Proteomimetic and Small-molecule
Strategies
Jeremy L. Yap, Doctor of Philosophy, 2014
Dissertation Directed by: Prof. Steven Fletcher, Assistant Professor, Dept. of
Pharmaceutical Sciences
The Bcl-2 oncoprotein family includes both anti- and pro-apoptotic proteins that
are normally localized within the mitochondrial outer membrane. The over-expression of
the anti-apoptotic proteins (such as Bcl-xL, Bcl-2, and Mcl-1) is associated with cancer
and chemotherapeutic resistance. Pro-apoptotic Bcl-2 proteins (such as Bak and Bim)
initiate the intrinsic apoptotic pathway via oligomerization at the mitochondrial
membrane. However, in the presence of over-expressed anti-apoptotic Bcl-2 proteins,
pro-apoptotic Bcl-2 proteins are sequestered and the intrinsic apoptotic pathway is
antagonized.

Specifically, the conserved BH3 -helix of the pro-apoptotic proteins

engage the hydrophobic binding crevices of the anti-apoptotic proteins largely through
hydrophobic (i), (i + 3/4) and (i + 7) residues on one face of the helix. Though potent
inhibitors of Bcl-2 and Bcl-xL have been identified, chemically diverse pan-Bcl-2 and
Mcl-1 specific inhibitors are lacking. Inspired by the recent advances in -helix mimicry
and fragment-based drug design, we have successfully synthesized potent (Ki ~ 150 nM)
pan-Bcl-2 inhibitors based on trisbenzamide and salicylate scaffolds and validated their
activities in vitro.

The c-Myc oncoprotein is an intrinsically disordered (ID) transcription factor of a
vast number of genes that are involved in cell proliferation and growth. Similar to antiapoptotic Bcl-2 proteins, overexpression of c-Myc is associated with a myriad of cancers
such as prostate, breast, and lung tumors. Though biologically inactive in its ID
monomeric form, the transcriptional activation of c-Myc is initiated upon binding its
obligatory protein partner Max. The transcriptionally active c-MycMax heterodimers
recognize and bind the hexanucleotide sequence 5’-CACGTG-3’ on dsDNA, where the
transactivation domain of c-Myc recruits additional transcriptional machinery. Owing to
its ID properties, in the absence of Max, c-Myc does not exhibit any secondary structure
that may function as a basis for drug design. While several c-Myc specific inhibitors
have been identified through high-throughput screening, few structure-activity
relationship (SAR) studies have been reported. Towards developing potent c-Myc
inhibitors, we conducted an SAR study on the c-Myc inhibitor 10074-G5 (IC50 = 146
M), which resulted in the discovery of an improved inhibitor, JY-3-094 (IC50 = 33 M)
whose ester prodrugs exhibited potent cell activities (IC50 < 10 M).
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Chapter I: ProteinProtein Interactions of the Anti-apoptotic Bcl-2 Family Proteins
Bcl-xL & Mcl-1

1.1) Discovery & Significance Bcl-2 Family Proteins in Oncogenesis
The B-cell lymphoma 2 (Bcl-2) protein family is comprised of critical proteins
that are essential for the proper regulation, suppression, and activation of the intrinsic
apoptotic pathway of cell death. Owing to their critical functions in regulating the
balance between cell proliferation and cell death, the proper regulation and expression of
Bcl-2 family proteins is critical to cell homeostasis and recycling. Towards fulfilling its
functions of apoptotic regulation, the Bcl-2 family is divided into two classes of proteins:
pro-apoptotic and anti-apoptotic.1-82 While both pro and anti-apoptotic proteins are
antagonistic in terms of their respective functions, both protein classes share similarities
amongst themselves through conserved helical Bcl-2 homology (BH) domains.
Furthermore, the pro-apoptotic proteins of the Bcl-2 family may be further subdivided
into multi-domain (BH1-BH4) proteins and the BH3-single domain proteins.3 The BH3
domains of Bcl-2 proteins have been confirmed by Sattler et al. in 1997 as the essential
functional regions responsible for the proteinprotein interactions (PPIs) at the surfaces
of the pro- and anti-apoptotic proteins of Bcl-2, constituting a highly regulated
equilibrium.4,5 During a normal cell’s life cycle, this equilibrium may be influenced by
the transiently increased expression of either pro- or anti-apoptotic Bcl-2 family proteins
in response to various cellular stimuli.

An increase in pro-apoptotic Bcl-2 protein

expression tilts the equilibrium toward cell death, whereas a similar increase in the antiapoptotic Bcl-2 proteins will push the equilibrium towards cell survival & proliferation as
shown in Figure 1.1.
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Figure 1.1: General diagram of Bcl-2 proteinprotein interactions leading to either cell death
or cell survival.

Increased levels of the pro-apoptotic BH multi-domain proteins results in their
oligomerization with coupled insertion and perforation at the mitochondrial outer
membrane. The resultant mitochondrial outer membrane permeability (MOMP) causes
the release of cytochrome-c (cyt-c) which is an essential step of the intrinsic apoptotic
pathway and will be discussed in greater detail below. Similarly, an increase in the levels
of anti-apoptotic Bcl-2 proteins directly results in the sequestration of BH multi-domain
& BH3-only domain proteins and the antagonism of MOMP. The role of Bcl-2 proteins
in disease, specifically cancer, was first elucidated by Tsujimoto et al. in 1985 where they
identified chromosomal translocations that resulted in the rampant over-expression of
anti-apoptotic Bcl-2 in B-cell lymphoma cells.6 Specifically, the oncogenic activation of
the bcl-2 gene occurs after a deleterious chromosomal rearrangement during B-cell
lymphoma cell division where the bcl-2 gene located at chromosome locus 18q21.3 is
inserted downstream from an immunoglobulin promoter region, consequently inducing
the gross amplification of bcl-2 gene expression and subsequent over-expression of Bcl-2
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protein.6a,7,6b Since the identification of Bcl-2 as an oncogenic protein, other critical
isoforms, most notably B-cell lymphoma extra-large (Bcl-xL) and myeloid-cell leukemia
(Mcl-1), have been identified.8,9 Though all three of the aforementioned anti-apoptotic
oncoproteins were originally discovered in lymphoma & leukemia cells, their overexpression has been observed to occur in an extensive range of other cancers. 10,11 Indeed,
simultaneous over-expression of Bcl-xL, Bcl-2, and Mcl-1 has been correlated with
multiple types of metastatic cancers such as mesothelioma, non-small cell as well as
small cell lung cancer, colon and prostate cancers.1-82 Although in the past decade highly
selective Bcl-xL & Bcl-2 chemotherapeutic agents have reached Phase II clinical trials,
Mcl-1 has recently emerged as a more high-priority pharmaceutical target as its overexpression is directly responsible for inducing chemotherapeutic resistance in Bcl-xL &
Bcl-2 dependent cancers through selective pressure. 12,13,14,15

Patients observed with

initial tumor regression owing to Bcl-xL & Bcl-2 specific chemotherapeutic agents in the
clinic often exhibit Mcl-1 initiated relapse followed by aggressive metastasis and robust
chemotherapeutic resistance.

Furthermore, in vivo Mcl-1 transgenic murine model

systems have demonstrated an 85% increase in the development of B-cell lymphomas
over a 2 year cohort study, further validating its aggressive oncogenic potential. 16,17 The
siRNA-induced knockout of Mcl-1 in similar models that demonstrated chemotherapeutic
resistance to a known Bcl-2 drug Rituximab, was subsequently observed to re-sensitize
malignant cells to therapeutic treatment, further emphasizing Mcl-1’s role in tumor
metastasis & drug resistance.16,18
As the over-expression of Bcl-2 proteins (particularly Bcl-xL & Bcl-2) is
ultimately associated with tumor formation & resistance (most notably Mcl-1), they
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represent clinically significant hurdles further compounded by their ubiquitous
expression in most tissues of the body.19,20,21

The contribution of Mcl-1 to patient

mortality further underscores the role of Bcl-2 proteins as pharmaceutically critical
proteins and highlights the urgent need for additional research into their inhibition.

1.2) Apoptotic Pathways and Signal Transduction of Bcl-2 Family Proteins
As previously introduced, apoptosis is a vital cellular process whose proper
regulation is essential towards maintaining the critical balance between cell proliferation
and cell death. In addition to its role in the regulation of cell death, apoptosis is also
equally important in the removal and recycling of damaged or diseased cells. Currently
there are two distinct cellular signal transduction pathways that are central to the proper
regulation of apoptosis: the extrinsic and intrinsic pathways. 1-5
In the extrinsic pathway of apoptosis, signaling cytokines such as tumor necrosis
factor-related apoptosis inducing ligand (TRAIL), or the related apoptosis potentiating
ligand Fas-L, bind at the cell surface where they induce the trimerization of tumor
necrosis factor family receptors (TNF-Rs) as seen in Figure 1.2.3,22,23 The trimerization
of TNF-Rs is coupled with the recruitment of death domain proteins at their cytoplasmic
tails and the conversion of procaspase 8 to active caspase 8. The activation of caspase 8
is followed by the cleavage and migration of the BH3-interacting domain death agonist
(Bid) pro-apoptotic protein to the mitochondrial outer membrane. 24 While Bid is known
to be sequestered and deactivated by anti-apoptotic Bcl-2 proteins, it has been postulated
that Bid binds and stabilizes BH multi-domain pro-apoptotic proteins as a chaperone
protein to assist in MOMP.
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Figure 1.2: Signaling pathway of the extrinsic vs. intrinsic apoptotic pathways.

However, whether the initiation of MOMP via BH multi-domain proteins is the result of
their stabilization by Bid, or if the sequestration of anti-apoptotic Bcl-2 proteins by Bid
frees up BH multi-domain proteins for oligomerization is still currently being
investigated.

Regardless, since Bid is primarily activated through extracellular cell

signaling and ultimately ends with the stabilization of BH multi-domain proteins, Bid is
often referred to as a “bridging” molecule that allows for a degree of cross-talk between
both apoptotic pathways.1,24
In contrast to the extracellular signal-mediated extrinsic pathway, the intrinsic
pathway is initiated through cellular trauma such as UV light exposure, intense heat, or
viral infection.25,26 While such cellular trauma has been observed to induce the upregulation of BH3-only pro-apoptotic proteins such as Bid & Bim, the specific details of
activation beyond the observed phenotype of apoptosis have yet to be elucidated. The
up-regulation of BH3-only pro-apoptotic proteins then proceeds to either sequester anti-
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apoptotic Bcl-2 family proteins, or stabilizes the formation of Bcl-2 antagonist killer
(Bak) and Bcl-2 association protein X (Bax) oligomers. BakBak & BaxBax oligomers
then proceed to perforate the outer mitochondrial membrane to initiate MOMP and the
downstream release of cyt-c and activation of terminal caspase 3 to initiate DNA
fragmentation.27
In as much as there are certain inherent differences and similarities in the
signaling pathways between the extrinsic and apoptotic pathways, there are equally
important signaling pathways responsible for the proper expression and control of the
Bcl-2 protein family members. While the cell is an extensively complex biological
system, there exist several primary signaling pathways that are observed to be responsible
for the activation and deactivation of Bcl-2 proteins.
As previously introduced, the TNF pathway is involved in the extrinsic pathway
of apoptosis. The activation of the TNF pathway is initiated through the binding of TNF
ligands such as TNF-, TRAIL, or Fas-L to TNF-Rs.28, 29, 30, 31. The binding of these TNF
ligands to TNF-Rs results in the homotrimerization of the TNF-Rs which allows the
recruitment of specific death domain proteins such as Fas-activated death domain
(FADD) at the cytoplasmic tails of the TNF-Rs. FADD proteins activate caspase 8 which
activates the BH3-only protein Bid.

Activation of Bid is followed by either its

sequestration by anti-apoptotic Bcl-2 proteins to presumably free Bak and Bax, or its
binding to Bak or Bax which plays a role in the stabilization of the active Bak or Bax
oligomers for MOMP initiation (Figure 1.2).
In addition to the TNF-R activated apoptotic pathway, there are several key
kinase pathways that are known to be involved in the activation and deactivation of Bcl-2
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family proteins. One such pathway is the phosphoinositol-3 kinase/protein kinase B
(PI3K/PKB) pathway (Figure 1.3). PI3K is a lipid kinase which specifically catalyzes
the addition of an ATP-derived phosphate to phosphoinositide 4,5-bisphosphate (PIP2) to
give phosphoinositide 3,4,5-trisphosphate (PIP3).32 Since PIP3 is known to act as a
second messenger recognition molecule, PI3K is considered to be a major factor of
signaling pathways involved in cell survival. The phosphorylation of PIP2 to PIP3 is
followed by the activation of PKB which recognizes PIP3 through its Pleckstrin
homology (PH) domains.33 Once anchored in the cytoplasmic side of the cell membrane,
PKB initiates its activity as a dual-specificity serine-threonine kinase by phosphorylating
pro-apoptotic Bad on Ser136.34,

35

Phosphorylation of Bad by PKB induces a

conformational change that causes it to be sequestered by 14-3-3 proteins, thus inhibiting
the activation of Bax and Bak.

Figure 1.3: Growth factor binding at receptor tyrosine kinases (RTKs) induces the
phosphorylation of the cytoplasmic tails of RTKs. SH2 domains of PI3K recognize
the phosphorylated tyrosine residues of RTKs and catalyze the phosphorylation of
PIP2 to PIP3. PIP3 is detected at the plasma membrane by the PH domains of PKBs
which antagonize the activity of Bad through phosphorylation of the Ser136 residue of
Bad.
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Another kinase pathway involved in Bcl-2 signal transduction is the Janus kinase/signal
transducer activator of transcription (JAK/STAT) signaling pathway. The JAK/STAT
pathways are initially activated through the binding of various cytokines such as
interleukins (ILs) at cytokine receptors.36 The binding of ILs to cytokine receptors results
in the cross-phosphorylation by JAKs and the subsequent dimerization and activation of
STAT proteins which act as nuclear transcription factors of an extensively long list of cell
growth and cell survival proteins, specifically Bcl-xL and Mcl-1.

Indeed, the

overexpression of Mcl-1 has been observed concurrently with the activation of STAT5
proteins in leukemia cells.36, 37 Furthermore, the JAK/STAT ligand IL-3 is known to also
induce the activation of the aforementioned PI3K/PKB pathway in a manner similar to
RTKs, thus providing a two-pronged method of carcinogenesis: deactivation of proapoptotic proteins (Bad), and transcription of pro-apoptotic proteins (Bcl-xL & Mcl-1).38
In addition to the aforementioned signaling pathways, the N-terminal region of
Mcl-1 is known to contain a relatively unstructured region of approximately 160 amino
acid residues housing several Pro-Glu-Ser-Thr (PEST) regions that are unique to Mcl-1
and not found in either Bcl-xL or Bcl-2.1 The PEST regions of Mcl-1 are targeted for
post-translation modifications such as ubiquitination and phosphorylation. As these posttranslational modifications are involved in protein degradation and deactivation, such
modifications explain the comparatively ephemeral and indeed variable expression of
Mcl-1(t1/2 = 20 mins-1hr).
Though the pathways described above are by no means a complete list of the
highly complex pathways and signaling cross-talk that ultimately end with either the
activation or deactivation of Bcl-2 proteins, they serve as examples that illustrate how the
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Bcl-2 protein family acts as a downstream central “hub” of apoptotic control. Although
both the dysregulation as well as compromised activity of multiple pathways are
observed in cancer, understanding how such major pathways converge on the overall
regulation of a specific family of oncoproteins allows us to focus our efforts towards
targeting such “hub” proteins to achieve successful inhibition and clinical efficacy.

1.3) Structure of Pro- and Anti-apoptotic Bcl-2 Proteins
Amongst the pro-apoptotic proteins of Bcl-2, there are two known sub-classes of
proteins: the BH3 single-domain proteins, and BH multi-domain proteins.

As their

names imply, BH3 single-domain proteins exhibit only the conserved homologous BH3
helix whereas the BH multi-domain proteins exhibit helices BH1-BH4 (Figure 1.4).

Figure 1.4: Domain diagrams of anti-apoptotic, BH3 single-domain, and BH
multi-domain Bcl-2 proteins. The indicated BH domains are shown at
approximate regions along with applicable TM domains and PEST domain
region(s) of Mcl-1.
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In terms of the overall sequence homology shared between the pro-apoptotic Bcl-2
proteins, the BH3 single-domain proteins (such as Bim) share 20% while the BH multidomain proteins (such as Bak or Bax) share but a scant 3% sequence similarity. 1 Despite
the overall lack of primary sequence homology, the secondary and tertiary structures as
well as overall functionality are conserved. Similarly, the BH regions shared between the
pro-apoptotic Bcl-2 proteins are also conserved within the anti-apoptotic Bcl-2 proteins
as well. In addition to the conserved BH domains, Bcl-2 proteins also share a transmembrane (“TM”) region (Figure 1.4) at the C-terminus which is involved in
localization and anchoring to the outer mitochondrial membrane. In terms of apoptotic
activation, NMR solution studies had previously elucidated that it is primarily the BH3
helix that binds anti-apoptotic Bcl-2 proteins.4

In addition to NMR solution

experiments, alanine scanning performed by Sattler et al. demonstrated that the non-BH3
helices BH1, BH2, and BH4 did not participate in the apoptotic activity of Bak. 4 The
BH3 helices of both BH3 single and BH multi-domain proteins exhibit conserved
hydrophobic residues at one helical “face” at the i, i + 3 and i + 7 positions, and polar
charged residues at the other “face” (i + 5 position). Specifically for Bak, residues L78,
I81, D83, and I85 are expressed on its BH3 helix (Figure 1.5).39
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Figure 1.5: BH3 helix of multi-domain Bak showing the conserved i, i + 3, i + 5,
i + 7 residues. (PDB File: 1BXL)

Amongst these residues, L78 and D83 were found to be critical towards the
stabilization of Bak–Bcl-xL protein–protein complexes by engaging in hydrophobic and
electrostatic interactions, respectively. A fluorescence polarization competition assay
(FPCA) with Bak alanine mutants L78A and D83A exhibited a 200-800 fold decrease in
binding affinity to Bcl-xL.4

Similarly, the BH3 single-domain protein Bim exhibits

homologous residues of L62, I65, D67, and F69. Owing to their nature as homologous
proteins of the Bcl-2 family, the pro-apoptotic proteins Bak & Bim exhibit identical
amino acid residues in the BH3 helix culminating in identical conserved intermolecular
interactions with the hydrophobic grooves of the Bcl-2 anti-apoptotic proteins. Moreover,
the analogous L62 and D67 in Bim have also been identified via alanine scanning &
mutagenesis studies as being critical for binding. 40,

41

Similar to Sattler’s alanine

scanning experiments, an identical approach by Fairlie et al. confirmed that L62 and D67
in Bim are essential towards not only Bcl-xL inhibitory activity, but also towards the
ever-elusive Mcl-1 protein.40 Of particular interest are the intrinsically disordered (ID)
11

properties of the BH3 -helices of the pro-apoptotic Bcl-2 proteins. Though their BH3
helices are structured upon binding their anti-apoptotic partner proteins, the BH3
helices have been observed to lack a defined structure and exist as random loops. 1, 4 The
BH3 single-domain protein Bid was introduced as a “bridging” molecule between the
extrinsic and intrinsic pathways of apoptosis. Bid is known to differ from other BH3
single-domain proteins as it exhibits a folded structure. Post-translational modifications
to Bid are known to activate Bid by cleaving it into two 7 and 15 kDa fragments, with the
15 kDa fragment containing the active BH3 helix which either activates Bax or Bak,
or binds anti-apoptotic Bcl-2 protein.
The primary binding sites of the aforementioned BH3 helices of pro-apoptotic
Bcl-2 proteins are the conserved hydrophobic grooves at the surfaces of the Bcl-2 antiapoptotic proteins Bcl-xL, Bcl-2, and Mcl-1 formed by helices BH1-BH3.

The

hydrophobic grooves consist of 4 primary binding pockets, hereafter referred to as p1-p4
shown in Figure 1.6.1, 4

Figure 1.6: Bcl-xL structure with the conserved p1-p4 hydrophobic
regions marked. The critical (i + 5) residue Arg139 of Bcl-xL is
indicated directly across from the p3 pocket. (PDB: 1R2D)
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In agreement with Sattler’s work on the identification of the specific residues
involved in the proteinprotein interactions of pro- and anti-apoptotic Bcl-2 proteins,
Fesik et al. further validated that the p2 pocket formed by helices BH1-BH3 is a critical
“hot-spot” which engages pro-apoptotic Bcl-2 proteins through hydrophobic interaction.4,
42

The inner reaches of the p2 pocket is lined with the branched chain amino acids Val,

Leu, Ile, as well as Phe and Met residues. These hydrophobic residues are known to
engage in conserved hydrophobic interactions (L78 for Bak & L62 for Bim) at the p2
pocket. Moreover, the essential nature of L78 of Bak was confirmed by Sattler et al. via
L78A mutants of Bak.4 Aside from the hydrophobic contributions of the p2 pocket of the
anti-apoptotic proteins, equally important electrostatic interactions are observed at the i +
5 region (relative to residue L78 for Bak) across from the p3 binding pocket. Conserved
positively-charged Arg residues R139 (Bcl-xL), R146 (Bcl-2), and R263 (Mcl-1) shown
in Figure 1.7 are known to engage in salt-bridge interactions with negatively charged
amino-acids D83 (Bak) and D67 (Bim).

Figure 1.7: Structures of Bcl-xL, Bcl-2, and Mcl-1 showing the conserved polar amino acid
residues Glu (red), Arg (blue), and Asn (green) within the hydrophobic binding grooves.
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The importance of the salt-bridge interactions near the p3 pocket has been highlighted by
the loss of binding when either the Arg or Glu residues are mutated to alanine. 40, 41
Despite the similarities in the key “hot-spot” amino acids, Mcl-1 has a
comparatively different topology primarily due to a poorly defined p4 region that is
normally ordered in Bcl-xL and Bcl-2. While in Bcl-xL and Bcl-2 the p4 region forms a
well-structured and organized binding cavity that cradles the hydrophobic residues Ile85
(Bak) or Phe69 (Bim), the p4 pocket of Mcl-1 is unstructured and is fairly solvent
exposed.42,

43, 44

It has been previously suggested that the differences within the p4

regions among Bcl-xL, Bcl-2, and Mcl-1 may explain why Mcl-1 presents itself as such a
difficult target. A previously reported small-molecule inhibitor ABT-737 was observed
to bind Bcl-xL & Bcl-2 in the single-digit nanomolar range however, it had negligible
activity towards Mcl-1 (IC50 > 1 mM).42, 44 The differences in the topological structure of
Mcl-1 are likely to explain the significant difficulties reported with regards to achieving
both pan-Bcl-2 family selectivity as well as sufficient potency (≤ single digit nM)
towards Mcl-1.44

1.4) Targeting the BH-3 Binding Groove of Anti-apoptotic Bcl-2 Proteins
Owing to their large, flexible, featureless surfaces, the design of small-molecular
inhibitors towards PPIs continues to present itself as a significant challenge. The overall
flexibility and unpredictable nature of PPIs has awarded them the infamous reputation as
being “undruggable” drug targets. Indeed in terms of the PPIs of the Bcl-2 family, the
challenges towards achieving active and selective inhibitors further highlights the degree
of difficulty that is inherent to PPIs as a whole.
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Regarding the design of small-molecule inhibitors that target the conserved
hydrophobic binding grooves of anti-apoptotic Bcl-2 proteins, there are several key
intermolecular interactions that have been introduced and are known to be critical to
binding. The BH3 helix was previously identified as the active binding helix among
the other BH domains that are presented on all Bcl-2 proteins.4

In terms of its

intermolecular interactions with the BH3 binding groove, the BH3 helix is known as an
amphipathic helix that exhibits both hydrophobic as well as polar sides.

The key

conserved hydrophobic residues on the aptly named hydrophobic side of the BH3 helix
consist of primarily Val, Ile, Leu, and Phe residues. Similarly, the polar side of the BH3
helix exhibits conserved polar residues Glu, Arg, and Asp. To illustrate such interactions,
pro-apoptotic Bim is a promiscuous binder of Bcl-xL, Bcl-2, and Mcl-1. The BH3
helix of Bim exhibits residues I58, L62, I65, and F69 on its hydrophobic side and
residues E55, R63, and D67 at its polar side (Figure 1.8).41

Figure 1.8: An isometric and down-the-barrel view of the hydrophobic and polar faces of
the Bim BH3 helix (PDB: 2NL9). The Bim to Mcl-1 interactions were deleted for
clarity of the two faces of the Bim BH3 helix residues.

Previously reported NMR solution structures, in silico screening, and in vitro assays
suggest that the residues L62, I65, and D67 are the most critical residues for binding.
Since L62, I65, and D67 are known to have the highest free energy contribution to
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binding (∆∆G = 8.3-12.5 kJ/mol), they have been identified as the “hot-spot” residues of
the BH3 helix. 41, 45. Furthermore, since the BH3 helix is conserved amongst all the
pro-apoptotic Bcl-2 proteins, the overall energetic contributions of these residues to
binding are essential. Owing to the importance of these conserved molecular interactions,
successfully functional mimicry of these residues is tantamount towards achieving active
and potent (single-digit nM) inhibitors towards the Bcl-2 family. While the structural
differences surrounding Bcl-xL, Bcl-2, and Mcl-1 still present themselves as significant
hurdles towards achieving pan-Bcl-2 & Mcl-1 selective small-molecule inhibitors, there
are several potent inhibitors that have been published in the literature with a few reaching
phase II & III clinical trials. Given their recurrent issues of non-specific interactions,
toxicity, non-selectivity and unknown mode of actions for certain candidates, it is
unknown whether the currently reported inhibitors will reach the market. Regardless, the
currently reported inhibitors in clinical trials stand as milestones in the development of
small-molecule inhibitors towards the Bcl-2 protein family.

Understanding and

acknowledging their strengths and weaknesses has offered us much inspiration towards
the development of our own inhibitors and as such they will be discussed in the following
sections.

1.5) Stapled BH3 Helix Peptides of Pro-apoptotic Bcl-2 Proteins
In as much as the pro-apoptotic members of the Bcl-2 family are directly
responsible for the suppression and regulation of the intrinsic apoptotic pathway, the cell
itself has also provided its own “natural” chemotherapeutic in the form of the proapoptotic Bcl-2 proteins.

Specifically, the cell’s answer towards antagonizing anti-
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apoptotic Bcl-2 proteins is through the intermolecular interactions between the BH3
death domains of pro-apoptotic Bcl-2 proteins and the conserved BH3 binding grooves of
anti-apoptotic Bcl-2 proteins. Additionally, the cell addresses the issue of selectivity
amongst the Bcl-2 proteins through distinct primary amino acid sequences found at the
surfaces of the active BH3 helices that bind the hydrophobic groove. Owing to the role
that the BH3 helix of pro-apoptotic Bcl-2 proteins plays in the initiation of the
intrinsic apoptotic pathway, this suggests their potential to be employed as a peptidebased therapeutic in cancer. Despite this potential, the abundance of in vivo issues such
as BH3 helix ID, loss of secondary structure, proteolytic-degradation, cellular penetration,
and potential for immune response in patients remain. In order to address such in vivo
issues as well as better understand the molecular interactions between pro- and antiapoptotic Bcl-2 proteins, Walensky et al. synthesized a series of stabilized helices of
Bcl-2 domains (SAHBs) as molecular probes of Bcl-xL.46 In their original methods,
Walensky et al. synthesized an SAHB of the Bid BH3 helix with non-natural
disubstituted (i) & (i + 4) residues functionalized with olefin linkers or “hydrocarbon
staples” through ruthenium-catalyzed ring closing metathesis (Figure 1.9).

Figure 1.9: General scheme of ruthenium-catalyzed ring closing
metathesis for the formation of the C8H14 hydrocarbon “staple”.
(PDB: 3MK8)
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The installation of the stapled linker assists with the formation of protein secondary
structure and overcomes the entropy associated with its ID form. Circular dichroism
studies confirmed the helicity of Walensky et al’s SAHBs (87%) versus natural Bid BH3
protein (16%).46 In addition to the increase in helical stability of their SAHBs, exposure
to proteases in vitro exhibited a protective effect presumably though shielding of the now
cyclic peptide backbone by the hydrocarbon chain.

46

2D-NMR HSQC experiments of

their Bid SAHBs with 15N-labeled Bcl-xL exhibited similar cross-peak 1H-15 N interactions
in comparison to natural Bid, confirming the functional binding of their SAHBs.46 Their
NMR experiments were further supported by FPCA of their SAHBs that demonstrated a
six-fold increase in binding from a Kd of 269 nM (natural Bid BH3) to a Kd of 38.8 nM
(Bid BH3 SAHB). The cellular activity of their SAHBs was confirmed by both cell
viability as well as apoptotic assays with various leukemia cell lines. Specifically, 3-(4,5dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT) assays with Jurkat, REH,
and MLL cell lines demonstrated the inhibition profile (IC 50s = 2.2 M (Jurkat), 10.2 M
(REH), 1.6 M (MLL)) of their Bid BH3 SAHBs. In vivo administration of 10 mg/kg of
Bid BH3 SAHB in nude mice exhibited tumor regression after day 5 with a 50% increase
in overall survivability as well. From the previous success they had with mimicking the
Bid BH3 helix, Walensky et al. further expanded their SAHB work to that of the Mcl-1
BH3 helix to investigate if a similar hydrocarbon stapling approach could be tailored
towards achieving Mcl-1 activity. FPCA screening of various stapled BH3 peptides of
Bim, Bid, and Noxa, with a truncated version of Mcl-1172-320 demonstrated Kd values of
17 nM, 50 nM, and 22 nM respectively. Application of their hydrocarbon stapling
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methods to the BH3 helix of Mcl-1 showed remarkable affinity (Kd = 43 nM) as well
as selectivity towards Mcl-1172-320. Indeed, Walensky’s Mcl-1 SAHB demonstrated not
only nanomolar affinity, but also selectively where BH3 SAHBs of the anti-apoptotic
Bcl-2 proteins Bcl-2 & Bcl-xL were not observed to bind Mcl-1172-320 (Kd = >1000 nM).
Interestingly, alanine mutations of the conserved BH3 residues Leu213 (i) & Asp 218 (i
+ 5) of their Mcl-1 BH3 SAHB resulted in a significant drop in Kd towards Mcl-1172-320,
underscoring yet again the critical nature of the conserved i, i + 5 residues in terms of
Bcl-2 family drug design. The molecular interactions of their Mcl-1 SAHB bound to
Mcl-1172-320 are shown in Figure 1.10 for clarity.

Figure 1.10: SAHB (gray) bound to Mcl-1 (green) with the analogous i, i + 3, i + 5
residues projected into the hydrophobic crevice. The C 8H16 “staple” linker is located
above the SAHB Arg14 residue. (PDB: 3MK8)

Through their SAHB work, Walensky et al. confirmed not only the pro-apoptotic
potential of select members of the Bcl-2 family, but also emphasized how selectivity is
markedly different with respect to Mcl-1 inhibition. Although their work demonstrated
nanomolar affinity in vitro, the overall therapeutic application of their SAHBs in the
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clinic is unlikely given its mode of administration. While their Bid BH3 SAHB exhibited
tumor regression in leukemia nude mice models, their constant intravenous delivery may
not be well-received in the clinic where oral dosage forms as well as patient compliance
and routine self-medication are most desired. Coupled with the need for intravenous
administration is the existing potential of an immune response in patients towards a
peptide-derived drug as well. Though in vivo nude mice leukemia models showed an
extended life expectancy range of 50%, such a range may not be acceptable where the
ultimate goal is full tumor-regression and restoration of patients’ natural life expectancy
and quality of life. Despite their potential issues, SAHBs of Bcl-2 proteins have proven
themselves as not only functional models of the active BH3 helix “hotspots”, but also as
vital tools in the quest towards the development of small-molecule inhibitors of the Bcl-2
family. The utilization of SAHBs in FPCA towards the discovery and development of
novel small-molecule inhibitors of Bcl-2 has been reported in literature and solidifies
their position as efficient tools of drug design.

1.6) Synthesized Proteomimetics of the BH3 Helices of Bak and Bim
Owing to how the binding of the conserved BH3 helices of Bcl-2 proteins is
instrumental to the regulation of apoptosis, proper mimicry of the essential residues of the
BH3 helix has been identified as a method of rational drug design. Specifically, the
design of molecular scaffolds that spatially project amino acid side-chain mimicking
functionalities in the same orientation as the BH3 helix was first reported in 2002 and
largely pioneered by Hamilton. Given the overwhelming variety of helix mimetic
scaffolds currently known, the scope of such mimetics detailed hereafter will be focused
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specifically on five classes of mimetics that specifically target the Bcl-2 family proteins.
Among the five classes that will be discussed are the terphenyls, picolinamides,
terephthalamides, enaminones, and the benzoylureas (Figure 1.11).
Coining the phrase “proteomimetic”, one of Hamilton’s first BH3 helix
mimetics was designed from a terphenyl scaffold capable of projecting hydrophobic
ortho-functional groups in a similar spatial orientation as the conserved Bak-BH3
helix (i), (i + 3/4), (i + 7) residues into the binding groove of Bcl-xL (Figure 1.11).47

Figure 1.11: Comparison of the Bak BH3 helix (i), (i + 3), and (i + 7) residues with the five classes
of Hamilton’s BH3 helix mimetics. a) terphenyls; b) picolinamides; c) terephthalamides; d)
enaminones; e) benzoylureas. Dashed lines indicate hydrogen bonding.

As previously introduced, in 1997 Sattler and co-workers elucidated through NMR
solution studies that the BH3 helix of Bak binds within the hydrophobic groove of BclxL.4 Taking into account the above molecular interactions between the Bak BH3 helix
and Bcl-xL, Hamilton designed the terphenyl scaffold with ortho-functionalized
hydrophobic groups as well as carboxylic acid functionalities at the scaffold termini for
both the proper mimicry of the hydrophobic residues of the BH3 helix of Bak and to
improve solubility, respectively.

In addition, the phenyl rings project the ortho-

functional groups in a staggered conformation similar to a native helix, owing to the
steric clash of the aromatic protons adjacent to the aryl-aryl bond. Using FPCA with
21

fluorescein isothiocyanate-labeled Bak (FITC-Bak) and Bcl-xL, Hamilton et al. identified
their naphthalene-functionalized terphenyl (Figure 1.11a) as a potent inhibitor with a Ki
of 114 nM.47 A similar terphenyl derivative that projected the naphthalene ring from the
top aryl ring exhibited significantly decreased binding to Bcl-xL with a Ki of 2.6 M,
suggesting that a large hydrophobic group at the middle aryl ring may participate in 
stacking interactions within the binding groove of Bcl-xL. 2D NMR experiments using
15

N labeled Bcl-xL and the terphenyl in Figure 1.11a showed cross-peak shifts

correlating to the i, i + 3, i + 7 residues within the hydrophobic groove of Bcl-xL,
suggesting that their molecule was binding in a similar manner as the native Bak
peptide.47
Another class of helix mimetic introduced by Hamilton is the picolinamidetype scaffold. Building on the concept that hydrophobic interactions on one face of the
-helix (mimetic) are critical in the binding of Bak to Bcl-xL, Hamilton et al. engineered
the picolinamide scaffold with an intramolecular hydrogen bonding network by
incorporating heterocyclic pyridine rings that encourage the projection of all side chains
from the same face (Figure 1.11b). The presence of the pyridine rings allows for
hydrogen bonding between the O-alkyl, the amide NH, and the N of the pyridine rings as
shown by the dashed lines in Figure 1.11b. The intramolecular hydrogen bonding
restricts the rotation about the aryl-amide axis and also induces a degree of curvature
within the picolinamide scaffold. Both the restricted rotation and the intramolecular
curvature instill a pre-configured arrangement that projects the picolinamide’s orthofunctionalized isopropyl groups into the binding groove of Bcl-xL thus encouraging its
hydrophobic interactions. The presence of the picolinamide’s intramolecular hydrogen
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bonding was confirmed by 1D 1H-NMR experiments where downfield shifts of the amide
protons were observed. 48 Hamilton’s 1D NMR experiments were supplemented by X-ray
crystallography that confirmed the presence of both the intramolecular hydrogen bonding
and the induced curvature within their picolinamide scaffold. 48 In vitro FPCA assays of
several ortho-functionalized derivatives of Hamilton’s picolinamide against the FITCBakBcl-xL heterodimeric complex identified a potent O-isopropoxy functionalized
picolinamide that bound Bcl-xL with a Ki of 2.3 M.
Although potent derivatives of the terphenyl and picolinamide scaffolds were
reported, both scaffolds displayed poor solubility even with the incorporation of the
carboxylic acid groups in the case of the terphenyls. Moreover, the synthetic route
leading to the terphenyl scaffold is lengthy (~ 15 step synthesis), making the synthesis of
a diverse library of terphenyl compounds difficult. While the picolinamide scaffold has
some modularity over the terphenyl scaffold given its easily functionalized pyridine
subunits, its synthesis is not just lengthy, but pyridone-pyridol tautomerization is also a
non-trivial issue that will be covered in greater detail in Chapters 2 and 4.
Towards addressing these shortcomings of the terphenyl and picolinamide
compounds, Hamilton et al. introduced a synthetically simpler terephthalamide scaffold
(Figure 1.11c).49 Unlike the terphenyls and picolinamides that required each varied aryl
subunit to be functionalized prior to scaffold synthesis, the terephthalamide scaffold
entails the synthesis of its carboxylic acid precursors that can be coupled with either
natural l-amino acids or a series of secondary amines to install the R 1 and R3 groups
respectively, while its 2-hydroxy group may react as a nucleophilic species through S N2
reactions with various alkyl halides for facile installation of the R 2 group. The presence

23

of an intramolecular hydrogen bond between the NH of the R 1 functionalized amino acid
and the O-alkyl group also induces a degree of pre-organization to direct the hydrophobic
R1 and R2 groups into the binding cleft of Bcl-xL to facilitate hydrophobic interaction. In
vitro FPCA of Hamilton’s terephthalamides against FITC-BakBcl-xL confirmed their
activities with the most potent compound (Figure 1.11c where R1-R3 = iPr)
demonstrating a Ki of 781 nM.49 During the in vitro assays, the terephthalamides also
exhibited remarkably improved solubility at the tested concentrations of 10 -8-10-4 M in
phosphate buffered saline (PBS) with 0.1% DMSO as a co-solvent.49

1

H-NMR

experiments with the in vitro evaluated terephthalamide (Figure 1.11c where R1 -R3 =
iPr) also confirmed the hydrogen bonding between the R1 NH group and R 2 ether oxygen
where no significant shift in ppm was observed in the varied concentrations of 0.005M to
0.5M.49-50
As an alternative method of countering the poor solubility of the terphenyl-based
compounds, Hamilton and co-workers introduced a novel variant of the terphenyl
scaffold by substituting the central benzene ring with a 6-membered intramolecular
hydrogen bond stabilized enaminone (Figure 1.11d).51

The engineering of the 6-

membered enaminone provides a greater degree of polarity versus the benzene ring of the
terphenyl scaffold. Notably, the enaminone also mimics the necessary Z conformation to
project the R1-3 groups in the proper spatial orientation for the mimicry of the BH3
helix of Bak.51 In silico energy minimization and overlays of a methyl functionalized
enaminone derivative (Figure 1.11d where R1-3 = CH3) with an (i), (i + 4), (i + 7)
polyalanine helix yielded a root-mean square deviation of 0.73 Å, suggesting that the
enaminone and its methyl groups were functioning as a mimetic of helical structure.
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While the enaminone is capable of existing as the three tautomeric forms shown in
Figure 1.12, 1H-NMR experiments showed the presence of a vinylic proton at 5 ppm as
well as a hydrogen bonded proton far downfield at 13 ppm, suggesting that either the
ketoamino or iminoenol tautomers are preferred. Supplemental X-ray crystallography
experiments confirmed that the desired ketoamino tautomer is the most predominant
among the three despite the more energetically favorable iminoenol tautomeric form
(Figure 1.12).51

Figure 1.12: Mechanism of the three enaminone tautomers possible.
(Left) ketoamino tautomer; (Middle) iminoenol tautomer; (Right)
iminoketone tautomer.

Hamilton et al. confirmed through X-ray crystallography that the enaminone moiety
exhibited a small deviation from planarity of 0.02 Å, suggesting that the enaminone is an
appropriate substitution of the central planar benzene ring of the terphenyl scaffold.
Though Hamilton had confirmed the helical mimicry of the enaminone through in silico,
NMR, and X-ray studies, the biological evaluation of this class of helix mimetics is yet to
be reported.
Further attempts by Hamilton et al. at designing a more polar helix mimetic
scaffold culminated in the synthesis of the more recent benzoylurea scaffold (Figure
1.11e).52 Similar in principle to the enaminone moiety, the substitution of the central
benzene ring of the terphenyl scaffold with a polar acylurea group introduced a degree of
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hydrophilicity to attenuate its poor solubility. The central acylurea group also allows the
scaffold to adopt a more linear conformation through a 6-membered intramolecular
hydrogen bond which was confirmed by X-ray crystallography. Functionality of the
benzoylurea-based compounds was demonstrated through an in vitro FPCA with FITCBakBcl-xL with their most potent compound displacing FITC-Bak and binding Bcl-xL
with a Ki of 2.4 M (Figure 1.13).52

Figure 1.13: Hamilton’s most potent benzoylurea-based
helix mimetic. The intramolecular hydrogen bond of the
acylurea is indicated by the dashed bond.

Hamilton and co-workers’ syntheses of Bcl-2 oncoprotein-active BH3 helix
mimetics stand as a pioneering effort in structural proteomimicry through non-peptidic
scaffolds. The terphenyl and picolinamide proteomimetics in particular demonstrated
their capability of disrupting BakBcl-xL complexes in vitro. Though these compounds
displayed poor solubility and lengthy syntheses, the more hydrophilic and synthetically
simpler terephthalamide, enaminone, and benzoylurea derivatives addressed these issues
and maintained potent activity as observed with the terphenyls. While the five classes of
mimetics introduced in this section were capable of disrupting the BakBcl-xL PPI, their
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lack of specificity towards Mcl-1 warrants further modifications to their structures to
achieve pan-Bcl-2 activity.
In addition to Hamilton’s hydrophilic scaffolds, Rebek and co-workers reported
two series of heterocyclic -helix mimetics based on pyridazine and piperidine scaffolds
(Figure 1.14).

Figure 1.14: Heterocyclic -helix mimetics synthesized by Rebek et al. (Left) General
structure of the pyridazine core scaffold (Right) General structure of the piperazine-type
scaffold. The R groups indicated hydrophobic functionalities on the aromatic subunits.

They designed their pyridazine scaffold (Figure 1.14 Left) such that the
heterocyclic nitrogens of the pyridazine core may function as a “wet edge”. 53 These
heterocyclic nitrogens may participate in hydrogen bonding with either the polar residues
of proteins, or be exposed to solvent for hydrogen bonding as well. An advantage of
Rebek’s pyridazine scaffold is the sheer versatility of the top and bottom aromatic
subunits that may be readily substituted with various other heterocycles through
palladium catalyzed cross-coupling reactions such as Suzuki or Sonogashira coupling
methods.53 The synthesis of the pyridazine core was later simplified by employing an
inverse electron demand Diels-Alder reaction between an electron-deficient 1,2,4,5tetrazine and an electron-rich dienophile. 54 The aliphatic groups may also be substituted
with other hydrophobic residues to mimic the (i), (i + 3/4), and (i + 7) residues of
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proteins, such as the Bak BH3 helix. Though the pyridazine scaffold is amenable to
variations of the terminal rings and aliphatic group functionalities, the inability to
functionalize the “wet edge” heterocyclic nitrogens may limit the scaffold’s application if
either polar or hydrophobic interactions are desired within a protein binding site. A 24 member library of pyridazine compounds was subsequently evaluated by FPCA with
FITC-Bak and Bcl-xL, however a majority of the pyridazine compounds demonstrated
poor activity with the most potent compound shown above in Figure 1.14, exhibiting a
23% decrease in fluorescence polarization at a 50 M dosage.54 Since a majority of the
compounds in the library contained an N-alkylated piperazine moiety, the authors
rationalized that the positive charge of the piperazine may be causing unfavorable
interactions within the hydrophobic cleft of Bcl-xL.54
An alternative series of helix mimetics is the extended piperazine scaffold
(Figure 1.14), which Rebek designed with the intent to mimic the (i), (i + 4), (i + 8), and
(i + 11) residues of a protein -helix. Similar with their pyridazine core, the top and
bottom aryl rings are modular and may be functionalized prior to the introduction of the
piperazine core.55 The urea linkage at the top aryl subunit is installed by reacting the
aniline precursor with a variety of isocyanates to introduce variations at the R 1 position as
well. X-ray crystallographic analysis of an isopropyl functionalized derivative of their
piperazine scaffold (R1&2 = iPr) exhibited exceptional spatial mimicry of an ideal alanine
-helix.55 Currently, the biological application of the piperazine scaffold to a specific
protein target is still pending.
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1.7) Natural Products as Small-molecule Inhibitors of Bcl-2 Family Proteins
In contrast to the previously reported Bcl-2 family inhibitors identified through
stapled helices and proteomimicry, naturally occurring polyphenolic compounds have
been also reported as inhibitors of Bcl-2 proteins. The discovery of select naturally
abundant polyphenols has in turn led to the development of related semi-synthetic
derivatives in an attempt to increase potency and efficacy towards Bcl-2 proteins.
Catechins and theaflavins are naturally occurring polyphenols that are found in
the leaves of the tea plant Camellia sinesis. Historically the consumption of tea has
always been regarded as beneficial to one’s general health and well-being. In recent
years, tea has been advertised as a healthy prophylaxis towards cancer as well. Currently,
there have been several attempts at investigating the specific modes of action of how the
polyphenols found in tea actually exhibit anti-cancer effects. FPCA performed by Leone
et al. with FITC-Bad, Bcl-xL, and Bcl-2 identified four particularly potent types of
catechins that bind Bcl-xL and Bcl-2.56 Gallocatechin gallate (GCG), catechin gallate
(CG), epigallocatechin gallate (EGCG), and epicatechin gallate (ECG) all exhibited high
to mid-nanomolar range binding to both Bcl-xL and Bcl-2 (Figure 1.15).56 A similar FP
assay performed by Reed et al. with EGCG exhibited similar inhibition but also included
data with Mcl-1 (IC50 = 920 nM).57
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Figure 1.15: Bcl-xL and Bcl-2 inhibition of the catechins EGCG, GCG, CG, and
ECG determined by FPCA.

In addition to these 4 catechins, Leone et al. tested several theaflavin derivatives that are
naturally oxidized products of catechins found in black tea. Similarly, three of the four
tested theaflavins were found to bind Bcl-xL and Bcl-2 with comparable inhibition
constants to the catechins (Figure 1.16).56

Figure 1.16: Bcl-xL and Bcl-2 inhibition of theaflavinin, theaflavin, and theaflavin-3’ gallate as
determined by FP.
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Although 2D NMR experiments and subsequent docking studies suggested that both
catechin and theaflavins occupied the p1-p3 pockets of Bcl-xL, based on the
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N to 1H

cross-peak shifts observed upon compound titration, Leone et al. further suggested that
there may be binding at the periphery of the binding groove as well. Though the FPCA
and NMR data suggest that catechins are reasonable Bcl-2 inhibitors, there is some
debate as to whether or not therapeutically effective concentrations of catechins can be
ingested enough in daily amounts. Owing to the polyphenolic structure of the catechins
and their ease of oxidation to theaflavins, it is likely that they may be quickly
metabolized and cleared before any anti-cancer effects may even begin to take root.
Moreover, the ironically toxic properties of catechins towards human topoisomerase
enzymes has been investigated and confirmed in several studies, making the therapeutic
effectiveness of tea-based catechins debatable despite their associated benefits.58
The most well-known and investigated series of polyphenolic Bcl-2 inhibitors is
Gossypol and its associated semi-synthetic derivatives Apogossypolone (ApoG) and
Sabutoclax. 57, 59 Originally isolated from the cotton plant Gossypium, Gossypol has been
reported as a potent high-nanomolar pan-Bcl-2 inhibitor by FPCA assays (Figure 1.17).60

Figure 1.17: Pan-Bcl-2 inhibition profiles as determined by FP assay of Gossypol and its 2nd and 3rd
generation derivatives ApoG and Sabutoclax.
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Currently now in phase II clinical trials, Gossypol was one of the first pan-Bcl-2
inhibitors reported to be used in the clinic. 59b

Cell viability assays with Gossypol

reported by Meng et al. with Bcl-xL, Bcl-2, and Mcl-1 overexpressing PC-3 prostate
cancer cells demonstrated its cytotoxic activity as a single agent (IC50 = 3.48 M).61 In
agreement with Meng et al., previous cell viability assays dating to the 1990s using a
variety of human carcinoma cell lines have also demonstrated sub-micromolar
equipotency as well.62 Although cellular fractionation with Western blotting experiments
to detect cyt-c and apoptosis-inducing factor (AIF) have suggested Gossypol-induced
cytotoxicity occurs through apoptosis, it has also been suggested that Gossypol’s
cytotoxicity is independent from Bax or Bak expression according to cell viability assays
with Bax-/Bak- mutants. Multiple toxic effects associated with Gossypol have also been
reported and stem from the association of Gossypol with its original investigation as a
male contraceptive agent during the 1970s.

During these initial clinical trials, a

significant number of patients reported physiologically toxic side-effects including but
not limited to hypokalemia, fatigue, paralysis, GI-tract irritation, and in severe cases
permanent infertility. Such toxic side effects of Gossypol are potentially related to its
reported toxicity in erythrocytes at near-therapeutic doses of 750 nM. 63
In order to address the toxicity of Gossypol, its second generation semi-synthetic
derivative, ApoG was synthesized. Though similar in overall structure to Gossypol,
ApoG lacks the two aldehyde groups of Gossypol which are suggested to act as reactive
electrophiles thus contributing to the toxicity. In vitro FP assays performed with Bcl-xL,
Bcl-2, and Mcl-1 demonstrated the increased potency of ApoG compared with its
precursor compound Gossypol (Figure 1.17). Cell-viability assays with ApoG in a wide
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variety of carcinoma cells demonstrated not only equipotency to Gossypol, but also
decreased toxicity and systemic side effects that were normally observed with the
administration of Gossypol in animal models.64
The success of ApoG both in vitro and in vivo led to the development of the
newest third generation derivative called Sabutoclax (Figure 1.17) through an SAR study
reported by Wei et al in 2010.

In the original SAR reported by Wei et al., the

substitution of the isopropyl groups of ApoG with 2-methylphenylethylamide resulted in
a compound that exhibited an inhibition profile with slightly compromised activity in
vitro in comparison to Gossypol.65 Regardless, initial cell viability assays of Sabutoclax
with PC-3 prostate cancer cells, H460 lung cancer cells, and BP3 lymphoma cells
demonstrated a 4-12-fold increase in potency in comparison to ApoG. 65

Further

evaluation of Sabutoclax in a Bax-/Bak- double knockout mouse demonstrated
significantly reduced toxicity in comparison to ApoG. 65a
In as much as how Gossypol inspired the development of its 2 nd and 3rd generation
derivatives ApoG and Sabutoclax, its structure was also used as a basis for the de novo
synthesis of the novel pan-Bcl-2 inhibitor, TW-73. In 2006, Shaomeng Wang and coworkers investigated the binding mode of Gossypol within the hydrophobic binding
groove of Bcl-2 through in silico docking studies (Figure 1.18).66 From their in silico
model, Wang et al. predicted that the aldehyde group of Gossypol interacted through iondipole interactions with Arg146 of Bcl-2 (Figure 1.18). Though the hydroxyl group
ortho to the aldehyde acts as a hydrogen bond donor with the carboxamide of Asn143,
the meta-hydroxyl group did not appear to interact with any residues and instead was
exposed to solvent (Figure 1.18).
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Figure 1.18: Wang’s predicted molecular interactions of Gossypol
within the hydrophobic binding groove of Bcl-2.

The hydrophobic interactions of Gossypol consists of the isopropyl group of the
naphthalene ring positioned within the p4 binding pocket, while the second naphthalene
ring forms  stacking interactions within p3 pocket of Bcl-2 (Figure 1.18).
Interestingly, the polar interactions of Gossypol mimicked those of the Bim BH3 helix
where Asp67 and Asn70 formed salt-bridge and hydrogen bond interactions with Arg146
and Asn143 of Bcl-2 respectively.

Likewise, the hydrophobic interactions of Bim

consisted of Phe69 that projected within the p4 pocket of Bcl-2 while residues Leu62 and
Ile65 engaged the p2 and p3 pockets respectively. Based on the in silico predictions,
Wang et al. hypothesized that a polyphenol ring functionalized with three hydroxyl
groups (Figure 1.19, Compound 1) would mimic the extensive polar interactions
observed between the aldehyde and hydroxyl groups of the naphthalene ring of Gossypol
and Bcl-2. In addition to the three hydroxyl groups, an isopropyl group was installed on
the polyphenol ring to directly mimic the hydrophobic interactions of the isopropyl group
of Gossypol as shown in Figure 1.19. In order to mimic the  stacking interactions of
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the left-most naphthalene ring of Gossypol, a benzene ring was installed through an
amide linkage at the pyrogallol ring resulting in Compound 1, which was evaluated in an

Figure 1.19: Stepwise de novo design of pan-Bcl-2 inhibitor TW-37.

in vitro FPCA with a Ki value of 24.1 M.66 Compound-1 was further modified by
substituting the isopropyl group with a benzyl group (Figure 1.19, Compound-2) to
encourage greater hydrophobic interactions with Phe104 within the p4 pocket of Bcl-2.66
The resulting Compound-2 was evaluated by FPCA to be 3-fold more potent than
Compound-1 with a Ki of 8.3 M. In silico docking studies of Compound-2 with Bcl-2
suggested that its amide linked phenyl group was unable to engage the p2 pocket of Bcl-2
that is normally occupied by Leu62 of Bim.

Wang and co-workers then modified

Compound-2 with a sulfonyl-linked phenyl group (Figure 1.19, Compound-3) which
significantly increased its binding to Bcl-2 with a Ki of 0.93 M, an 8-fold higher affinity
than Compound-2.66 Additional in silico modeling of Compound-3 within the binding
groove of Bcl-2 suggested that both the benzyl group of the pyrogallol ring and the
sulfone-linked phenyl group could be modified further still to increase their
hydrophobicity and subsequent binding. The inclusion of an isopropyl group on the
benzyl moiety and a tertiary butyl group on the sulfonylbenzene ring ultimately afforded
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TW-37 that was fully evaluated for its in vitro activity towards FITC-BimBcl-2 (Ki =
290 nM), Bcl-xL (Ki = 1100 nM), and Mcl-1 (Ki = 260 nM).66 Cell-viability assays of
TW-37 in Bcl-2 over-expressing PC3 cells also demonstrated its cytotoxicity with an IC50
of 200 nM.66 Given that TW-37 binds Bcl-2 within the same regions as the native Bim
peptide, Wang et al. hypothesized that the observed cytotoxicity of TW-37 in PC-3 cells
was the result of apoptotic induction by liberated Bim peptides. Wang and co-workers
tested their hypothesis by performing a terminal d-UTP nick end labeling (TUNEL) assay
with TW-37 treated (5 M) PC-3 cells. From the TUNEL assay data, Wang et al.
confirmed that TW-37 induced apoptosis in PC-3 cells where 89% of cells tested positive
for the incorporation of bromouridine (Br-dU) versus an untreated control (2.6%). A
follow up study by Ashimori and Wang was reported in 2009 where the authors evaluated
TW-37 in several head and neck cancer cell lines (OSCC3, UM-SCC-1, UM-SCC-74A)
and observed an average IC50 of 300 nM in all three cell lines.67 TW-37 is currently still
in the preclinical trial phase.
The activity of natural polyphenols and their synthetic derivatives towards Bcl-2
proteins have inspired the synthesis of a new potent class of pan-Bcl-2 active polyphenol
recently reported in 2012 by Zhang and co-workers. Based on an anthraquinone scaffold,
Zhang’s synthetic polyphenol was designed with a “two-faced binding approach” to
engage both the polar Arg263 and the hydrophobic p2 pocket of Mcl-1 (Figure 1.20).41

Figure 1.20: Anthraquinone scaffolds with potent activity to Mcl-1 & Bcl-2.
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Towards the engagement of Arg263 and the p2 pocket, Zhang et al. synthesized one
“face” of their scaffold with a catechol ring as well as a hydrophobic aromatic region at
the other “face”.

FPCA assays of their anthraquinone derivatives showed potent

inhibition with their most potent scaffold demonstrating a Ki of 13 nM (Figure 1.20).41
2D NMR HMQC experiments showed significant

15

N to

1

H cross-peak shifts

corresponding to the p2 and p3 regions of the Mcl-1 binding cleft. Cross-peak shifts
were also observed for Arg263 as well as Asn260 suggesting their anthraquinone
scaffolds were engaging Mcl-1 via their proposed “two-faced” approach.

Co-

immunoprecipitation (Co-IP) and Western blotting with ABT-737 resistant Nalm-6 cells
confirmed the cytotoxic potential of one of their most potent anthraquinones (IC 50 = 3-7
M).

In addition, supplemental apoptotic assays suggested that their compounds

exhibited neither significant collateral cytotoxicity nor apoptosis-independent cell death.
Aside from the abundance of plant-derived Bcl-2 active polyphenols, other
sources of potent Bcl-2 inhibitors are bacterially-generated natural compounds. The most
definitive among these compounds is Maritoclax (Figure 1.21) which was discovered
from a species of aquatic Streptomyces.68

Figure 1.21: Structure of Maritoclax (Marinopyrrole A)
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Unique to Maritoclax is its apparent Mcl-1 selectivity (IC50 = 10.1 M (Mcl-1)) over
other Bcl-2 family proteins (IC50 > 80 M (Bcl-xL)) as reported by Sebti and co-workers
through an in vitro enzyme-linked immunoabsorbent assay (ELISA).68

The in vitro

ELISA data was supported by cell-viability assays with Maritoclax using three different
models of human leukemia K562 cells that were separately transfected with Bcl-2, Bcl-xL,
and Mcl-1. The administration of Maritoclax (0.1-100 M) to the three K562 cell models
demonstrated 70-fold greater selectivity for Mcl-1 (IC50 = 1.6 M) over Bcl-xL (IC50 = 70
M) and Bcl-2 (IC50 = 65 M).68 1H-15N HSQC NMR experiments where Mcl-1 protein
was titrated with Maritoclax identified significant cross-peak shifts corresponding to the
p4 pocket of Mcl-1, suggesting that Maritoclax is primarily binding this region of Mcl-1.
Subsequent in silico docking studies of Maritoclax to the p4 pocket uncovered a
hydrogen-bond network between the left-most phenol hydroxyl, carbonyl group, and the
right most phenol hydroxyl group with residues Thr247, Asn204, and Glu308
respectively.68 Although Maritoclax was regarded as one of the few Mcl-1 selective
inhibitors, more recent work in 2013 by Eichhorn et al. was not successful in reproducing
the results of Sebti and co-workers.69 Indeed, when Eichhorn investigated the activity of
Maritoclax in Bcl-2, Bcl-xL, and Mcl-1 over-expressing HeLa cells, there was no visible
cytotoxic effect observed.69

Eichhorn’s findings are further compounded by how

Maritoclax was originally discovered to also have anti-bacterial effects in methicillinresistant Staphylococcus aureus (MRSA) prior to its identification as a selective Mcl-1
inhibitor. Based upon the conflicting reports of Sebti and Eichhorn, Maritoclax’s claim
to Mcl-1 specificity requires significantly more investigation before clinical trials.
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1.8) Fragment-based Drug Design of Small-molecule Bcl-2 Inhibitors
Among the most studied of small-molecule inhibitors of the Bcl-2 family is the
compound

(R)-4-(4-((4'-chloro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-yl)-N-((4-((4-

(dimethylamino)-1-(phenylthio)butan-2-yl)amino)-3-nitrophenyl)sulfonyl)benzamide,
otherwise known as ABT-737, which was developed by Abbott Laboratories in 2005. 70
Using the NMR-based high throughput screening methodology of fragment-based drug
design (FBDD), Oltersdorf et al. investigated a chemical library of molecular fragments
for Bcl-xL activity. By employing this method, a 4’-fluoro-biphenyl-4-carboxylic acid
fragment was found to bind the polar residue Arg139 of Bcl-xL through its 4-carboxylic
acid group (Kd = 0.30 M) as well as engage the p2 pocket of Bcl-xL composed of
residues Tyr101, Leu108, Val126, and Phe146 (Kd = 4.3 M) through its 4’-fluorophenyl
group.70

A hydrophobic molecular fragment, 5,6,7,8-tetrahydro-napthalen-1-ol was

observed to bind at the p3 site that is normally bound by Ile85 of Bak. As the central
premise of FBDD is the linkage of millimolar-range (Kd) binding fragments to generate a
potent nanomolar-range inhibitor, Oltersdorf et al. conducted a structure-activity
relationship (SAR) study to identify critical functional groups ultimately resulting in
ABT-737 (Figure 1.22). Though Oltersdorf et al. identified that the 4’-fluoro-biphenyl4-carboxylic acid fragment engages in ionic interactions with Arg139, Fairlie later
disproved this by NMR studies with ABT-737. In their study, Fairlie and co-workers
confirmed that the acylsulfonamide forms a hydrogen bond interaction with the amide
backbone of Gly138, rather than an ionic interaction with Arg139. 43 Currently in Phase
II clinical trials, ABT-737 potently binds Bcl-xL and Bcl-2 (Ki ≤ 1 nM) in vitro while
demonstrating similar nM-range cytotoxic activity in cells.
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Previously reported cell

assays with Bax-/Bak- double mutant cell lines demonstrated minimal cytotoxic effects
from ABT-737, suggesting its mode of action is dependent on the presence of Bax or Bak
expression. Apoptotic assays that investigated the release of cyt-c, poly-ADP-ribose
polymerase (PARP) cleavage, and Annexin V-PI counterstaining further evaluated that
ABT-737’s mechanism of action was indeed through apoptotic induction.59a

Figure 1.22: SAR summary of the key functional groups of ABT-737
involved in binding Bcl-xL and Bcl-2.

Despite the potent activity of ABT-737, its poor oral bioavailability & aqueous
solubility made its sole method of administration in patients (IV bolus) difficult.
Additionally, the presence of the 3-nitrophenyl and N’,N’-dimethyl groups of ABT-737
made it exceptionally susceptible to metabolic degradation. The addressing of these
issues led to the identification of the second-generation analog ABT-263 (Figure 1.23).
In their SAR analysis of ABT-737, Park et al. substituted the metabolically
labile 3-nitrophenyl group with a trifluoromethylsulfonyl group which was intended to
function as an isosteric replacement.71 This substitution increased the systemic oral
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bioavailability of ABT-737 by 24%. Similar substitutions of the N’,N’-dimethyl group of
ABT-737 were also performed to address the issue of N-demethylation. Since the N’,N’dimethyl group was introduced to alleviate human serum albumin binding, removal of
this group significantly impacted its cellular efficacy.

Figure 1.23: Development of ABT-263 from ABT-737 with reported Ki values for
BadBcl-xL, BaxBcl-2, and BaxMcl-1 disruption through FPCA.

Substitution of this group with a morpholine ring imparted a reasonable 16% increase in
systemic concentrations in vivo as well as maintained cellular efficacy. In order to
further increase binding into the hydrophobic crevice of Bcl-xL, the SAR study was
extended to the 4-chlorobiphenyl group. Substitution of the 4-chlorobiphenyl with a 4chloro-dimethylcyclohexene group allowed for maintenance of the rigid aromatic
framework through a cis-double bond, yet allowed the geminal dimethyl group to probe
the p3 pocket.

The afforded compound ABT-263 exhibited not only equipotent

inhibition towards Bcl-xL and Bcl-2 with ABT-737 (Ki ≤ 1 nM) by FPCA, but also more
favorable oral bioavailability compared with ABT-737.71

Currently, ABT-263 is in

Phase II clinical trials alongside its first-generation parent compound ABT-737.
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Although ABT-737 and ABT-263 have exhibited excellent potency and efficacy towards
Bcl-xL & Bcl-2, their lack of equipotent binding towards Mcl-1 leaves them effective
against a very narrow range of cancers.59a While attempts at increasing the sensitivity of
the “ABT” family of drugs towards Mcl-1 have not yet been successful, such SAR
studies have allowed for a deeper understanding of the structural properties and
differences among the anti-apoptotic Bcl-2 proteins. With the previous advent of highly
selective and potent Bcl-xL and Bcl-2 inhibitors, such compounds have been
overshadowed by a need for both pan-Bcl-2 inhibitors and Mcl-1 selective inhibitors.
Indeed, the selective pressure induced by “ABT” family drugs for Mcl-1 overexpressing
cancer cells through prolonged administration has been reported and further underscores
the current need for Mcl-1 selectivity in drug discovery.2, 72
This necessity for Mcl-1 selective small-molecule inhibitors was addressed in
another FBDD-identified compound synthesized and reported by Fesik et al. in 2013.
Using the FBDD method, Fesik identified two reasonably potent fragments that engaged
in polar and hydrophobic interactions in the Mcl-1 binding crevice. As shown Figure
1.24, the polar 3-chloro-1H-indole-2-carboxylic acid and hydrophobic 4-chloro-3,5dimethylphenoxy groups were discovered to bind very distinct regions of Mcl-1 as
identified by 2D NMR HMQC & NOESY experiments. 42 Specifically, the 3-chloro-1Hindole-2-carboxylic acid fragment 1 was observed to bind residues Ala227, Met231, and
Phe270 through hydrophobic interactions at its aromatic ring as well as engage Arg239
by electrostatic interactions with its carboxylic acid.

Similarly the 4-chloro-3,5-

dimethylphenoxy fragment 2 induced NOEs at residues Met250, Phe270, and Val249
through its 3,5-dimethyl groups, suggesting that this fragment is nestled within a deep
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section of the p2 binding pocket of Mcl-1.42 The carboxylic acid of the 4-chloro-3,5dimethylphenoxy fragment was not found within the binding groove, but instead was
located at the periphery of the binding groove where Val253 sits. Identification of the
optimal linker between the indole and phenoxy fragments was performed by synthesizing
naphthalene-functionalized derivatives of the indole fragment with varied hydrocarbon
chain lengths.

FPCA with FITC-Mcl-1 revealed that the propoxynapthalene-linked

indole exhibited the most significant increase in binding (Ki = 370 nM) relative to other
hydrocarbon lengths. Identification of the appropriate linker length was followed by
substitutions of naphthalene with various aromatic hydrophobic rings resulting in a
highly potent & selective Mcl-1 inhibitor Fesik-53 (Ki = 55 nM). Fesik-53 (Figure 1.24)
is one of the first truly selective synthetic

Figure 1.24: Development of the potent Mcl-1 inhibitor Fesik-53
through FBDD and linkage of fragments 1 & 2.

Mcl-1 inhibitors with low nanomolar Ki values reported to date.

While its Mcl-1

selective binding has been confirmed by in vitro FPCA, the cellular and in vivo activities
of Fesik’s compound have yet to be reported.

Though its activity in Bcl-2 family

overexpressing cancer cell lines has yet to be established, Fesik’s FBDD-identified
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inhibitor has inspired our own endeavors towards synthesizing Mcl-1 small-molecule
inhibitors.
In as much as FBDD methods have aided in the discovery of novel compounds
towards Mcl-1 inhibiton, the discovery of active chemotherapeutic polyphenols in nature
has also led to the development of potent semi-synthetic inhibitors. The discovery of
Gossypol’s anti-Bcl-2 protein effects served as an important stepping stone towards the
development of its improved and less toxic semi-synthetic derivatives ApoG and
Sabutoclax, as well as its synthetic de novo designed analog TW-37. The development of
synthetic derivatives of Bcl-2 active polyphenols has also inspired other de novo
scaffolds such as the anthraquinone analogs synthesized by Zhang et al. Of particular
importance to our own work are the molecular interactions of such polyphenols at the
conserved binding grooves of the Bcl-2 proteins. As elucidated through NMR studies,
the polar interactions of Gossypol and its derivatives at the periphery of the binding
grooves of the Bcl-2 proteins are in agreement with the FBDD-developed inhibitors
reported by Oltersdorf and Fesik, suggesting that the modifications of our own scaffolds
should be tailored towards achieving similar interactions as well. These modifications
were synthetically achieved with our 1 st and 2 nd generation BH3 proteomimetics as well
as with our small-molecule salicylates. Their syntheses and biological evaluation will be
presented in detail in Chapter 2.
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Chapter II: Antagonism of the Oncogenic Bcl-2 Family Proteins Bcl- XL & Mcl-1
2.1) Design and Synthesis of 1 st Generation pan-Bcl-2 BH3 Proteomimetics
The mimicry of secondary protein structure (such as helices and strands)
through appropriately functionalized molecular scaffolds has recently advanced greatly as
a method of identifying novel inhibitors of PPIs.

In particular, the field of

pharmacologically active proteomimetics was largely pioneered by Hamilton and
coworkers through the development of synthetic helix mimetics engineered to disrupt
the helix mediated PPI of BakBcl-xL.47-49, 52, 72-73 The reported activity of Hamilton’s
mimetics has allowed the field of proteomimicry to progress into a rational approach
towards developing novel inhibitors of PPIs, an otherwise difficult and daunting target.
Hamilton’s terphenyl series of mimetics, which represent the birth of helix mimicry,
are ortho-functionalized with various hydrophobic groups that function as mimics of the
(i), (i + 3/4), (i + 7), hydrophobic Val74, Leu78, and Ile81 residues of one face of the
Bak-BH3 helix (Figure 1.11).47 To circumvent the lengthy terphenyl series, Hamilton
introduced trispicolinamides as helix mimetics, which engage in intramolecular
bifurcated hydrogen bonds by the inclusion of heterocyclic pyridines, thus maintaining a
“folded” structure to allow for the projection of hydrophobic interactions within the BclxL hydrophobic binding groove. 48
The proteins of the Bcl-2 family play vital roles in the regulation of apoptosis
with their proper regulation tantamount to the prevention of oncogenesis. Previously
reported NMR solution studies as well as alanine scanning had identified that the residues
of Val74 (i), Leu78 (i + 4), Ile81 (i + 7), and Ile85 (i + 11) of the Bak-BH3 helix
protrude into the hydrophobic crevice of Bcl-xL to engage in hydrophobic interactions.4,
45

43-44

Owing to the identified molecular interactions of the BakBcl-xL PPI and the role of

the Bcl-2 proteins in cancer, the development of novel inhibitors to this particular family
of oncogenic PPIs continues to be an active area of research, particularly in the context of
achieving pan-Bcl-2 activity. As introduced above in Chapter 1, the Bcl-xL and Bcl-2
selective inhibitor ABT-737 is known to induce selective pressure in cancer cells that
also over-express the related oncoprotein, Mcl-1.12-15 Thus, achieving pan-Bcl-2 activity,
most particularly to Mcl-1 oncoprotein, is of utmost importance. From their original
trispicolinamide scaffold shown in Figure 1.11, Hamilton et al. demonstrated modest
binding and disruption of the BakBcl-xL PPI in an in vitro FP assay with their most
potent compound exhibiting a Ki of 970 nM. The relatively potent activity of their
trispicolinamide is suggested to be the result of the ortho-functionalized isopropoxy
groups that act as functional mimics of Val74, Leu78, and Ile81. Furthermore, the
inclusion of the heterocyclic pyridine nitrogens in their structure induces the formation of
intramolecular hydrogen bonding that restricts the backbone of their oligoamide scaffold
as well as induces a crescent-like curvature in the overall structure. Although such preorganization and curvature in Hamilton’s oligoamides encourages the projection of their
isopropoxy groups into the hydrophobic groove of Bcl-xL, it was unknown if such preorganization due to intramolecular hydrogen bonding would occur in aqueous solution.
To investigate this, 50 ns in silico molecular dynamics (MD) simulations in explicit water
were performed with the Chemistry at Harvard Molecular Mechanics (CHARMM) Force
Field on Hamilton’s picolinamide 1 and a similar trisbenzamide analog 2 (Figure 2.1) by
Dr. Kenno Vanommeslaeghe in the laboratory of Prof. Alexander MacKerell, Computer-
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aided Drug Design (CADD) Center, University of Maryland, Dept. of Pharmaceutical
Sciences.39

Figure 2.1: Structure of Bak-Bcl-xL complex, BH3 -helix, and compounds 1 and 2 A) Structure of the
BakBcl-xL heterodimerized complex (PDB: 1BXL). Hydrophobic regions shown in gray, basic
regions in blue, and acidic regions in red. B) BH3 helix of Bak showing the i, i + 4, i + 7, and i + 11
staggered residues located on the hydrophobic “face” of Bak. C) Structure of Hamilton’s
trispicolinamide 1 and the trisbenzamide analog 2. Dashed lines indicate the intramolecular hydrogen
bonding and arrows indices the hydrogen bonds studied in silico. Figure reproduced with full
permission from the Royal Society of Chemistry (RSC).

In Figure 2.2, the probability distributions of the C-terminal intramolecular
hydrogen bond lengths are plotted for the distances shown in Figure 2.1C. The thin solid
line represents the hydrogen bond of 1 between the amide NH from the C-terminus to the
heterocyclic N of the pyridine, while the bold solid line represents the hydrogen bond of
the same amide NH and the O of the ortho-functionalized isopropoxy ether.

The

intramolecular hydrogen bonding of 2 is represented by the dashed thin line for the amide
NH from its respective C-terminus and the analogous C where the picolinamide N would
be found on 1. The dashed bold line represents the hydrogen bonding of the amide NH of
2 from the O of its ortho-isopropoxy ether. As evident from the probability distributions,
the NH- - -N hydrogen bond of 1 is in close agreement with that of a typical hydrogen
bond as the sampled distances fall in the range of 2 to 3 Å. In comparison, the NH- - -C
of 2 samples some hydrogen bonding distance of ~2.7 Å with the majority of sampling
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being significantly larger, in the range of 4 Å. The probability distributions of the NH- -O hydrogen bonds of 1 and 2 are similar, however the overall decrease in sampling
observed near 2.5 Å for 2 suggests a greater likelihood of free-rotation owing to the lack
of the NH- - -N hydrogen bond observed in 1.

Figure 2.2: Comparison of probability distributions of the intramolecular
hydrogen bond distances indicated by the arrows in Figure 2.1c. Figure
reproduced with full permission from the Royal Society of Chemistry
(RSC).

Analysis of the variance in hydrogen bond distance between 1 and 2 was followed
by examining the rotational propensity of the ortho-isopropoxy groups of 1 and 2 to be
pre-organized in the required spatial configuration to mimic the i, i + 4, and i + 7
positions of the Bak BH3 helix. To examine the rotation & pre-organization of 1 and
2, virtual dihedral angles were defined through the ether oxygen of the bottom i
benzene/picoline ring and the N-substituted aromatic carbon. A comparative angle was
defined through the N-substituted aromatic carbon of the middle i + 4 benzene/picoline
ring and the ether oxygen of the i + 4 unit. Figure 2.3 shows the rotational probability
distribution about the defined dihedral angles from the MD simulations.
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Figure 2.3: Comparison of the probability distributions of the defined virtual
dihedral angles of Hamilton’s trispicolinamide 1 and the benzamide analog 2. The
virtual dihedral angle is defined as: 1) Ether oxygen of residue i, 2) The N-substituted
aromatic carbon, 3) the analogous ether oxygen of residue i + 4, 4) the N-substituted
aromatic carbon of i + 4. Figure reproduced with full permission from the Royal
Society of Chemistry (RSC).

The solid line curve in Figure 2.3 represents the rotational probability distribution of 1,
while the dashed line curve is indicative of its trisbenzamide analog 2. The presence of
maxima at 0o & 360o for compound 1, with slight shoulders around 120o and 240o,
suggests that the overall rotational restriction occurs due to the intramolecular hydrogen
bonding (Figure 2.2). Though the shoulders at 120o and 240o indicate a slight amount of
rotation, the lack of a 180 o peak indicates that there is very minimal free rotation about
the defined virtual dihedral angle. In contrast to 1, compound 2 is observed to have no
significant maxima near the 0 o or 360o angles. Moreover, the slight maximum at 180 o
suggests that the lack of intramolecular hydrogen bonding in 2 leads to conformations
about the aryl-amide axis where the functional groups are pointed in opposite directions
being favored.
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Upon identifying the effect of hydrogen bonding on the overall rotation and preorganization of the ortho-functionalized groups, we then investigated the probability of
the ortho-ether oxygens mimicking the hydrophobic side-chains of the Bak-BH3 peptide
bound to Bcl-xL as reported in Sattler et al.’s NMR structure (PBD: 1BXL). 4 Specifically
through examination of the intramolecular distances between each of the i, i + 4, i + 7
ortho-isopropoxy ether oxygens of 1 and 2 in silico, we ascertained their potential to
function as structural mimetics of the Bak-BH3 helix. Table 2.1 shows the average as
well as the median values of the ortho-ether oxygen distances of compounds 1 and 2,
hereafter denoted as O1-O2-O3, corresponding to the ether oxygens of the C-terminus,
the middle picoline/benzene, and the NH-terminus respectively. When compared to the
average and median distances seen in V74C L78CI81C the O1-O2-O3 angles of 1
are

observed

to

be

in

close

agreement

with

the

original

average

V74CL78CI81Cvalue of 144o. In comparison, the more conformationally flexible
compound 2 has slightly larger average and median O1-O2-O3 distances in comparison
to 1. Consequently, the increase in conformational flexibility results in a smaller average
angle allowing 2 to be in good agreement with the V74C L78CI81CangleThe data
from compounds 1 and 2 suggests that both are capable of functioning as proteomimetics
of the i, i + 4, i + 7 hydrophobic “hotspot” residues of the Bak BH3 helix.
Angstroms (Å)
Oligoamides
Angstroms 1 (Å)
Angstroms 2 (Å)
Bak BH3 Helix


6.2
Avg.
O1-O2
6.1
±
0.6
7.6 ± 1.0
V74C -L78C 


5.7
Med.
O1-O2
5.9
8.0
V74C -L78C


5.8
Avg.
O2-O3
6.1
±
0.7
7.7 ± 0.9
L78C -I81C


7.1
Med.
O2-O3
5.9
8.1
L78C -I81C


11.5
Avg.
O1-O3
11.8
±
0.8
13.3 ± 0.7
V74C -I81C
Degrees (Bak)
Oligoamides
Degrees (1)
Degrees (2)
Bak BH3 Helix
144o
Avg. O1-O2-O3
156o ± 11o
127o ± 21o
V74C-L78C- I81C
o
o
124
Med. O1-O2-O3
157
125o
V74C-L78C- I81C
Table 2.1: Comparison of select residue intramolecular distances and angles from Sattler et al.’s NMR
solution structure of BakBcl-xL with compounds 1 and 2 through 50 ns MD simulations.
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Although both 1 and 2 are capable of functioning as mimetics through the
projection of their ortho-isopropoxy groups to mimic the i, i + 4, i + 7 residues of the
Bak BH3 helix, we rationalized that more rotationally flexible oligoamide would
function as more potent Bcl-xL inhibitors. According to Sattler’s NMR structure, the
Bak-BH3 helix projects its hydrophobic “hotspot” i, i + 4, i + 7 residues into the
binding groove of Bcl-xL in a staggered conformation rather than a pre-organized
eclipsed conformation.4

From our collaborative MD simulations, we observed that

compound 1 projects its hydrophobic isopropoxy groups in a pre-organized eclipsed
fashion due to its intramolecular hydrogen bonding. Though such pre-organization and
eclipsing can potentially contribute to small-molecule binding by encouraging an
energetically favorable conformation, they also induce an energetic penalty through the
reduction of the overall rotational flexibility. The lack of flexibility makes it difficult to
undergo an induced fit to accommodate its binding site, thereby potentially negatively
impacting its binding affinity. It was anticipated that oligoamides of greater rotational
flexibility such as benzamides, would exhibit more conformational freedom at the Bcl-xL
binding groove, resulting in more favorable interactions to improve both binding and
potency towards Mcl-1. Moreover, the presence of the heterocyclic pyridine nitrogens in
1 may hinder binding into the hydrophobic binding pocket of Bcl-xL through electrostatic
repulsion. Our hypothesis is supported by previous reports regarding how the Bak -BH3
helix exhibits random loop regions that extend beyond its “hotspot” i, i + 4, i + 7
residues that may allow for similar flexibility.4, 44 The flexibility of the random loops
within the BH3 helix may also explain the pan-Bcl-2 binding profiles observed in proapoptotic Bcl-2 members such as Bak and Bim.
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Towards investigating our hypothesis, a SAR study was performed affording the
novel synthesized oligoamide analogs of 1 shown in Figure 2.4. In addition to resynthesizing compound 1, the stepwise substitution of pyridine with benzene subunits
furnished compounds 2-6. This approach allowed for an extent of control over the effects
of intramolecular hydrogen bonding and consequently, the overall conformational
flexibilities of analogs 2-6. Retrosynthetic analyses of 1-6 revealed that the proposed
analogs could be synthesized using the indicated benzene and pyridine subunits in Figure
2.4.

Figure 2.4: Retrosynthetic analysis of the aryl subunits of the picolinaamide scaffold.
(Left) Structures of synthesized analogs of 1 where the dashed lines indicate hydrogen
bonding. (Right) Retrosynthetic analysis leading to the four required subunits for the
syntheses of compounds 1-6.

Syntheses of the benzene and pyridine subunits were performed as shown below
in Figure 2.5 & 2.6. By reacting 3-hydroxy-4-nitrobenzoic acid 7 with thionyl chloride
(SOCl2) in methanol (MeOH), methyl ester 8 was generated and subsequently Oalkylated to give 9 via the Mitsunobu reaction with isopropanol, triphenylphosphine
(PPh3), and diisopropylazodicarboxylate (DIAD).

Compound 9 was then either

hydrolyzed with lithium hydroxide (LiOH) in a 3:1:1 mixture of tetrahydrofuran (THF),
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MeOH, and water (H 2O) to give the nitrobenzoic acid 10, or reduced with tin (II) chloride
dihydrate (SnCl2.2H2O) in ethyl acetate (EtOAc) to afford aniline 11.

Figure 2.5: Synthesis of 1st generation BH3 proteomimetic benzene subunits (a)
SOCl2, MeOH, reflux, 12 h, 99%; (b) 1) isopropanol, PPh3, THF, rt, 2 min; 2) DIAD,
16 h, 83%; (c) LiOH.H2O, THF:MeOH:H2O (3:1:1), rt, 1 h, 95%; (d) SnCl2.2H2O,
EtOAc, 50oC, 12 h, 96%

Towards the synthesis of the required pyridine subunits (Figure 2.4), an alternate and
more cost-effective route in comparison to the original picolinic acid subunit synthesis
was uncovered. In the original route, the presence of pyridone-pyridol tautomers results
in a variable yield in the O-alkylation step due to competing N-alkylation (Figure 2.6).

Figure 2.6: Original synthesis leading to the O-alkylated subunit. SNAr with NH3 on 12
is followed by diazotization to afford the pyridol which tautomerizes to the pyridone,
giving rise to the N-alkylated side-product. A postulated SNAr reaction to directly
furnish the desired O-isopropoxy product is indicated by (?).
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Briefly in Figure 2.6, the starting material 12 was subjected to an SN Ar reaction with
ammonia (NH3) in ethanol (EtOH) to afford the nitroaniline which was diazotized with
sodium nitrite (NaNO2) and subsequently quenched with water to give the pyridol. The
lone pair electrons from the pyridol OH may donate into the pyridine ring to give the
pyridone tautomer.

Alkylation of the pyridone-pyridol tautomeric mixture yields a

mixture of both the desired O-alkylated product and the undesired N-alkylated product
(Figure 2.6).48 Taking into account the apparent ortho-regioselective SN Ar reaction of 7
with NH3, it was postulated that a similar regioselective SN Ar (Figure 2.6, denoted by ?)
with an appropriate alcohol (isopropanol) to directly synthesize the desired O-alkylated
product may be possible. Indeed, the potential for such an advantageous reaction was
confirmed through a survey of varied alcohol nucleophiles and solvent conditions. The
entirety of this SNAr study will be explained in full detail in the following Chapter 4.
In comparison to Hamilton’s original route (Figure 2.6), this novel alternative
route (Figure 2.7) was not only more cost-effective but also featured half the synthetic
steps, twice the yield, avoided the troublesome pyridol-pyridone tautomers, and
ultimately afforded us excellent ortho-selective chemistry to afford 13 with near
quantitative (98%) yield.

Palladium catalyzed Stille coupling of 13 with

tributylvinylstannane introduced the vinyl group on the para-position to the nitro of 13 to
give compound 14 which was subsequently oxidized to the picolinic acid 15 by
potassium permanganate (KMnO4 ). The required picolinic aniline 17 was synthesized by
reacting 15 first with SOCl2 in MeOH as with compound 7 to afford the methyl ester 16
which was immediately reduced with SnCl2.2H2O in EtOAc to furnish aniline 17.
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Figure 2.7: Synthesis of 1st generation BH3 proteomimetic pyridine subunits
(a) Isopropanol, NaH, toluene, 0oC to rt, 16 h, 98%; (b) (Bu)3SnCH=CH2,
Pd(PPh3)4, DMF, 120oC, 16 h, 91%; (c) KMnO4, acetone:H2O, 1:1, rt, 12 h,
74%; (d) SOCl2, MeOH, reflux, 12 h, 99%; (e) SnCl2.2H2O, EtOAc, 50oC,
12 h, 96%

Upon synthesizing the required benzene-based monomers 10 and 11, as well as
the required pyridine-based monomers 15 and 17, coupling of the acids and anilines was
achieved through the in situ generation of the respective acyl chlorides of 10 and 15 via
dichlorotriphenylphosphorane (PPh3Cl2) followed by addition-elimination with the
anilines 11 and 17 in an efficient one-pot reaction to give the bis-arylamide series 18
(Figure 2.8). Reduction of 18a-18c by SnCl 2.2H2O afforded the corresponding anilines
19a-19c which were then coupled with either 10 or 15 by PPh3Cl2 to give the trisarylamides 20a-20f. The tris-arylamides were then reduced to the corresponding anilines
21a-21f. Lastly, 21a-21f were subjected to saponification with LiOH .H2O to furnish the
desired final tris-arylamides 1-6 in near quantitative (95-99%) yield.
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Figure 2.8: Coupling and reduction of the benzene and pyridine subunits to yield the 1st
generation BH3 proteomimetics (a) PPh3Cl2, CHCl3, reflux, 2-12 h , 90-99%; (b)
SnCl2.2H2O, EtOAc, 50oC, 12 h, 83-99%; (c) LiOH.H2 O, THF:MeOH:H2O, 3:1:1, rt, 24 h,
95-99%

Originally, our intent was to extend our study to include tetrameric arylamide
derivatives of the final compounds 1-6. A fourth aryl subunit added to compounds 1-6
may function as a mimic of the (i + 11) residue Ile85 of Bak, thus contributing to
compound binding through hydrophobic interactions. Though we managed to synthesize
the tetrameric equivalents of the nitro intermediates 20a-20f, several non-trivial synthetic
obstacles such as insolubility and aggregation in DMSO, incomplete nitro group
reduction, poor yield, and significant reaction side-product formation were encountered.
Since their tendency to aggregate would inevitably translate to false results in both in
vitro as well as cellular assays, it was decided that should the tris-arylamides 2-6
demonstrate comparable activity to 1 towards Bcl-xL, then the tetrameric congeners
should be eschewed for the time being.
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2.2) Biological Evaluation of 1 st Generation pan-Bcl-2 BH3 Proteomimetics
A previously reported FPCA by Rosenberg et al. described the usage of a FITC
labeled 16 residue Bak-BH3 oligopeptide (HO2C-GQVGRQLAIIGDKINR-NH2; where
K denotes the FITC-bound amino acid) as a means to evaluate the IC 50 values of Bcl-xL
inhibitors.74 Utilizing their assay methods, a similar assay was conducted by Prof. Paul
Wilder of the University of Maryland, School of Medicine to ascertain the binding
profiles of 1-6. Though we followed the method of Rosenberg et al., a 6-aminohexanoic
acid (Ahx) linker was coupled at the C-terminus of the Bak 16-mer oligopeptide such that
it exhibited the sequence: FITC-Ahx-GQVGRQLAIIGDDINR-CONH2. The titration of
this FITC-Ahx-Bak peptide with Bcl-xL resulted in a Kd of 12.5 nM which is in
agreement with the previous Kd value reported by Rosenberg (Kd = 34 nM) for a non-Ahx
FITC-Bak peptide.74 The resulting IC50 values of compounds 1-6 are shown in Table 2.2,
with the absolute Ki values calculated using the Cheng-Prusoff equation.75

Table 2.2: IC50 values and corresponding Ki values of compounds 1-6
as determined from an in vitro FPCA with FITC-BakBcl-xL. (FITCBak Kd = 12.5 nM)

Appropriately, since this SAR study focused on the rotational flexibility of compound 1-6,
the pyridine-based trisarylamide 1 functioned as a control compound exhibiting the full
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degree of intramolecular hydrogen bonding as a result of its pyridine-based scaffold. As
the pyridine rings of 1 were stepwise substituted with non-hydrogen bonding benzene
subunits seen in compounds 2-6, the associated IC50 and Ki values decreased with the
fully substituted trisbenzamide 2 demonstrating significantly improved activity and
binding. (Table 2.2). The order of magnitude decrease in both IC 50 and Ki values
suggests that substitutions of the pyridines with benzene rings results in greater activity
towards Bcl-xL owing to the increased conformational flexibilities within the
trisarylamide scaffolds 2-6.

Moreover, the replacement of the pyridine rings with

benzene also eliminates the possibility for electrostatic repulsion between the
heterocyclic nitrogen and the hydrophobic crevice of Bcl-xL. With the benzene-based
arylamides 2-6, it is also likely that as the compounds bind Bcl-xL, their rotational
flexibility allows for the reorganization of the inhibitors to accommodate the binding
crevice of Bcl-xL, thus facilitating more favorable interactions and lower energy
conformations as per Koshland’s theory of induced fit.76 Incidentally, this particular
mode of binding may also be more entropically favorable given the tendency for proteins
to be constantly exhibiting minute degrees of motion or “protein breathing”, even at their
PPI interface. 77 Although the pre-organization through intramolecular hydrogen bonding
observed with 1 may project the hydrophobic isopropyl groups into the hydrophobic
crevice of Bcl-xL, such pre-organization may not be well-tolerated given the decreased
propensity for an induced fit as well as the unfavorable increase in molecular order (-∆S).
These conjectures are in agreement with the observed IC50 and Ki value differences
between the pyridine-based compound 1 and the trisbenzamide compound 2.

The

decrease in both IC50 and Ki values in 2 suggests that the absence of intramolecular
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hydrogen bonding bestows a degree of conformational freedom leading to a more
favorable induced fit between compound 2 and Bcl-xL.

Furthermore, the stepwise

substituted compounds 3-6 also exhibited a decreasing trend in the corresponding IC 50
and Ki values, further suggesting that the overall increase in conformational flexibility is
correlated with greater activity towards Bcl-xL.
Upon validating the in vitro activities of 1-6, their cellular activities were
evaluated in the Bcl-xL over-expressing cell lines DLD-1 (colon cancer), I45
(mesothelioma), H1299 (non-small cell lung cancer), and A549 (adenocarcinoma).
Owing to their observed disruption of BakBcl-xL in vitro, the binding of the
proteomimetic compounds 1-6 at the hydrophobic crevice of Bcl-xL would remove its
pro-survival effects and initiate apoptosis in carcinoma cells. Thus, compounds 1-6 were
evaluated in the aforementioned series of cancer cell lines by Dr. Roy Smythe of the
Scott & White Memorial Hospital & Texas A&M University in Temple, Texas, (Table
2.3). Briefly, these carcinoma cells were incubated with compounds 1-6 at various serial
dilutions for a period of 72 hours and the percentage of viable cells was determined
through a XTT cell viability assay. The XTT assay shows that while compounds 2-6
exhibited equipotent single-digit M IC50 values relative to 1 in cancer cells, there is no
marked trend as observed in the previous in vitro data (Table 2.2).
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Table 2.3: Cell viability assays (XTT) with the Bcl-xL over-expressing cell lines
DLD-1 (colon cancer), I45 (mesothelioma), H1299 (lung cancer), A549
(adenocarcinoma). IC50 values of respective compounds 1-6 are given in M with
S.D. values in parentheses. Assays with HMVEC control cells (not shown) were
determined to be > 50 M for all compounds 1-6.

Since compounds 1-6 are primarily hydrophobic in nature, there is the possibility that
they may engage other off-target proteins. As such off-target effects may be deleterious
in healthy cells; 1-6 were evaluated in human microvascular endothelial cells (HMVEC)
as a control in the XTT assay. The activity of compounds 2-6 in Bcl-xL over-expressing
cancer cells is bolstered by their relatively low cytotoxicities seen in the control HMVEC
cells where only at concentrations greater than 50 M were any cytotoxic effects
observed.

While compounds 1-6 were well-tolerated in HMVEC cells, other

hydrophobic crevice-bearing proteins may still recognize and bind 1-6 as well.

In

particular, the related protein Mcl-1 and the non-Bcl-2 related protein human oncogene
double minute 2 (HDM2) both exhibit hydrophobic binding crevices that may interact
favorably with the helix mimetics 1-6. The over-expression of HDM2 proteins in
cancer results in the sequestration of the p53 tumor suppressor protein and the prevention
of its cell-cycle halting action, akin to the apoptotic control seen with Bcl-2 family
proteins.78 Interestingly, p53 exhibits an helical structure analogous with the BH3
helix of Bak. The p53 helix exhibits the amino acid residues Phe19 (i), Trp23 (i + 4),
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and Leu26 (i + 7) along the same helical “face”, projecting them into a hydrophobic
groove on HDM2.78b, 79 Given the analogy of the p53 helix and the BH3 helix of Bak,
Hamilton et al. investigated if the p53HDM2 PPI could be disrupted though a
proteomimetic strategy.73a

Indeed, the disruption of the p53HDM2 PPI was

subsequently reported by Hamilton et al. using terphenyl scaffolds capable of also
disrupting the BakBcl-xL PPI when evaluated by in vitro FPCA.73a This suggests that
other hydrophobic aryl-based scaffolds such as arylamides, may also be active towards
p53HDM2 as well.

Furthermore, another off-target PPI is the autophagic protein

Beclin-1 which binds Bcl-2 family proteins (specifically Bcl-xL) in a similar helix
mediated manner as Bak and p53 for the regulation of autophagy. 80
From the syntheses of compounds 1-6, the significance of the oligoamide scaffold
with regards to the disruption of the Bak-Bcl-xL PPI was evaluated both in vitro and in
Bcl-xL over-expressing cancer cells. The results of the syntheses and preliminary in vitro
& in silico analyses suggest that oligoamides with higher degrees of conformational
flexibility and hydrophobicity display a greater capacity to bind the hydrophobic groove
of Bcl-xL, resulting in improved cell activity.

2.3) In silico Analysis of JY-1-106’s Bcl-xL & Mcl-1 Binding Modes
Further computational analysis of the binding interaction of compound 5,
hereafter referred to as “JY-1-106”, to Bcl-xL and Mcl-1 was performed by docking
studies where JY-1-106 was modeled onto the X-ray crystal structures of Bcl-xL and Mcl1. In collaboration with Prof. Alexander MacKerell of the University of Maryland
CADD Center, the binding of JY-1-106 with Bcl-xL and Mcl-1 was analyzed by MD
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simulations to examine fluctuations within Bcl-xL100-150 and Mcl-1220-280. In addition to
MD simulations, the Site Identification by Ligand Competitive Saturation (SILCS)
methodology was applied for quantification of the associated free energies of binding of
JY-1-106 with Bcl-xL and Mcl-1.
The MD simulations of JY-1-106 and its non-ortho functionalized analog JY-1106a, suggest that JY-1-106 is capable of binding Bcl-xL and Mcl-1 in a similar binding
mode as the natural BH3 multi- and single-domain proteins such as Bak, Bax, and Bim.
Specifically, based on the amino acid fluctuations from the MD simulations, the orthofunctionalized isopropyl groups present themselves into the binding grooves of both BclxL and Mcl-1 to effectively reproduce the hydrophobic interactions and positions of the
(i), (i + 4), (i + 7) residues of a natural BH3 helical oligopeptide (Figure 2.9).75 Further
comparisons between the ortho-isopropoxy functionalized JY-1-106 and nonfunctionalized JY-1-106a showed a greater degree of flexibility within select residues in
Bcl-xL and Mcl-1.

Figure 2.9: Docking studies of JY-1-106 and JY-1-106a with Bcl-xL and Mcl-1 (A) Structures of JY-1-106
and its non-functionalized analog JY-1-106a. (B & C) Probability distribution map of JY-1-106 in the
forward orientation with the side chain carbons shown in green with the peptide crystal structure heavy
atoms in orange overlaid with JY-1-106 for Bcl-xL (B) and Mcl-1 (C). (D) RMS variations of the residues
within the binding pocket of Bcl-xL. (E) RMS variations of the residues within the binding pocket of Mcl1. Both RMS graphs depict the forward as well as backward conformations of JY-1-106 and JY-1-106a.
Figure reproduced with full permission from BioMed Central.
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Specifically, binding of JY-1-106a induced a greater degree of flexibility in BclxL105-120 whereas JY-1-106 seemed to restrict the movement of these residues most likely
as a result of its isopropoxy groups binding within the crevice of Bcl-xL. Similarly,
higher flexibilities are observed in Mcl-1235-260 upon binding of JY-1-106a versus JY-1106 which reduced the overall fluctuations within residues Mcl-1235-240 and Mcl-1255-260 .
In agreement with the MD simulations, previous reports by Sattler et al. have shown that
similar flexibilities are observed in Bcl-xL105-120 in the absence of the BH3 multi-domain
protein Bak as well. The root mean square function (RMSF) plots of JY-1-106a and JY1-106 with Bcl-xL or Mcl-1 suggest that their residue fluctuations are more similar with
the unbound apo-forms in the presence of JY-1-106a versus JY-1-106. Given that the
ortho-positions of JY-1-106a lack the isopropyl groups of JY-1-106, the MD simulations
suggest that the binding of JY-1-106 is primarily mediated through hydrophobic
interactions between its ortho-isopropoxy groups and the binding crevices of Bcl-xL and
Mcl-1. The MD simulations of JY-1-106 and JY-1-106a were followed by subsequent
calculations of the overall ligand grid free energy (LGFE) in order to quantify the binding
of JY-1-106 to Bcl-xL and Mcl-1 using three specific approaches (Table 2.4).
Protein and Conformations
Bcl-xL (F)
Bcl-xL (B)
Mcl-1 (F)
Mcl-1 (B)
Mcl-1 – Bcl-xL (F)
Mcl-1 – Bcl-xL (B)

LGFE
(Minimization)
-10.2 ± 4.3
-10.1 ± 3.9
-7.3 ± 2.9
-7.8 ± 3.9
2.9
2.3

LGFE
(Langevin Dynamics)
-10.6 ± 4.2
-10.6 ± 4.0
-7.2 ± 2.3
-7.0 ± 2.2
3.4
3.6

LGFE
(Explicit Solvent)
-13.8 ± 4.1
-15.8 ± 2.7
-8.7 ± 1.5
-7.5 ± 2.2
5.1
8.3

Table 2.4: Ligand Grid Free Energy (LGFE, kcal/mol) of JY-1-106 binding to Bcl-xL and Mcl-1. LGFE
contributions of JY-1-106 to Bcl-xL and Mcl-1 are included for both the forwards (F) and backwards (B)
orientations of JY-1-106 with the differences in Bcl-xL and Mcl-1 presented.
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While energy minimization and Langevin dynamics calculated similar values for
LGFE of -10 and -7 kcal/mol for JY-1-106 binding to Bcl-xL and Mcl-1 respectively,
calculations with 50 ns explicit solvent MD simulations resulted in higher LGFE values
of -14 and -8 kcal/mol for binding to Bcl-xL and Mcl-1 respectively. The overall MD
simulations predict that JY-1-106 binds favorably to Bcl-xL with a 2-8 kcal/mol
advantage over Mcl-1. Additionally, it was duly noted that JY-1-106 is capable of
binding in either a “forward” or “backward” orientation with respect to either NH 2 or
CO2H termini. The LGFE calculations were expanded to include contributions from the
aromatic and aliphatic groups of JY-1-106 and are detailed in Table 2.5. Despite how
hydrogen bond interactions from the NH 2 and CO2H termini may occur with either BclxL or Mcl-1, these interactions were not found to be significant as their energetic
contributions were < 0.1 kcal/mol.
Protein
Orientation

Minimized
(Aromatic)

Minimized
(Aliphatic)
-3.4
-3.0
-2.5
-3.1
0.9

Langevin
Dynamics
(Aromatic)
-5.9
-7.2
-4.9
-5.5
1.0

Langevin
Dynamics
(Aliphatic)
-4.4
-3.3
-2.2
-1.5
2.2

Explicit
Solvent
(Aromatic)
-11.3
-12.4
-4.0
-5.3
7.3

Explicit
Solvent
(Aliphatic)
-2.5
-3.5
-4.7
-2.2
-2.2

Bcl-xL (F)
Bcl-xL (B)
Mcl-1 (F)
Mcl-1 (B)
Mcl-1 – BclxL (F)
Mcl-1 – BclxL (B)

-6.8
-7.1
-4.7
-4.6
2.1
2.5

-0.1

1.7

1.8

7.1

1.3

Table 2.5: LGFE group contributions (kcal/mol) of the aromatic and aliphatic groups of JY-1-106 to Bcl-xL
and Mcl-1. Both forwards (F) and backwards (B) conformations of JY-1-106 were accounted for along with
the LGFE free energy difference between Bcl-xL and Mcl-1.
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However, this result was anticipated as both the NH 2 and CO 2H termini were not on any
advantageous positions on the scaffold of JY-1-106 which would theoretically allow for
polar interactions with either Arg263 or Asp256 of Mcl-1. While the overall energy
contributions to binding are mainly attributed to both the aromatic rings as well as the
aliphatic chains, the aromatic rings exhibit greater binding in general. Given the greater
contribution to binding by the aromatic scaffold of JY-1-106, it was suggested that
modifications on the aromatic rings may improve the overall binding to both Bcl-xL and
Mcl-1. The suggestions from the MD simulations and LGFE were ultimately considered
for the 2 nd generation of BH3 oligoamide which will be discussed in a later section.

2.4) Expanded Biological Evaluation of JY-1-106
Although JY-1-106 was only slightly more potent (IC50 = 394 nM) with regards to
the other synthesized oligoamides, the more favorable solubility profile of JY-1-106,
relative to the most potent compound 2, suggested there would be fewer complications in
planned animal studies. While the helix mimetics 1-6 displayed activity towards Bcl-xL,
other Bcl-2 family proteins are overexpressed in cancers as well.1 In particular, the Bcl-2
family member Mcl-1 has been reported as the primary Bcl-2 isoform that is responsible
for relapse as well as aggressive metastasis.1, 12-15 As this is further compounded by the
lack of Mcl-1 specific inhibitors and the corresponding high-levels of Mcl-1 expression
in relapse tumors, the lead compound JY-1-106 was further evaluated for its potential to
disrupt the BakMcl-1 heterodimeric complex.
The evaluation of JY-1-106’s activity towards Mcl-1 was determined in vitro with
an FPCA assay utilizing FITC-labeled Bak-BH3 peptides and Mcl-1 protein. JY-1-106
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disrupted the FITC-BakMcl-1 PPI with an IC 50 of 10.2 M. Using the IC50 values of
JY-1-106’s disruption of FITC-BakMcl-1, the experimentally-derived Ki values specific
to Mcl-1 were calculated to a Ki of 1.79 M. The free energy conversion of ∆G = RTln(Ki) was utilized to calculate a Gibbs free energy difference (∆∆G) of 1.4 kcal/mol
in binding energy between Bcl-xL and Mcl-1. The comparative free energy difference of
JY-1-106 to Bcl-xL and Mcl-1 binding was in close agreement with the MD calculations
of free energy differences shown in Tables 2.4 & 2.5 (≥ 2 kcal/mol).
JY-1-106’s ability to bind both Bcl-xL and Mcl-1 through in vitro FPCA was
followed by co-IP with Western blot experiments performed by Dr. Xiaobo Cao and Dr.
Roy Smythe of the Scott & White Memorial Hospital, to evaluate the disruption of both
BakBcl-xL and BakMcl-1 PPIs in Bcl-2 family over-expressing cells.

Co-IP and

Western blotting with REN cells (a Bcl-xL & Mcl-1 overexpressing cell line) was
performed by administration of vehicle control (DMSO), ABT-737, and JY-1-106. ABT737 is a potent (Ki < 1 nM) Bcl-xL and Bcl-2 inhibitor developed by Abbott Laboratories
in 2005.70 Despite its tight-binding profile to Bcl-xL, ABT-737 is a poor inhibitor of Mcl1 (Ki > 20 M) and generally regarded as inactive to this particular Bcl-2 family protein.
Owing to its selectivity for and tight-binding to Bcl-xL, ABT-737 was selected as both a
positive control for Bcl-xL inhibition, and as a negative control for Mcl-1 inhibition in
these biological assays.

The overexpressed proteins Bcl-xL and Mcl-1 were

immunoprecipitated and the disruption of their PPIs with Bak was examined with antiBak antibodies with Western blotting. As shown in Figure 2.10, administration of JY-1106 (5 M) and ABT-737 (10 M) resulted in the absence of an anti-Bak band,
suggesting the displacement of Bak from Bcl-xL. This co-IP with Western blot was then
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repeated with the converse conditions where Bak was immunoprecipitated and then
Western blotted and probed for Bcl-xL.

Figure 2.10: 5 x 106 REN cells were administered 5 M JY-1-106, 10M
ABT-737, or DMSO control for a period of 12 hours to probe the PPI of BakBcl-xL. Afterwards, the cells were harvested and lysed and Bcl-xL and Bak
proteins were immunoprecipitated and the proteinprotein interactions detected
by Western blotting. Figure reproduced with full permission from BioMed
Central.

The converse co-IP with Western blot showed similar band patterns, further validating
the results. In contrast, when the co-IP with Western blot was repeated in the context of
BakMcl-1 inhibition (Figure 2.11), ABT-737 was ineffective at disrupting BakMcl-1
at the administered dose of 10 M. This negative result was anticipated given the poor
activity of ABT-737 towards Mcl-1.2,

59a, 72

disrupted the BakMcl-1 heterodimer.
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JY-1-106 (5 M) however, effectively

Figure 2.11: 5 x 106 REN cells were administered 5 M JY-1-106, 10M
ABT-737, or DMSO control for a period of 12 hours to probe the PPI of
BakMcl-1. Afterwards, the cells were harvested and lysed and Mcl-1 and
Bak proteins were immunoprecipitated and the proteinprotein interactions
detected by Western blotting. Figure reproduced with full permission from
BioMed Central.

Collectively, these data demonstrate that JY-1-106 is a cell-active pan-Bcl-2
inhibitor in comparison to the limited activity of the Bcl-xL and Bcl-2 specific inhibitor,
ABT-737. Given that cancer cells are likely to over-express more than one anti-apoptotic
protein of the Bcl-2 family, targeting a single anti-apoptotic protein with a specific
inhibitor may not necessarily lead to apoptosis and eradication of cancer tissue. Indeed,
the reported chemotherapeutic resistance of cancer cells to ABT -737 is a clear example
of such an issue. A pan-Bcl-2 inhibitor is thus more likely to target the other isoforms of
Bcl-2 (such as Bcl-xL, Bcl-w, Mcl-1, and AF-1), and is more desirable as a therapeutic
candidate.
To further investigate the efficacy of JY-1-106 in other Mcl-1 overexpressing cell
lines, XTT cell viability assays with ABT-737 resistant I45BR and DLD-1BR cell lines
were performed with the administration of JY-1-106 along with three other known
chemotherapeutic agents: cisplatin, SAHA, and ABT-737 (Table 2.6). While all four
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agents exhibited single-digit M inhibition in A549 and DLD-1 cells, significant
differences in IC50 values were observed in the Mcl-1 over-expressing ABT-737 resistant
cells (Table 2.6). Among the cell lines tested, I-45BR and DLD-1BR were of particular
interest as these cell lines are I45 and DLD-1-derived cells which are known to overexpress Mcl-1 oncoprotein.75 Although ABT-737 was cytotoxic to A549 and DLD-1
cells, it was less effective when compared with Mcl-1 over-expressing cell-lines such as
DLD-1BR where ABT-737 was 5-fold less potent. In comparison to ABT-737, JY-1-106
was overall significantly more cytotoxic in the Bcl-xL and Mcl-1 over-expressing cell
lines I-45BR (IC50 = 8M), DLD-1BR (IC50 = 5M), and REN (IC 50 = 6M). JY-1106 also demonstrated near-equipotency with the known chemotherapeutic agents
cisplatin and SAHA in I45BR and DLD-1BR cells as well (Table 2.6).

Table 2.6: IC50 comparisons of the drugs ABT-737, JY-1-106, Cisplatin, and SAHA by XTT cell viability
assays with A549, DLD-1, DLD1-BR, H1299, H23, I-45, I-45BR, and REN cells seeded at 3 x 103 cells
per well.

In addition to its cytotoxic profile as a single agent, JY-1-106 was also
administered along with Taxol to evaluate any increased chemosensitivity in cancer cells.
As seen in Table 2.7, the administration of JY-1-106 (1-5 M) with Taxol (1-5 nM)
resulted in significantly improved cytotoxicity in an XTT cell-viability assay with A549
cells versus solely JY-1-106 or Taxol. A 30% increase in cytotoxicity was observed with
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the co-adminstration of JY-1-106 (1 M) and Taxol (1 nM). The most improvement in
cytotoxicity was observed with a 5 M dosage of JY-1-106 and 5 nM of Taxol, which
induced cytotoxicity in 99% of the fraction of affected cells “Fa” (Table 2.7).

Table 2.7: Synergy data of JY-1-106 co-administration with Taxol. (A) JY-1-106 induces synergistic
inhibition of A549 cancer cells with Taxol. Taxol and JY-1-106 were administered to A549 cells at the
indicated concentrations and the cell-viabilities determined by XTT assays. (B) Taxol and JY-1-106
concentrations with their related combination index (CI) values. Cell viability data reproduced with full
permission from BioMed Central.

Isobologram and combination index (CI) values were calculated to determine if
Taxol and JY-1-106 were acting in a synergistic manner. CI values less than 1 signify a
synergistic relationship whereas values greater than 1 constitutes an antagonistic
relationship. As shown in Table 2.7, the CI values are less than 1 with respect to the
increasing concentrations of Taxol, confirming a synergistic relationship between JY-1106 and Taxol.
While the cytotoxic profile of JY-1-106 in Mcl-1 over-expressing ABT-737
resistant cells (Table 2.6) was promising in comparison to cisplatin and SAHA, it was
unknown whether its cytotoxicity was the result of binding to Bcl-xL and Mcl-1 for
apoptotic induction. Indeed, cytotoxicity may result from other alternative modes of drug
action such as DNA cross-linkage as in cisplatin, or histone deacetylase inhibition as in
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SAHA. Towards elucidating the drug action of JY-1-106, Mcl-1 siRNA transfected
A549 cells were exposed to JY-1-106 at 5 M for 24 hrs and subsequently analyzed by
Western blotting and probed for the presence of cleaved PARP which is a 116 kDa
protein involved in DNA repair. The inactivation and cleavage of PARP to a shortened
85 kDa fragment occurs in the presence of caspase proteins and is therefore an indicator
of apoptotic induction.81 As shown in Figure 2.12A, a 5 M dosage of JY-1-106 induced
PARP cleavage in both Mcl-1 siRNA transfected and control siRNA transfected A549
cells, suggesting apoptotic induction regardless of the expression level of Mcl-1
consistent with the inhibition of Mcl-1 by JY-1-106.

Figure 2.12: Induction of PARP cleavage by JY-1-106 and ABT-737 with respect to Mcl-1
silencing. (A) A549 cells transfected with Mcl-1 siRNA or control siRNA over 24 hours were
administered 5 M JY-1-106 or ABT-737 over 12 hours and Western blotted for PARP
cleavage. (B) I-45 cells exposed to 5 M JY-1-106 showed Bax homodimers by Western blot,
suggesting the induction of intrinsic apoptosis. Figure reproduced with full permission from
BioMed Central.

However in the presence of a 5 M dosage of ABT-737, PARP cleavage was only
significant in the Mcl-1 silenced cells but not the control siRNA transfected A549 cells
consistent with ABT-737 being inactive against Mcl-1. A supplemental Western blot
with JY-1-106 (5 M), I45 cells, and anti-Bax antibody probing detected the presence of
BaxBax homodimers which is an indication of apoptosis through the intrinsic apoptotic
pathway (Figure 2.12)
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To further investigate JY-1-106’s apoptotic induction, the effect of JY-1-106 on
mitochondrial membrane integrity was evaluated through a JC-1 staining assay with
fluorescent microscopy. JC-1 is a cationic dye that localizes within the mitochondrial
outer membrane. The incorporation of JC-1 within the mitochondrial membrane results
in the aggregation of JC-1 and induces a red-shift in its emission spectrum to the orangered 580-595 nm range.82 In the event of apoptosis, the mitochondria outer membrane is
compromised resulting in a low membrane potential and the leakage of JC-1 from the
membrane. As JC-1 leaves the mitochondrial membrane its concentration drops resulting
in less aggregation and a blue-shift back to the green 520-540 nm wavelength which can
be viewed through fluorescent microscopy.82 In this assay, a 5 M dosage of JY-1-106
was administered to I45 cells and incubated for 12 hours at 37 oC. The cells were then
incubated with JC-1 for 20 minutes and observed through fluorescence microscopy. In
the presence of vehicle DMSO alone, the red fluorescence of JC-1-incorporated
mitochondria is clearly visible (Figure 2.13 Left Panel). In the JY-1-106-dosed I45 cells
however, the green fluorescence of the cells’ cytoplasm is indicative of JC-1 leakage
from the compromised mitochondria through apoptotic induction (Figure 2.13 Right
Panel).
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Figure 2.13: Confirmation of MOMP induction through JY-1-106 administration with JC-1
staining and fluorescent microscopy. I45 cells were administered 5 M JY-1-106 or DMSO
over 12 hours and incubated for 20 minutes with JC-1 dye. Orange color signifies
incorporation of JC-1 into intact mitochondria (left) whereas green fluorescence is observed
during mitochondrial outer memabrane permeabilization (MOMP), loss of membrane
potential, and release of JC-1 (right). Figure reproduced with full permission from BioMed
Central.

Further evaluation of JY-1-106 induced apoptosis was performed with a TUNEL
assay with Br-dU. Cytometric analysis of Br-dU incorporation in comparison to PI
staining demonstrated a significant increase in apoptosis when compared with vehicle
DMSO treatment alone (Figure 2.14).

Figure 2.14: Terminal dUTP Nick End Labeling (TUNEL) assays showing
positive results by incorporation of 5’-bromouridine. A549 cells were incubated
with 5 M JY-1-106 (right) or DMSO (left) for 12 hours. Cells were then
subjected to a TUNEL reaction and apoptotic cells counted by flow cytometry.
Figure reproduced with full permission from BioMed Central.
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In conjunction with JC-1 staining and PARP cleavage assays, the data from the
TUNEL assay further confirmed that apoptosis was the primary cytotoxic mode of action
of JY-1-106. Furthermore, the in vivo efficacy of JY-1-106 was evaluated though a lung
cancer tumor model using nude mice intraperitoneally injected with 1 x 10 6 A549 cells.
After a 20 day treatment-free growth period, administration of JY-1-106 at intervals of 25
mg/kg 3x daily over a period of 31 days was performed in comparison to a DMSO
control.

Measurements of tumor volume during the 31 day treatment period

demonstrated a 3-fold decrease in the rate of tumor growth (Figure 2.15), suggesting the
chemotherapeutic promise of JY-1-106 as a single agent in vivo.

Figure 2.15: In vivo suppression of tumor growth in nude mice by intraperitoneal
injections of JY-1-106. Nude mice were implanted with A549 tumor cells in the right
flank and the tumors allow to grow to 5mm in diameter over a period of 2 weeks. JY1-106 was administered at 25mg/kg every other day for a total of seven injections with
tumor volumes measured every 2 days. Time points are the average tumor volumes for
n = 6. Figure reproduced with full permission from BioMed Central.
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From our syntheses and in vitro and in vivo data, we have successfully conducted
an SAR study on the trisarylamide scaffold of compound 1. Since the substitution of
pyridine with benzene eliminates the intramolecular hydrogen bonding seen with
compound 1, there is a greater degree of conformational flexibility about the aryl-amide
axes of compounds 2-6 versus the pre-organization of 1. Though pre-organization of 1
directs its ortho-isopropoxy groups for hydrophobic interactions within the binding
groove of Bcl-xL, we hypothesized that an increase in rotational flexibility through
benzene substitution would result in greater binding owing to the induced fit hypothesis.
The flexible analogs of compound 1 and Bcl-xL may accommodate each others’
structures for more favorable binding. The substitution of the pyridine rings of 1 with
benzene rings significantly increased binding in analogs 2-6 as seen in the in vitro FPCA
data where the Ki values of 2-6 were an order of magnitude lower (Ki = 94 nM for 2)
versus the original compound 1 (Ki = 970 nM).

Although compounds 2-6 were only

equipotent with compound 1 when evaluated through XTT cell viability assays, the
evaluation of compound 5 (JY-1-106) for Mcl-1 activity by FPCA showed a 5-fold
improvement in the disruption of the FITC-BakBcl-1 PPI (IC50 = 10.2 M) over
compound 1 (IC50 > 50 M). Computational MD simulations determined that while JY1-106 could bind in either a “forwards” or “backwards” manner relative to its NH2 and
CO2H termini, the reduced fluctuations in the amino acid residues of Bcl-xL100-150 and
Mcl-1220-280 upon JY-1-106 docking suggested it was binding in a similar manner as the
Bak BH3 helix.

When the MD simulations were repeated with the non ortho-

functionalized analog JY-1-106a, there was a greater degree of fluctuations in residues
Bcl-xL100-150 and Mcl-1220-280 , signifying that the ortho-functionalities of JY-1-106 were
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indeed participating in similar critical hydrophobic “hotspot” interactions. Extended
biological evaluations on the novel lead compound JY-1-106 as a pan-Bcl-2 active
inhibitor further validated its Mcl-1 activity through cell-viability assays with Mcl-1
over-expressing ABT-737 resistant cells. Further evaluation of JY-1-106 by Co-IP with
Western blot, TUNEL assay, and JC-1 staining experiments confirmed that JY-1-106
induced apoptosis in cancer cells regardless of Mcl-1 over-expression. Lastly, the in vivo
murine xenograft tumor model demonstrated a 3-fold decrease in the growth of cancer
cells (A549) when administered JY-1-106 at the dosing regimen of 25mg/kg 3x daily
suggesting the therapeutic promise of JY-1-106 as a single agent. We have verified not
only the potent activity of the synthesized compounds 2-6, but also their low cytotoxicity
in a rapidly dividing non-cancerous HMVEC control cell line (IC50 > 50 M). Based on
these findings we have designed and synthesized a second generation of trisbenzamides
based on compounds 1-6 as well as small library of 1-hydroxy-2-carboxyarene smallmolecule inhibitors towards Mcl-1 selectivity. The syntheses of our second generation
trisbenzamides and 1-hydroxy-2-carboxyarene inhibitors and their in vitro evaluation will
be covered in detail the following sections.

2.5) Design and Synthesis of 2 nd Generation Mcl-1 Specific BH3 Proteomimetics
A previously reported saturation mutagenesis study by Fairlie et al. investigated
the selectivity of several BH3 helix mutants of pro-apoptotic Bim towards Mcl-1 and
Bcl-xL.43 Mutations of the wild type amino acids Leu62 (i) and Phe69 (i + 7) of Bim
resulted in significant differences in IC50 values towards Bcl-xL and Mcl-1.43 Several of
Fairlie’s Bim BH3 Leu62 mutants exhibited exclusive disruption of the FITC-BimMcl-1
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PPI yet no activity towards the FITC-BimBcl-xL PPI when evaluated through FPCA.43
Comparisons of the tertiary structures of Bcl-xL and Mcl-1 by Fairlie et al. have
suggested that in comparison to Bcl-xL, the p2 pocket of Mcl-1 is significantly more
selective to its ligands while its p4 region is highly tolerant of any amino acid substitution
for Phe69.44 As the p2 region of Mcl-1 is formed by the more rigidly constrained 4 helix,
it is possible that the well-defined p2 pocket of Mcl-1 is unforgiving towards polar
interactions that may cause electrostatic repulsion. 44 This suggestion is in agreement
with the reported mutagenesis data by Fairlie et al., where L62E and L62K Bim mutants
were not able to bind Mcl-1 when evaluated by FPCA.43 Similarly, although the L62F
Bim mutant was able to bind Mcl-1, the L62Y mutant demonstrated a markedly increased
IC50, suggesting that the protrusion of the polar OH of the L62Y mutant was not well
tolerated at the p2 pocket.43

Fairlie’s findings from their Bim BH3 Leu62 mutants

suggest that this particular amino acid residue may be the key to achieving Mcl-1
specificity and inhibition. From our previous success with synthesizing and evaluating
our first generation BH3 helix mimetics 2-6 towards BakBcl-xL antagonism, we have
shown that rotationally flexible oligoamide-based helix mimetics are a promising
approach towards the design of potent novel pan-Bcl-2 inhibitors where conformationally
constraining pyridine nitrogens within the scaffold are not required for effective mimicry
of the -helix.39,
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Moreover, the NMR solution structure reported by Sattler et al.

identified flexible regions along the BH3 helix of Bak, implying that such
conformational flexibility allows Bak to bind most members of the Bcl-2 protein family
as a pan-Bcl-2 pro-apoptotic protein.4 Utilizing the saturation mutagenesis data reported
by Fairlie et al. as well the implications of Sattler’s NMR structure, we have embarked
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on our own “synthetic mutagenesis” by varying the ortho-functionalities of our most
potent benzene-based oligoamide scaffold 2 (Figure 2.4) towards achieving improved
Mcl-1 specificity and pan-Bcl-2 activity.

Though JY-1-106 was evaluated to be a

successful pan-Bcl-2 inhibitor and promising lead compound, compound 2 was chosen
amongst the original first generation BH3 mimetics 2-6 as our design scaffold. The
trisbenzamide structure of 2 allows for the greatest degree of rotational flexibility,
translating to a favorable induced fit of its functional groups for hydrophobic and polar
interactions.
Though compound 2 was impacted by solubility issues, its benzene-based aryl
subunits are highly modular and amenable towards synthetic modification for the
installation of polar groups. Specifically, we chose to relocate the terminal carboxylic
acid of 2 to the opposite “face” of the scaffold (Figure 2.16) in the form of a more polar



Figure 2.16: Proposed 2nd generation amphipathic BH3 -helix mimetic
(Left) 1st generation BH3 helix mimetic 2 based on a trisbenzamide scaffold.
(Right) 2nd generation amphipathic BH3 helix mimetic with the polar
keto acid at the top subunit as a mimetic of the (i + 5) Asp67 residue of
Bim.

keto acid to mimic Asp67 which is a “hotspot” (i + 5) amino acid of the Bim BH3
helix. Asp67 of Bim is known to participate in an ionic salt-bridge interaction with
the conserved Arg residues of Arg139 (Bcl-xL) and Arg263 (Mcl-1).41, 66 The mimicry of
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Asp67 through an keto acid at the (i + 5) position allows the scaffold to function as an
amphipathic helix mimetic for the engagement of both hydrophobic and ionic interactions
within the binding groove of Mcl-1. The relocation of the terminal carboxylic acid of 2
was also chosen as in silico MD simulations of the related congener JY-1-106, within the
binding grooves of Bcl-xL and Mcl-1 showed no energetic contributions to binding at its
terminal position para to the amide bond. Relocation of the terminal carboxylic acid on
our novel scaffold to the (i + 5) “face” would therefore engage in ionic interactions with
the conserved Arg139 (Bcl-xL) and Arg263 (Mcl-1) residues and also be stabilized in
these interactions through the 6-membered intramolecular hydrogen bonding network
shown in Figure 2.17. The 6-membered hydrogen bonded ring ensures that this keto
acid will be projected at the appropriate face of the scaffold. In addition to forming saltbridge interactions with Arg139 (Bcl-xL) and Arg263 (Mcl-1), the similarly conserved
amino acids of Asn136 (Bcl-xL) and Asn260 (Mcl-1) residues may also participate in
hydrogen bonding interactions with the relocated keto acid group (Figure 2.17).

Figure 2.17: Comparison of the crystal structure of the Bim BH3 helix with a 2nd generation mimetic
(Left) Crystal structure of Bim BH3 helix bound into Mcl-1 with residues Leu62 (i), Ile65 (i + 3),
Asp67 (i + 5), Phe69 (i + 7). (Middle) 2nd generation amphipathic BH3helix mimetic with the
engineered structural features highlighted by arrows. (Right) Proposed polar interactions of the (i + 5)
Asp67 mimicking keto acid with Arg263 and Asn260 of Mcl-1.
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Similar to our first generation BH3 mimetics 2-6, the engineering of our secondgeneration mimetics was initiated through the syntheses of the required benzene subunits
with the varied ortho-functionality of R 1, which effectively functions as a “synthetic
mutant” of the analogous Leu62 helical residue of Bim respectively (Figure 2.17). As
the importance of the Leu62 residue was the focus of our second generation BH3
mimetics, we chose to keep the R2 and R3 functionalities as isobutyl groups. This
decision is supported by Fairlie’s mutagenesis where no difference in IC 50 was observed
between the wild-type Phe69 and any of the Phe69 mutants of the Bim BH3 helix and
Mcl-1.43 Moreover, previous reports on the analogous Ile65 (i + 3) residue in Bak have
shown that while it faces into the hydrophobic pockets of anti-apoptotic Bcl-2 proteins,
its mutation to alanine does not significantly impact the overall binding of Bak with
either Bcl-xL or Mcl-1.4
The syntheses of the 2 nd generation amphipathic helix mimetics are presented
within Figures 2.18 & 2.19. 3-fluorobenzoic acid 22 was reacted with fuming nitric acid
(HNO3) in sulfuric acid (H2SO 4) to furnish the mono-nitrated acid 23 as a white solid in
excellent yield (70%) due to the predominant directing effect of the 3-fluoro group.
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Figure 2.18: Syntheses of the required functionalized benzene subunits for the 2nd
generation of amphipathic helix mimetics.

A SN Ar reaction of 23 with isobutyl alcohol and NaH in THF yielded the top aryl subunit
24 as a viscous oil with high yield (95%). Synthesis of subunit 28 entailed the reaction of
compound 25 (Figure 2.18) with SOCl2 in MeOH to afford the methyl ester 26. Oalkylation of 26 with isopropyl iodide with K2CO 3 in DMF afforded the O-isobutyl ester
27 which was subsequently hydrolyzed to the required acid 28 with LiOH.H2O in
THF:H2O. Synthesis of the final R1 subunit 31 was achieved through an SN Ar reaction
using commercially available 2-fluoronitrobenzene 29 and potassium tert-butoxide
(KOtBu) to furnish product 30 as a series of dark viscous oils in near-quantitative yield
(98%). Lastly, the reduction of the nitro group of 30 with H2 and Pd/C in MeOH gave the
required tert-butyl aniline subunit 31 in excellent yield (98%) with no further purification
often required.
Owing to the presence of the acid-labile tertiary butyl ether group at R1, the
condensations of the three benzene subunits 24, 28, and 31 were achieved through the
DMF catalyzed oxalyl chloride (COCl)2 reaction shown in Figure 2.19, rather than
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PPh3Cl2 which generates copious amounts of HCl gas at the required refluxing
temperature of 80oC in CHCl3.

Figure 2.19: Condensation reactions of the aryl subunits to furnish the 2nd generation
amphipathic helix mimetics.

The nitro benzoic acid 28 was first converted to the corresponding acyl chloride in the
presence of (COCl)2 and catalytic DMF. The reaction of (COCl)2 in the presence of
DMF (cat.) forms a highly reactive Vilsmeier reagent in situ which efficiently converts
28 to the acyl chloride within a matter of minutes, which can be monitored by the naked
eye through evolution of CO and CO 2 bubbles in solution. The acyl chloride of 28 was
then reacted with the tert-butyl ether aniline 31 in excess of DIPEA to furnish the nitro
bisbenzamide 32 as a dark violet oil in high yield (90%) with retention of the tert-butyl
group. The NO2 group of 32 was then selectively reduced by hydrogenation in MeOH to
afford aniline 33 as a green oil with often no further purification required. Coupling of
33 with the R3 subunit 24 was achieved through the usage of (COCl) 2 and catalytic DMF
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(similar with subunits 28 and 31) to afford the nitro trisbenzamide 34 whilst keeping full
retention of the tert-butyl ether protecting group. The nitro group of trisbenzamide 34
was reduced with Pd/C and H2 to afford the corresponding aniline 35 which was then
reacted with ethylchloroglyoxylate in the presence of DIPEA in DMF to afford the
keto ester functionalized trisbenzamide 36.
The tertiary butyl ether of trisbenzamide 36 was then deprotected to the
corresponding phenol 37 in near-quantitative yield using neat trifluoroacetic acid
(CF3CO2H) at room temperature (Figure 2.20). Phenol 37 was then reacted with a
variety of alkyl halides with K2 CO3 as base in DMF at 50oC to give the R1 functionalized
products 38, whose esters were hydrolyzed to furnish the final keto acid product(s) 39
as ivory or yellow powders in exceptional yields (98%).

Figure 2.20: Deprotection of the OtBu ester and installment of R1 functional groups as
“synthetic mutant” functional groups to mimic mutations of the Leu62 residue of Bim.
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In addition to variations of the R1 functional group, we conducted an SAR study
to probe the electrostatic interactions of the Arg263 residue of Mcl-1 by coupling a
derivative of the aniline bisbenzamide 33 (where R 1 and R2 = isobutyl group) (Figure
2.19) with various polar aryl acids. Additionally, by shifting the position of the polar
functional groups of the aryl acids from ortho, to meta, and to para, we hypothesized that
an understanding of the proper spatial relationships of both the salt-bridge interaction of
Arg263 and hydrogen bonding of Asn260 of Mcl-1 could be gained.

Briefly, 2-

fluoronitrobenzene 29 was O-alkylated with isobutanol and NaH in THF to afford the Oisobutyl compound 40 as a dark brown oil (98%) (Figure 2.21).

Figure 2.21: Synthesis of 2nd generation BH3 mimetics with polar aryl groups to probe
the electrostatic and polar interactions of Arg263 and Asn260 of Mcl-1.
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The nitro compound 40 was reduced to aniline 41 through hydrogenation and
subsequently coupled with acid 28 using PPh3 Cl2 in refluxing CHCl3 to furnish the nitro
bisbenzamide 42 as a bright yellow solid in excellent yield (95%). Subsequent reduction
as before (Figures 2.18 & 2.19) delivered the aniline bisbenzamide 43 which functioned
as a “universal scaffold” for the PPh 3Cl2 mediated coupling of various polar aryl groups
to furnish compound(s) 44 as a library of off-white to yellow colored solids in
exceptional yields (85-90%).

2.6) Biological Evaluation of 2 nd Generation Mcl-1 Specific BH3 Proteomimetics
In collaboration with Prof. Paul T. Wilder of the University of Maryland School
of Medicine, we evaluated the in vitro activity of our 2 nd generation oligoamides through
the previously performed FPCA assay with our 1 st generation oligoamides, however; in
this case, Mcl-1 was substituted for Bcl-xL as the target protein. Titrations of a FITC
labeled 16-mer oligopeptide of Bak (FITC-Ahx-GQVGRQLAIIGDDINR-CONH2) in the
presence of Mcl-1 resulted in a standard curve with a Kd value of 36 nM for FITC-Bak,
which is approximately equal to the Kd of FITC-Bak binding toBcl-xL originally reported
by Rosenberg (Kd = 34 nM).74

The 2 nd generation oligoamide compounds were

administered in the FPCA assay as a series of serial dilutions against Mcl-1 in the
presence of 10 nM of FITC-Bak. The results of our SAR study on substitutions of the R1
group of our 2 nd generation oligoamides as well as the various polar aryl ring-coupled 2 nd
generation oligoamides are shown in their entirety in Tables 2.8 & 2.9 respectively.
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Table 2.8: In vitro FPCA results of the R1 group varied 2nd generation oligoamides.
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Table 2.8 (Cont.): In vitro FPCA results of the R1 group varied 2nd generation oligoamides.
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Table 2.8 (Cont.): In vitro FPCA results of the R1 group varied 2nd generation oligoamides.
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From the reported Mcl-1 activity of Fairlie’s Bim BH3 L62F mutant (IC 50 ~ 10 nM), and
the structure of the novel Mcl-1 inhibitor Fesik-53 (Ki = 55 nM), we hypothesized that
installing hydrophobic groups, particularly aromatic rings, at the R 1 position would
impart excellent binding to Mcl-1. This hypothesis was further supported by the NMR
studies of Fesik-53 and Mcl-1, which suggested the hydrophobic 4-chloro-3,5dimethylphenoxy group was nestled deep within the cavity of the p2 pocket of Mcl-1
rather than simply binding at the very surface of the pocket.
Though functionalizing the R1 position with an O-benzyl group (Table 2.8, 39b)
to mimic Fairlie’s potent (IC50 ~ 10 nM) L62F mutant did not bind as well as expected, it
nevertheless demonstrated modest binding to Mcl-1 with a Ki of 10.6 M. Similar to
Shaomeng Wang’s de novo approach in developing TW-37, it was rationalized that the
O-benzyl group may not be sufficient enough to bind within the deep reaches of the p2
pocket on its own. A variety of substituted analogs of the O-benzyl group was therefore
synthesized as a classical example of functional group chain-extension, starting with
methylated derivatives of the O-benzyl group. A significant increase in binding to Mcl-1
was observed with the 2- and 3-methylbenzyl compounds, 39v (Ki = 419 nM) and 39u (Ki
= 2.81 M) (Table 2.8). While the overall improved Ki values of 39v and 39u may be
explained by the general increase in hydrophobicity owing to the presence of the methyl
group, the contrast between their Ki values suggests that having a hydrophobic group at
the ortho position of the benzene ring is more favorable for Mcl-1 binding. Although the
4-methylbenzyl derivative 39t was synthesized, the in vitro activity of this compound
was unable to be evaluated as it precipitated out of solution during the FPCA. Despite
how similar problems regarding insolubility were also observed with several other 2 nd
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generation proteomimetics (Table 2.8 as denoted by an “ND”), such issues with
solubility were expected given the increasingly hydrophobic nature of each intermediate
in the syntheses towards the final compounds (Figures 2.19 & 2.20). The importance of
the ortho position with respect to hydrophobic interactions was further investigated
through the synthesis of the 1-phenylethoxy and ortho-bromobenzyl derivatives, 39r and
39s (Table 2.8) respectively. The phenylethoxy compound 39r, exhibited a 44-fold
improvement in binding (Ki = 243 nM) which was in agreement with the increase in
binding of 39v as well. In contrast, the binding of 39s was negatively impacted by the
bromo group at the ortho position (Ki = 21.3 M). The ortho-biphenyl compound, 39ab
was synthesized and demonstrated improved binding (Ki = 691 nM). In addition to 39r
and 39s, an ortho-nitrobenzyl analog, 39y was synthesized as well, however, this
particular analog exhibited drastically improved binding (Ki = 232 nM) over the
previously introduced ortho substituted benzyl groups.

Though this suggests that

electrostatic interactions are possible with an electron withdrawing substituent at the
ortho position of the benzene ring, it is unlikely that 39y will be selected for future
cellular and in vivo assays given the presence of the nitro group which may be readily
metabolized by cellular reductase enzymes. Improvements in binding were also observed
when the benzyl group at the R1 position was functionalized with cyano groups as seen
with compounds 39k, 39l, and 39m (Table 2.8). While the ortho-cyanobenzyl analog
39l (Ki = 10.9 M) showed modest equipotent binding with 39b (Ki = 10.6 M), shifting
the cyano group to the meta position in 39m increased its binding to Mcl-l (Ki = 905 nM).
Surprisingly, shifting the cyano group to the para position in 39k significantly improved
binding by 100-fold (Ki = 112 nM) in comparison to 39l. The increase in binding
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observed with 39k may be attributed to how the para-cyano group is now located in a
more favorable position for  stacking interactions. Specifically, the py and pz orbitals
of the sp hybridized cyano group of 39k may be interacting with Phe residues within the
vicinity of the p2 pocket, such as Phe228 or Phe270. To investigate the importance of
such  stacking interactions even further, the two naphthalene analogs 39n and 39o
were synthesized and evaluated in vitro. The 2-naphthalene analog 39n was one of the
most potent compounds in the synthesized library with a Ki of 69 nM. Though the 1naphthalene analog 39o was modestly potent (Ki = 611 nM), the difference in the Ki
values suggests that the proper spatial projection of the aromatic ring is critical for the
proposed hydrophobic interactions and potent Mcl-1 binding. This assumption is also
supported by the equipotent binding of the aromatic para-tert-butyl ester, 39p (Ki = 121
nM), which may be participating in non  stacking hydrophobic interactions within the
binding groove of Mcl-1 as well.
Aside from the benzyl analogs introduced previously, smaller branched
hydrocarbon chains as well as polar groups and heterocycles were installed at the R 1
position of the benzamide scaffold to probe for Mcl-1 activity as mimetics of the natural
amino acid side-chains (Table 2.8). Approaching this again with a rational step-wise
chain-extension method, the hydroxyl and O-methoxy derivatives, 39g and 39x were first
synthesized as mimetics of the L62G and L62A mutants of the Bim peptide. Both 39g
(Ki = 3.41 M) and 39x (Ki = 6.43 M) displayed moderately improved binding in
comparison with the O-benzylated 39b derivative (Ki = 10.6 M). Since this suggested
yet again that hydrophobicity at the R1 position confers Mcl-1 binding, the four chainextended analogs 39a, 39c, 39d, and 39q were synthesized. Although among these four
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compounds, 39q was the only analog that was soluble during the in vitro assay, it proved
to be one of the most potent compounds in the set with a Ki of 71 nM. To further confirm
that hydrophobicity is essential at the R1 position, the carboxylic acid 39e, as well as its
tert-butyl ester precursor 39f, was synthesized and both evaluated with Ki values of 4.17
M and 434 nM, respectively. Based on the Ki values of 39e and 39f, it may be possible
the ionic interactions are conferring binding to Mcl-1 through an alternative binding
mode with Arg or Lys residues located along the sides of the hydrophobic crevice of
Mcl-1. Towards investigating this possibility, the carboxamide derivatives, 39h, 39i, and
39j were synthesized, however all three demonstrated drastically less affinity for Mcl-1
with Ki values of 235 M, 62.6 M, and 214 M, respectively. The negatively impacted
binding of the carboxamide analogs suggests that ionized groups at the R 1 position may
also confer binding; however, hydrogen bond donating groups may not be as well
tolerated. This assumption is further supported by the modestly potent Mcl-1 binding
seen with the oxazole analog, 39aa (Ki = 2.03 M), which is unable to act as a hydrogen
bond donor, yet may still participate as a hydrogen bond acceptor similar to the more
potent 39f.
As alluded to previously, Arg263 of Mcl-1 is not only known to make
electrostatic contacts with Asp67 of the Bim BH3 helix, but the deletion of this positively
charged residue significantly impacts the binding of Bim with Mcl-1.41 Through the
polar aryl BH3 oligoamide series shown in Table 2.9, an SAR study was undertaken to
probe the proper spatial orientation necessary for electron withdrawing and anionic
substituents to engage Arg263.
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Table 2.9: In vitro FPCA results of the polar aryl ring coupled 2nd generation oligoamides.
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Three synthesized derivatives of benzoic acid 44b, 44c, and 44d, confirmed that the
positioning of the carboxylic acid group on the top aromatic ring is indeed crucial for
Mcl-1 binding. Specifically, a 2-fold difference in binding was observed amongst 44b
(Ki = 6.96 M), 44c (Ki = 12.1 M), and 44d (Ki = 11.2 M), thus suggesting that a
carboxylic acid at the ortho position is more likely to interact with Arg263 of Mcl-1
versus having the acid on the meta and para positions of the ring. Although the ortho
benzoic acid 44b was the most potent of the three, the isophthalic acid 44e exhibited
near-equipotent binding (Ki = 5.48 M) with 44b, most likely due to similar electrostatic
interactions with Arg263.

Since the phthalic acid ring of 44e is symmetrical, this

suggests that there may be additional polar interactions at either the p4 pocket, or at the
outer periphery of the hydrophobic groove, which is flanked by polar residues.

2.7) Design & Synthesis of Mcl-1 Specific 1-Hydroxy-2-Carboxy Arene Inhibitors
Using an FBDD approach, Fesik et al. identified two molecular fragments, a polar
indole acid fragment and a hydrophobic 4-chloro-3,5-dimethylphenol fragment, that are
capable of binding Mcl-1 (Ki = 131 M for the indole acid fragment; Ki = 60 M for the
chlorophenol fragment, respectively). Though each fragment only displayed modest
binding individually, their combination and linkage by a hydrocarbon tether resulted in
fused molecules such as the indole-derivative, Fesik-53 (Figure 1.24) that displayed
potent binding to Mcl-1 (Ki = 55 nM) by FPCA. X-ray crystallography elucidated the
molecular interactions between Mcl-1 and Fesik-53.42 Specifically, the carboxylic acid
of Fesik-53 was observed to form an ionic salt-bridge interaction with Arg263 in the
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same manner as Asp67 of Bim albeit with several major differences (Figure 2.22). The
formation of the ionic interaction between the indole acid of Fesik-53 and Arg263 in
particular induces a slight kink within the rigid 4 helix, allowing Arg263 to engage in
intramolecular ionic interactions with Asp256 as well hydrogen bond interactions with
the amide backbone of a random loop of the 4 helix. The molecular interactions
between Mcl-1 and the 4-chloro-3,5-dimethylphenol fragment significantly differed from
the interactions observed between the BH3 helix of Bim and Mcl-1. The 4-chloro-3,5dimethylphenoxy ring projects into a deep region of the p2 pocket which is usually not
engaged by the Bim BH3 helix (Figure 2.22).

Figure 2.22: X-ray crystal structure showing the detailed molecular interactions
between Fesik-53 and Mcl-1. The residues of Mcl-1 are labeled in white with the Hbond interactions of the indole acid fragment and Arg263 elaborated by hashed lines.
The hydrocarbon tethered 4-chloro-3,5-dimethylphenoxy group is nestled deep within
the p2 pocket as seen above. (PDB: 4HW2)

Indeed, while the conserved (i) residues of Leu78 (Bak) and Leu62 (Bim) bind
within the p2 pocket of Mcl-1, the binding of these residues occurs at the very surface of
the groove (Figure 2.23) rather than deep within the p2 pocket where the 4-chloro-3,5dimethylphenol fragment makes hydrophobic contacts with Met231, Leu235, Leu246,
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Arg249, Met250, and Phe270 (Figure 2.22). Furthermore, the hydrophobic interactions
of the 4-chloro-3,5-dimethylphenol group within the p2 pocket are in agreement with
Fairlie’s mutagenesis study where a L62F Bim BH3 mutant disrupted the Bim-Mcl-1 PPI
with high potency (IC 50 ~ 10 nM).43

Figure 2.23: X-ray crystal structure showing the molecular interactions between the
BH3 helix of Bim and Mcl-1. The residues of Mcl-1 are labeled in white while the
residues of the Bim helix are labeled in yellow. Of particular interest is how Leu62
does not penetrate as deeply into the p2 pocket as Fesik-53. (PDB: 2NL9)

Inspired by the reported success of Fesik et al., we developed our own Mcl-1
specific small-molecule inhibitors based on a 1-hydroxy-2-carboxyarene scaffold. While
we had previously reported the successful Mcl-1 inhibition of our oligoamide JY-1-106,
it was deemed necessary to increase the overall variety of our scaffolds beyond the
oligoamide in an effort to not only increase the overall possibility of a hit, but also to
synthesize a more drug-like scaffold. Thus, in conjunction with the design and synthesis
of our 2 nd generation amphipathic BH3 proteomimetics detailed in Figures 2.18-2.21, we
also synthesized a small focused library of Mcl-1 specific salicylate-based smallmolecule inhibitors with their generic structure shown in Figure 2.24.
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Figure 2.24: Analogous molecular interactions of Fesik-53 with the proposed salicylate
scaffold. (Left) Molecular interactions of the indole-based Mcl-1 inhibitor Fesik-53.
(Right) Proposed interactions of our 1-hydroxy-2-carboxyarene scaffold with Mcl-1.

Based on the elucidated molecular interactions of Fesik-53 with Mcl-1 (Figure
2.22), we engineered our salicylate scaffold with analogous functional groups to
optimally bind both the polar and hydrophobic regions of Mcl-1.

We specifically

selected the salicylate derivative based on its planar structure which was similar in
principle and functionality to the indole acid reported by Fesik et al.42 As detailed in
Figure 2.24, the carboxylic acid of our arene scaffold functions as a mimic of the critical
Asp67 residue of Bim and forms the necessary ionic interaction with Arg263. The orthohydroxy group may mask the negative charge of the carboxylate anion (pKa ~ 5) through
an intramolecular 6-member hydrogen-bonded ring at pH 7 to assist with cellular
penetration. Furthermore, there is the possibility of the ortho-hydroxy group to act as a
hydrogen bond donor with a conserved Asn260 residue located within the proximity
(approx. 5.8 Å) of Arg263 of Mcl-1. Owing to its tetrahedral geometry, the presence of
the sulfonamide linkage on our salicylate scaffold (Figure 2.24) induces flexibility within
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the molecule, projecting the hydrophobic functionalities of the R 1 and R 2 positions to
probe the p2 and p3 pockets of Mcl-1. These molecular interactions are illustrated by a
rudimentary docking study of a proposed compound, which would later become “JY -5304”, performed with the crystal structure of Mcl-1 courtesy of Lijia Chen of the Fletcher
Lab (Figure 2.25). As shown in Figure 2.25, the 5-aminosalicylate ring may form ionic
interactions with Arg263 at the top while the N-isobutyl group is projected near the p4
region where Phe228 resides. The tetrahedral sulfonamide linker allows for the 4 -chloro3,5-dimethylphenoxy group to project deep within the p2 pocket to engage residues
Met231, Val249, and Leu235 similar to Fesik-53 (Figure 2.22).

Figure 2.25: Rudimentary docking of JY-5-304 within Mcl-1 (Left) Structure of JY-5-304. (Right)
JY-5-304 (in gray) within the surfaced crystal structure of Mcl-1. The top salicylate ring is within
close proximity (2.9 Å) of Arg263 (blue) for ionic interactions. The N-isobutyl group is projected
near the p4 pocket. The tetrahedral sulfonamide linkage allows for the 4-chloro-3,5dimethylphenoxy ring to project deep within the p2 pocket at the bottom. Model was provided
courtesy of Lijia Chen of the Fletcher Lab and rendered in Accelrys Discovery Studio.

As detailed in Figure 2.26, the synthesis of our salicylate scaffold (Figure 2.24)
was initiated through the Fischer esterification of 5-aminosalicylic acid 45 in MeOH and
H2SO4 (conc.) to furnish the methyl ester 46 as a pink solid (68%) which was used
immediately in the next step with no further purification required. The chemoselective
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N-functionality of 46 was readily accomplished by reductive amination with
isobutyraldehyde in the presence of sodium triacetoxyborohydride (NaBH(OAc) 3) in
dichloroethane afford the N-isobutyl product 47, which functions as a (i + 3) mimic of
the Ile65 of Bim. The sulfonamide linkage was installed by reacting 47 with a variety of
commercially available sulfonyl chlorides, thus affording the sulfonamide(s) 48 in
excellent yield (90-98%). The methyl esters of 48 were hydrolyzed using LiOH.H2O in a
1:1 mixture of THF:H 2O to furnish the final 1-hydroxy-2-carboxy N-isobutyl
sulfonamide product(s) 49.

Figure 2.26: Synthesis of 1-hydroxy-2-carboxyarene salicylates as inhibitors of Mcl-1.

As with our 2 nd generation amphipathic BH3 mimetics, it was decided that a stepwise approach would be prudent in order to determine the optimum R functionalities
individually. Thus, the R1 position was varied with different hydrophobic aryl groups
while the R2 position was kept constant as the N-isobutyl group in the synthesis. In
addition to the variations of the R1 position, the importance of the 6-membered hydrogen
bonding network of the 1-hydroxy-2-carboxy group was investigated by comparing the in
vitro activities of compound(s) 49 shown in Figure 2.26 with the analogous 4-
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aminosalicylates and 3-aminobenzoic acids that were synthesized by Dr. Jay Chauhan
(Figure 2.27). Specifically, the 4-aminosalicylates were synthesized to examine the
proper positioning of the N-isobutyl sulfonamide R groups, while the 3-aminobenzoic
acid derivatives were synthesized to investigate the importance of the hydroxyl and its
interactions with Asn260 of Mcl-1.

Figure 2.27: Proposed 5-aminosalicylate scaffold with the analogous 4aminosalicylate and 3-aminobenzoic acid (Left) 5-aminosalicylate scaffold showing
the intramolecular hydrogen bond network. (Middle) A 4-aminosalicylic acid
derivative with a 6-member intramolecular hydrogen bond. (Right) An analogous
3-aminobenzoic acid scaffold with no hydrogen bond network.

2.8) Biological Evaluation of Mcl-1 Specific 1-Hydroxy-2-Carboxy Arene Inhibitors
In collaboration with Prof. Paul T. Wilder of the University of Maryland, School
of Medicine, the in vitro activity of the synthesized 1-hydroxy-2-carboxyarene salicylate
scaffolds shown in Table 2.10 was evaluated using the FPCA methods previously
described for our 2nd generation BH3 oligoamides from Table 2.8 in Section 2.6. The
installation of a benzene ring at the sulfonamide R position resulted in the modestly
potent 2-hydroxy-5-(N-isobutylphenylsulfonamido)-benzoic acid JY-5-296 (Ki = 5.93
M).

As the range of the R groups was extended to bulkier aromatic groups, the

resulting Ki values progressively improved with the 2-hydroxy-5-(N-isobutylnaphthalene1-sulfonamido)-benzoic acid JY-5-299 (Ki = 2.20 M), and the 2-hydroxy-5-(N-isobutyl[1,1'-biphenyl]-4-ylsulfonamido)-benzoic acid JY-5-300 (Ki = 1.52 M).
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Table 2.10: In vitro FPCA results of the 5-aminosalicylate compounds.

This improvement in the Ki values was expected, given that for both compounds the
bulkier aromatic scaffolds are more likely to project within the p2 binding pocket as seen
with Fesik-53 and the previously introduced pan-Bcl-2 inhibitor TW-37.42,
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A

significant increase in binding was observed in the furnished 5-(4-(4-chloro-3,5dimethylphenoxy)-N-isobutylphenylsulfonamido)-2-hydroxybenzoic acid JY-5-304 (Ki =
150

nM).

In

comparison

to

JY-5-300,

the

4-(4-chloro-3,5-

dimethylphenoxy)benzenesulfonyl group is more conformationally flexible as it is not
held by a rigid aryl-aryl bond. Thus, the flexibility of the 4-(4-chloro-3,5dimethylphenoxy)benzenesulfonyl group may allow for adjustments to its conformation
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to facilitate optimum binding within the p2 cavity of Mcl-1. The potent nanomolar
binding of JY-5-304 suggests that the salicylate scaffold shown in Table 2.10 is
projecting the varied R functionalities within the p2 binding pocket of Mcl-1. The trend
observed in the Ki values of Table 2.10 is notably in agreement with the SAR study
reported by Fesik et al., where the analogous 4-1-1’-biphenyl and 4-chloro-3,5dimethylphenoxy derivatives of Fesik-53 exhibited improved binding with Ki values of
7.6 M and 55 nM, respectively.42
In tandem with the salicylate compounds shown in Table 2.10, the analogous 4aminosalicylates (Table 2.11) synthesized by Dr. Jay Chauhan were evaluated through in
vitro FPCA to investigate the positioning of the N-isobutyl sulfonamide R groups, which
were shifted to the para position relative to the carboxylic acid. The shift to the para
position may influence the orientation of the R groups within the p2 pocket of Mcl-1.
The sulfonamide-linked R groups of the 4-aminosalicylate scaffolds were functionalized
with the same planar aromatic groups, and similar to the analogs in Table 2.10, the Ki
values improved in conjunction with the increasing size of the aromatic rings.
Similar trends in both the IC50 and Ki data were observed between Table 2.10 and
Table 2.11, where the larger the aromatic R groups imparted improved binding. When
compared to the analogous compounds JY-5-296 and JY-5-299 (Table 2.10), the
benzenesulfonamide 4jc-117-1, and the 1-naphthylsulfonamide 4jc117-3, bound less
strongly to Mcl-1 with Ki values of 177 M and 16.3 M, respectively. However, when
the R position was substituted with the more elongated aromatic 1-1’-biphenyl (4jc117-4)
and 4-chloro-3,5-dimethylphenoxy groups (4jc117-5), the Ki values had improved to 685
nM and 106 nM, respectively. In comparison to the analogous compounds JY-5-300 and
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JY-5-304, the Ki values of 4jc117-4 and 4jc117-5 translate to a 2.2-fold and 1.5-fold
improvement by the introduction of the 1-1’-biphenyl and 4-chloro-3,5-dimethylphenoxy
groups.

Table 2.11: In vitro FPCA results of the analogous 4-aminosalicylate compounds.

Along with the salicylates in Table 2.10 & 2.11, another series of compounds
based on a 3-aminobenzoic scaffold were synthesized by Dr. Jay Chauhan to investigate
if eliminating the hydroxyl group has any effect on binding (Table 2.12). Since the
hydroxyl group may act as a hydrogen bond donor to Asn260 of Mcl-1, eliminating this
group may negatively affect binding. Additionally, the hydrogen bonding between the
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carboxylate anion and the hydroxyl may promote cell penetration due to the masking of
the carboxylate anion’s negative charge.

Table 2.12: In vitro FPCA results of the analogous 3-aminobenzoic acids.

While similar trends were also observed with Table 2.10 and Table 2.11, the IC50
and Ki data in Table 2.12 suggest that the hydroxyl group may allow for improved Mcl-1
activity through hydrogen bonding with Asn260. This suggestion is supported by the Ki
data of the 3-(N-isobutylnaphthalene-1-sulfonamido)-benzoic acid 4jc177-3 (Ki = 46.8
M), and the 3-(N-isobutyl-[1,1'-biphenyl]-4-ylsulfonamido)-benzoic acid 4jc177-4 (Ki =
17.3 M). Notably, both of these Ki values are higher by one order of magnitude in
comparison to the 4-aminosalicylates in Table 2.10. However, exceptional binding to
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Mcl-1

was

demonstrated

by

the

3-(4-(4-chloro-3,5-dimethylphenoxy)-N-

isobutylphenylsulfonamido)-benzoic acid 4jc177-5 despite its lack of the hydroxyl group.
While the overall Ki values from Tables 2.10-2.12 improved with larger aromatic R
groups as anticipated, 4jc177-5 bound Mcl-1 strongly with a Ki value of 65 nM.
Interestingly, this value is 2-fold greater in comparison to its related 5- and 4aminosalicylate analogs, JY-5-304 (Ki = 150 nM) and 4jc117-5 (Ki = 106 nM),
suggesting that while the hydroxyl group may interact with Asn260, the hydrophobic
interactions between the 4-chloro-3,5-dimethylphenoxy group and the p2 pocket may be
just as critical for Mcl-1 activity.

2.9) Conclusions & Discussion
In conclusion, by conducting a focused SAR study on the reported picolinamide 1
and its related congeners 2-6, we have investigated the overall significance of the aryl
subunits and their effect on the disruption of the BakBcl-xL PPI. Specifically, we have
demonstrated that oligoamides with more conformationally flexibilities, such as the
benzamide analog 2, may function not only as potent Bcl-xL inhibitors, but also as panBcl-2 inhibitors. The cell viability data of JY-1-106 support this notion, as this particular
oligoamide was capable of disrupting the BakMcl-1 PPI and inducing apoptosis in BclxL and Mcl-1 overexpressing cell lines.39,75 A murine tumor model of human lung
cancer has also validated the efficacy of Bak BH3 helix mimicry in vivo, where a 3fold decrease in tumor growth during the administration of JY-1-106 (25 mg/kg) over a
span of 2 weeks was observed.
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In light of the pan-Bcl-2 activity of JY-1-106, it was inferred that the
trisbenzamide analog 2 would be the most amenable analog for modification owing to its
full conformational freedom. The resulting benzene-based 2 nd generation amphipathic
BH3 proteomimetics stand as a novel class of helix mimetics capable of mimicking not
only the conserved (i), (i +3/4), and (i +7) hydrophobic residues of Bim, but also the
polar (i + 5) Arg263 residue of Mcl-1 through its relocated carboxylic acid group as
shown in Figure 2.17. By varying the R1 group of the bottom benzene subunit, a
multitude of substituents was evaluated for optimum binding to Mcl-1 (Table 2.8). In
addition to the variations of the R1 group, the top aryl subunit was substituted with polar
group-functionalized benzene rings to probe for the electrostatic interactions of Arg263
of Mcl-1 (Table 2.9). Among the 2nd generation mimetics synthesized, the most potent
(Ki < 150 nM) compounds are summarized below in Table 2.13.
The SAR data in Table 2.13 suggest that functionalizing the R position with
aromatic moieties such as the 4-cyanobenzyl, 2-naphthyl, and the tertiary butyl esterfunctionalized benzyl groups are necessary for imparting potent Mcl-1 activity.
Curiously, the smaller sec-butyl group was also observed to confer high potency to Mcl-1
as well. Owing to the fact that the R 1 group of 39q is essentially a mimetic of the secbutyl side-chain of isoleucine, this additionally suggests that chirality may possibly play
an important role regarding the proper orientation of functional groups within the p2
pocket of Mcl-1. A similar result was also observed in Fairlie’s saturation mutagenesis
where the L62I and L62T mutants displayed potent binding to Mcl-1 (IC50 ~ 10 nM).
Despite the potent activity of the 2 nd generation mimetics shown in Tables 2.8-2.9,
the trisbenzamide scaffold continues to exhibit several disadvantages, most notably,
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Table 2.13: Summary of the most potent compounds from Tables 2.8 & 2.9, with the R1 and
Ar substitutions shown with their corresponding IC 50 and Ki values.

insolubility and a taxing synthesis. Indeed, a number of the 2 nd generation mimetics were
unable to be properly evaluated in vitro due to their precipitation in aqueous buffer.
Moreover, while the synthesis of the 2 nd generation BH3 mimetics was intended to be
modular and simplified by the incorporation of a purely benzene-based scaffold to avoid
the aforementioned pyridone-pyridol tautomers, the syntheses still remained to be a
daunting ~15 steps. With the advent of structurally simpler yet highly potent (Ki ~ 50
nM) Mcl-1 specific inhibitors, such as the indole and thiophene scaffolds reported by
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Fesik et al., the lengthy syntheses of an oligoamide scaffold may simply not be feasible
for the production of extensive compound libraries.41-42
In addition to identifying potent 2 nd generation BH3 mimetics, we have identified
three potent lead compounds, JY-5-304 (Ki = 150 nM), 4jc117-5 (Ki = 106 nM), and
4jc177-5 (Ki = 65 nM), though a focused SAR study with a small library of compounds
based on 5- and 4-aminosalicylic acid, and 3-aminobenzoic acid, respectively (Tables
2.10 – 2.12). As shown in Tables 2.10 – 2.12, continuous improvements in binding (Ki)
occurred with each subsequent R group ranging from the benzenesulfonamide, the
naphthylsulfonamide, and the 1-1’-biphenylsulfonamide. The improvements in the Ki
values were anticipated, since the R groups were merely being extended to larger
hydrophobic aromatic moieties, which may project more deeply within the hydrophobic
p2 pocket of Mcl-1. In addition to variations of the R group, we also investigated the
degree to which hydrogen bonding affected Mcl-1 binding. The intramolecular hydrogen
bonding network was incorporated with the intent to stabilize the ionic interaction
between Arg263 of Mcl-1 and the carboxylate anion, and to allow for hydrogen bond
interactions between the hydroxyl group and Asn260 (Figure 2.24). In addition, the 6member hydrogen bond was also engineered to assist with cell-penetration and solubility.
Since the hydrogen bonded carboxylic acid of 5-aminosalicylic acid was in the most
likely position for mimicry of the (i + 5) position Bim, it was originally suggested that
derivatives of the 5-aminosalicylate scaffold would exhibit the tightest binding.

In

addition to the 5-aminosalicylic acid analogs, we shifted the N-isobutyl sulfonamide
group of the 4-aminosalicylate analogs to the para position of the carboxylic acid group
to evaluate its significance to Mcl-1 binding. Aside from the two isomers of salicylic
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acid, we also extended the SAR study to a non-hydrogen bonded 3-aminobenzoic acid
core where the carboxylic acid is no longer held in a 6-member hydrogen bond with the
hydroxyl group.

Since the hydroxyl group may hydrogen bond with Asn260, we

anticipated that derivatives of 3-aminobenzoic acid would bind weakest to Mcl-1. In
agreement with our expectations, the benzenesulfonamide, 1-naphthylsulfonamide, and
1-1’-biphenylsulfonamide analogs of 5-aminosalicylic acid bound more potently to Mcl-1
than similar derivatives of 4-aminosalicylic acid and 3-aminobenzoic acid. However,
upon functionalizing the scaffold R groups with the 4-4-chloro-3,5-dimethylphenoxy ring,
the 3-aminobenzoic acid compound 4jc177-5 unexpectedly exhibited the highest potency
(Ki = 65 nM), followed by the 4-aminosalicylate compound 4jc117-5 (Ki = 106 nM), and
the 5-aminosalicylate compound JY-5-304 (Ki = 150 nM). Since the 4-(4-chloro-3,5dimethylphenoxy)-benzenesulfonamide group is considerably more flexible than the
previous naphthyl and 1-1’-biphenyl groups, the introduction of this R group may impart
not only hydrophobic interactions in the p2 pocket, but also similar flexibility to the
entirety of the scaffold, thus allowing the top aromatic ring to reorient itself within Mcl-1
to further optimize its polar interactions with Arg263 and Asn260. The Ki values of JY5-304, 4jc117-5 and 4jc177-5 may also be attributed to the reduced electron density of
the conjugate carboxylate anion at pH 7. Specifically, while the hydroxyl group was
incorporated to target Asn260, the masking of the negative charge of the carboxylate
anion may reduce the electron density available for ionic interactions with Arg263.
Though the carboxylate anion of 4jc177-5 still exhibits delocalization of its negative
charge, without the hydroxyl group there is a greater amount of electron density for
electrostatic interactions with Arg263. Additionally, despite how 4jc177-5 exhibited the
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most potent binding to Mcl-1 in vitro, it may not necessarily fare as well during cell
assays where the isolated carboxylate anion may hamper cell penetration. Though JY-5304 and 4jc117-5 were 3-fold less potent than 4jc177-5 in vitro, they may yet exhibit
greater activity in cells owing to their greater penetration that is inherent to their
hydrogen bond networks. Supplemental cell viability experiments of JY-5-304, 4jc117-5
and 4jc177-5, with Mcl-1 overexpressing cells will be able to provide a more definitive
solution towards the significance of hydrogen bonding with respect to Mcl-1 activity.
Alternatively, the in vitro FPCA may be repeated with the O-methylated acids of JY-5304 and 4jc117-5, where without the presence of the hydroxyl group, the carboxylate
anion may no longer hydrogen bond, allowing for the electron density of the carboxylate
anion to interact with Arg263.

2.10) Future Directions
Although several potent 2 nd generation oligoamides were synthesized and
identified, owing to their disadvantages of poor solubility and lengthy syntheses, it would
be wise to simultaneously consider a more traditional small-molecule approach. Indeed,
our facile synthesis and evaluation of a library of salicylate and aminobenzoic acid
derivatives identified a number of potent Mcl-1 active small-molecule inhibitors. Based
on the in vitro SAR data from Tables 2.10 – 2.12, we have hypothesized that a SAR
analysis of 1-hydroxy-2-naphthoic acid scaffold may afford a series of novel 2 nd
generation 1-hydroxy-2-carboxyarene Mcl-1 inhibitors. The 1-hydroxy-2-naphthoic acid
scaffold is similar in planarity and size to the indole ring of the potent Mcl-1 inhibitor
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Fesik-53.

Additionally, the naphthalene ring may form hydrophobic  stacking

interactions with Phe228 located within the p4 pocket of Mcl-1 (Figure 2.28).

Figure 2.28: Proposed molecular interactions of the 1-hydroxy-2-naphthoic scaffold.

Similar to our aminosalicylate compounds in Table 2.10 & 2.11, the presence of the 6membered hydrogen bond network in the naphthalene scaffold may assist in the
positioning of the carboxylic acid group for ionic interactions with Arg263. The primary
advantage of the 1-hydroxy-2-naphthoic acid scaffold is the remarkably straightforward
synthetic route which entails the synthesis of a reactive sulfonyl chloride intermediate,
which may react with a wide scope of nucleophiles to quickly generate an extensive
library of compounds. As shown in Figure 2.29, the synthesis of 1-hydroxy-2-naphthoic
acid derivatives is initiated by regio-specifically sulfonylating 50 at the para-position
using chlorosulfonic acid (ClSO3H) and phosphorus pentachloride (PCl5 ) in DCM to
furnish the sulfonylchloride 51, which functions as a “universal” electrophile that may
react with variety of nucleophiles through addition-elimination to yield the sulfonamide
series 52.
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Figure 2.29: Proposed synthesis of derivatives of 1-hydroxy-2-naphthoic acid as 2nd
generation Mcl-1 inhibitors

The synthesized final compound series 52 will be evaluated through the previously
employed in vitro FPCA experiments with the most potent compounds (Ki ~ 50 nM),
being advanced to studies in Mcl-1 over-expressing cancer cells such as the previously
introduced DLD-1BR and I45-BR cell lines.75

2.11) Materials & Methods
Synthetic Chemistry:
Unless otherwise noted, all reagents and solvents were purchased from the
commercial sources of Sigma-Aldrich, Tokyo Chemical Industries (TCI), Alfa-Aesar,
and Combiblox. All laboratory hood equipment (hot plates, stirrers, flasks) was supplied
by either Fisher Scientific or VWR. Compounds were concentrated down in vacuo by
Buchi rotary evaporators.

1

H and

13

C-NMR spectra were recorded on either a Varian

500MHz or 400MHz instrument. IR spectra were recorded on an attenuated diamond
crystal (ATC) IR-spectroscopy instrument at the University of Maryland Baltimore
County (UMBC) Dept. of Chemistry & Biochemistry. Melting points were recorded by a
Mel-Temp device and mass readings were recorded using a Bruker Amazon-X Ion Trap
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using either the electrospray ionization (ESI) or atmospheric pressure chemical ionization
(APCI) mode with positive ion detection.

Computer-Aided Drug Design:
All in silico simulations were performed in collaboration with Prof. Alexander D.
MacKerell Jr. of the University of Maryland Computer-Aided Drug Design (CADD)
Center using the CHARMM and NAMD programs, which employ the CHARMM22
force field and CHARMM General force field (CGenFF).

The modeling and MD

simulations of the oncoproteins Bcl-xL and Mcl-1 were performed using the respective
PDB structures: 1BXL and 3PK1. Using these PDB structures, the bound BH3 peptide
was excised from each of the structures of Bcl-xL and Mcl-1, and JY-1-106 was docked
in both its forward and backward conformations into each of the binding pockets. The
docking of JY-1-106 to Bcl-xL and Mcl-1 was then subjected to 50 ns explicit solvent
MD simulations.

The same procedure was also used for the non-isopropoxy

functionalized analog, JY-1-106a to investigate the significance of the hydrophobic side
chains for Bcl-xL and Mcl-1 binding.
The quantitative interpretations of binding of JY-1-106 and JY-1-106a were
performed using SILCS (Site Identification by Ligand Competitive Saturation)
simulations with the crystal structures of Bcl-xL and Mcl-1. The crystal structures of both
proteins were solvated in a water box with 1M benzene and 1M propane followed by
subsequent MD simulations. The probability distribution (FragMaps) identified regions
at the surface of the proteins that were favorable for hydrogen bond donors, hydrogen
bond acceptors, and aromatic and aliphatic groups. The resulting FragMaps were then
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converted to the grid-free energy maps (GFE). The ligand grid free energy (LGFE)
scores were investigated for JY-1-106 bound to Bcl-xL and Mcl-1 using the ligand
orientations based on the three separate approaches that account for the ligand and
protein flexibilities. 100 protein conformations were obtained from the SILCS simulation
trajectories and short gas phase minimizations were then executed for the docked JY-1106 conformation while holding the protein structure fixed and the subsequ ent 100
minimized conformations ultimately used for the grid free energy map scoring. 10 of the
complex conformations were selected at random from thr minimized structures and 100
ps gas phase Langevin dynamics were performed for all 10 of the complex conformations.
During the simulations, the ligand and protein atoms with a 8 Å distance from the ligand
were allowed to move while keeping the rest of the structures fixed.

10 complex

conformations were selected from each of the simulations resulting in 100 structures by
which the GFE scores were then calculated. Afterwards, a 50 ns NPT MD simulation
was performed with the explicit consideration of water for the complex, from which 100
structures were then randomly selected and used for the GFE scoring. The presented data
are the total LGFE values for the full ligands summed over all the aromatic or aliphatic
side chain atoms of JY-1-106 and JY-1-106a. The overall errors of the total LGFE values
are the standard errors over the 100 conformations for each approach.

Biological Assays:
Unless otherwise noted, the biological evaluations of the 1 st generations BH3
proteomimetics were performed in collaboration with Dr. Xiaobo Cao and Dr. Roy W.
Smythe of the Scott & White Memorial Hospital & Texas A&M University in Temple,
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Texas, while the in vitro evaluation of the 2nd generation BH3 proteomimetics and 1hydroxy-2-carboxyarenes were performed in collaboration with Prof. Paul T. Wilder of
the University of Maryland School of Medicine. The procedures for the biological
evaluations of the compounds presented in this chapter are detailed in the following
sections:

Fluorescence Polarization Assays:
The FPCA assays were performed using a BMG PHERAstar FS multimode
microplate reader that was equipped with two PMTs for simultaneous measurements of
both perpendicular and parallel fluorescence emission with filters equipped for 485 nm
excitation and 520 nm emission. The Bak peptide was labeled with fluorescein at the N terminus and amidated at the C-terminus resulting in the sequence: FITC-AhxGQVGRQLAIIGDDINR-CONH2 .

The FPCA assay was performed in black

polypropylene 384 well microplates with final volumes of 20 L of varied concentrations
of Mcl-1 protein in the presence of 15 nM of the FITC-Bak peptide in phosphate buffered
saline (PBS) at room temperature. The FPCA assays were performed using 100 nM Mcl1 in the same buffer with serial dilutions of compounds. The regression analysis of the
data was executed using Origin software that fit the data to the Hill equation for the
determination of the binding affinity (Kd) of Mcl-1 in the standard curve of the FITC-Bak
peptide as well as to determine the IC50 of the FPCA assay. The Cheng-Prusoff equation
was used to determine the absolute Ki values from the IC50 values as shown below:
Ki = IC50/(1+[LTFITC-Bak]/KdFITC-Bak)
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The IC50 was determined from the Hill equation using the Origin software. [L TFITC-Bak] is
the total ligand concentration (15 nM FITC-Bak). The KdFITC-Bak is the affinity of the
FITC-Bak peptide for Mcl-1.

Cell Viability Assays:
The cell cytotoxicity of the inhibitors were assessed through quadruple sampling
(n = 4) using the 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]2H-tetrazolium hydroxide (XTT) assay (Trevigen, Inc. Gaithersburg, MD).

The

carcinoma cells were seeded and incubated within 96-well plates in culture media with
the presence of 10% FBS for 24 hours prior to compound treatment. The cells were
exposed to serial dilutions of the inhibitors at 37 oC in 5% CO2 over a period of 72 hours.
The medium was then aspirated and replaced with 150 L of fresh culture media with
XTT and the cells allowed to incubate in 5% CO2 at 37oC over a period of 5 hours. The
absorbances were then determined using a plate reader at 492 nm.

Co-IP with Western Blot Assays:
The carcinoma cells were lysed using a urea containing lysis buffer and equal
amounts of the total proteins were resolved on 4-20% Tris-glycine gels. The proteins
were then transferred from the gels to a nitrocellulose membrane and then subsequently
co-incubated with a rabbit anti-human Bcl-xL polyclonal antibody, Mcl-1 monoclonal
antibody, PARP polyclonal antibody, and a mouse anti-human -actin antibody over 24
hours. The antibody signals were then detected through chemiluminescence and the
resulting signals visualized through autoradiography.
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Apoptotic Assays:
After inhibitor treatments, the carcinoma cells subjected to a TUNEL assays with
a FITC-TUNEL kit supplied by Promega and measured with a BD FACSanto II Flow
Cytometry instrument. The flow cytometry data was then analyzed using the FlowJo
software.

JC-1 Assay:
The cationic dye 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine
iodide (JC-1) was employed to determine the loss of mitochondrial membrane potential.
The cancer cells were exposed to JY-1-106 at a concentration of 5 M over a period of
12 hours and the cells subsequently washed with PBS and subsequently incubated in the
presence of JC-1 dye for 15 minutes at 37 oC with 5% CO2. The cells were then washed
with PBS and the loss of mitochondrial membrane potential was examined with an
Olympus IX71 fluorescent microscope outfitted with FITC and rhodamine filters.

In vivo Murine Tumor Models:
Prior to the in vivo assays, permission was obtained from the Institutional Animal
Care and Use Committee (IACUC) at the Scott and White Memorial Hospital Texas
Health Science Center. The in vivo assay was therefore conducted under the guidelines
of IACUC and the NIH. The efficacy of JY-1-106 was investigated by first injecting 2 x
106 A549 carcinoma cells within the flanks of 6 weeks old female nude mice. Upon the
transplanted tumor cells growing to 5 mm in diameter, the mice were either treated with a
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vehicle solution of DMSO or JY-1-106 at a concentration of 25 mg/kg by intraperitoneal
injections every other day over a period of 2 weeks. The tumor sizes were measured
periodically at three times per week until they reached 1.5 cm in diameter. JY -1-106 or
DMSO vehicle solution was then injected and 24 hours after the mice were sacrificed and
the spleen, liver, heart, lung, and the tumors were collected, fixed, and then stained with
hematoxylin and eosin.
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Chapter III: Characterization and General Procedures of Bcl-2 & Mcl-1 Inhibitors
3.1) Supplementary Data for 1 st Generation BH3 Proteomimetics

Synthesis of 3-isopropoxy-4-nitrobenzoic acid: 3-hydroxy-4-nitrobenzoic acid 1 was
suspended in MeOH to a concentration of 0.1 M and stirred at 0 oC for 15 minutes. SOCl 2
(3 eq.) was carefully added drop-wise into the cold solution. The reaction flask was
removed from ice bath and heated to reflux overnight. The product was isolated by
evaporating MeOH to give a yellow solid 2 with 98% yield. Product 2 was then
dissolved in THF to a concentration of 0.1 M and stirred at RT. Isopropanol (1.3 eq.)
was added followed by triphenylphosphine (1.35 eq.) and the reaction solution allowed to
stir to full solvation. DIAD (1.3 eq.) was added portion-wise and the reaction allowed to
stir at RT overnight. The crude product was isolated by concentrating THF down to a
yellow solid. Crude product was purified by column chromatography with 5:1
hexanes/ethyl acetate to give product 3 as a yellow solid with 83% yield. Product 3 was
dissolved in a mixture of 3:1:1 THF:MeOH:H 2O and stirred at RT for 5 minutes.
LiOH.H2O (2 eq.) was added to the solution and allowed to stir until completion. Excess
base in the reaction mixture was neutralized with equimolar amounts of HCl from a 1M
stock solution and the reaction mixture evaporated. The crude solid was decanted with
water to a separation funnel and acidified to pH 1 with 1M HCl. Pure 3-isopropoxy-4-
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nitrobenzoic acid 4 was extracted with ethyl acetate (3x) and concentrated to give a
yellow solid with a 98% yield.

Procedures for methyl 4-amino-3-isopropoxybenzoate: Product 3 from Scheme 1 was
dissolved in MeOH to 0.1 M and allowed to stir at RT. 10% mass equivalents of Pd/C
was suspended in a minimal amount of THF and pipetted drop-wise to the reaction flask.
The reaction flask was then evacuated with H 2, then sealed and allowed to stir at RT
overnight. The solution was filtered through Celite with MeOH to isolate the crude
product which was then concentrated down to a green solid. The crude product was
purified by column chromatography with hexanes/EtOAc to give methyl 4-amino-3isopropoxybenzoate 5 as a green solid with a 95% yield.

Synthesis of 6-isopropoxy-5-nitropicolinic acid: 2, 6-dichloro-3-nitropyridine 6 was
dissolved in toluene to a concentration of 0.1 M followed by the addition of isopropanol
(1.2 eq.). Reaction mixture was allowed to stir in 0 oC ice bath for 15 minutes, then NaH
(1.4 eq.) added portion-wise. The reaction flask was allowed to stir at 0 oC for another 15
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minutes then allowed to stir overnight at RT. The reaction mixture was concentrated
down to a yellow crude solid which was purified by column chromatography with 5:1
hexanes/EtOAc to give product 7 with near quantitative yield. Product 7 was dissolved
in toluene to 0.1 M and tributylvinyl tin (1.1 eq.) added to the solution. The reaction
flask was evacuated with N 2 and Pd(PPh3)4 (5% mol eq.) added. The reaction flask was
evacuated with N2 and allowed to reflux under N2 overnight. Reaction was worked up by
adding a 1M solution of KF (aq.) and product extracted with EtOAc (3x) and
concentrated. Column chromatography with 5:1 hexanes/EtOAc was used to purify
product 8 which was concentrated down to a bright green syrup with quantitative yield.
Product 8 was diluted in acetone to 0.1 M and KMnO 4 (4 eq.) was added and reaction
allowed to stir at RT until completion. MeOH was used to quench the excess KMnO 4,
then, an equivalent volume of H 2O was added into the crude mixture. The crude mixture
was then concentrated to a thick dark syrup and transferred with H 2O to a separation
funnel. The crude mixture was acidified to pH 1 and then pure 6-isopropoxy-5nitropicolinic acid 9 was extracted with EtOAc (3x). The extracted organic layers were
combined and concentrated down to give a yellow/off-white solid with an 87% yield.

Synthesis of methyl 5-amino-6-isopropoxypicolinate: 6-isopropoxy-5-nitropicolinic acid
9 was dissolved in MeOH to 0.1 M and cooled to 0 oC for 15 mins and SOCl2 (3 eq.) was
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pipetted slowly into the reaction flask. The flask was taken out of ice bath and heated in
oil to reflux overnight. Crude reaction mixture was concentrated down to a yellow solid
and decanted to a separation funnel with EtOAc. Pure product 10 was extracted with
EtOAc (3x) after basifying the crude mixture with saturated NaHCO 3 . EtOAc layers
were collected and concentrated down to an orange solid with quantitative yield. Product
10 was then dissolved in EtOAc to 0.1 M and warmed to 50oC. SnCl2.2H2O (4 eq.) was
added to the reaction mixture and allowed to stir overnight under N 2 until completion.
Crude reaction mixture was worked up by decanting to a separation funnel and basifying
with saturated NaHCO 3. EtOAc was used to extract product 11 (3x) and then
concentrated to give a brown solid with 96% yield.

General Coupling Syntheses: Either picolinate ester 11 or benzoate ester 5 was
dissolved in CHCl3 to 0.1 M along with either the picolinic acid 9 or benzoic acid 4 (1.2
eq.) and heated to reflux. PPh3Cl2 (3 eq.) was added to the stirring solution with visible
effervescence. Reaction was allowed to stir for 2-3 hours or monitored until completion.
The crude reaction was purified by loaded directly onto silica gel for column
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chromatography with 1:1 hexanes/EtOAc. Pure nitro dimers were isolated with yields ≥
90%. Reductions of nitro dimers were performed by dissolving them in EtOAc and
warming to 50oC. SnCl2.2H2O (4 eq.) was added and reaction allowed to stir overnight.
Crude aniline dimers were worked up by decanting to a separation funnel and basifying
with saturated NaHCO 3. EtOAc was used to extract (3x) the crude aniline dimer
products which were concentrated down to either off-white or yellow solids and purified
by column chromatography to give pure aniline dimers as either off-white or yellow
solids with yields ≥ 90%. The same coupling and reduction reactions of the aniline
dimers with either 9 or 4 were carried out under the same conditions with the exception
of the final reduction to give the aniline trimer which, due to solubility issues, was done
in CHCl3:EtOH (3:1 ratio). Yields of the coupling and reductions to give the trimer
derivatives were all ≥ 90% and were obtained as either off-white or yellow solids. Final
trimer carboxylic acids were acquired by reacting the trimer methyl esters using
LiOH.H2O (2 eq.) in a mixture of THF:MeOH:H 2O (3:1:1) as in the above synthesis step
of product 4. Final trimer acids were purified by basifying to pH 14 with 0.1 M NaOH
and extracting with ethyl acetate (3x); then, 0.5 M HCl was used to acidify to pH 1 and
ethyl acetate used to extract final products as either yellow or cream colored solids with
near quantitative yields.

(3-isopropoxy-4-nitrobenzoic acid): yield = 3.8 g, 90% as a yellow solid, mp:175-177oC,
H-NMR (500MHz; DMSO) H 7.91 (1H, d, Ar-H, J = 9 Hz) 7.76 (1H, s, Ar-H) 7.61

1
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(1H, d, Ar-H, J = 9 Hz), 4.89 (1H, m, CH-(CH3) 2, J = 5.7 Hz ), 1.29 (6H, d, (CH3)2 -CH, J
= 6 Hz) 13C-NMR (125 MHz; CDCl3) C 169.8, 151, 144.6, 133.4, 125.3, 122, 117.5,
73.3, 21.9 m/z 248 (M + Na, 100%) +, 473 (2M + Na+ 40%)+  max/cm-1 2926, 1721, 1693,
1600, 1573, 1526, 1435

(6-isopropoxy-5-nitropicolinic acid): yield = 306 mg, 60% as an orange solid, mp: 128130oC, 1H-NMR (500MHz; DMSO) H 8.47 (1H, d, Ar-H, J = 8.5 Hz), 7.7 (1H, d, Ar-H,
J = 8.5 Hz), 5.519 (1H, m, CH-(CH3)2, J = 6 Hz), 1.34 (6H, d, (CH3) 2 -CH, J = 5.5 Hz)
13

C-NMR (125 MHz; CDCl3) C164, 159.3, 154.5, 149.5, 136.6, 136.5, 118.1, 71.4, 21.9

m/z 225.2 (M, 100%) +, 473.6 (2M + Na+, 16%)+  max/cm-1 2926, 1721, 1693, 1600, 1573,
1526, 1435

(methyl 4-amino-3-isopropoxybenzoate): yield =2.0 g, 95 % as a brown oil which
solidified, mp: 54-56oC, 1H-NMR (500MHz; DMSO, TMS) H 7.35 (1H, d, Ar-H, J = 8
Hz), 7.29 (1H, s, Ar-H), 6.64 (1H, d, Ar-H, J = 8 Hz), 5.53 (2H, s, Ar-NH2), 4.52 (1H, m,
CH-(CH3)2, J = 5.5 Hz), 3.73 (3H, s, Ar-CO2 Me), 1.27 (6H, d, (CH3 )2 -CH, J = 6 Hz) 13CNMR (125 MHz; DMSO) C 166.8,150.8, 144.8, 143.2, 140.5, 124.3, 116.4, 114.5, 112.9,
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107.4, 70.8, 51.7, 22.2 m/z 231.9 (M + Na+, 45%)+, 441.1 (2M + Na+, 100%) + max/cm-1
3496, 3375, 1687, 1605, 1587, 1573, 1518

(methyl 5-amino-6-isopropoxypicolinate): yield = 263 mg, 96% as a brown solid, mp:
117-119oC, 1H-NMR (500MHz; DMSO) H 7.49 (1H, d, Ar-H, J = 10 Hz), 6.84 (1H, d,
Ar-H, J = 10 Hz), 5.73 (2H, s, Ar-NH2), 5.3 (1H, m, CH-(CH3)2 ), J = 6.1 Hz), 3.75 (3H, s,
Ar-CO2Me), 1.30 (6H, d, (CH3)2 -CH, J = 5 Hz)

13

C-NMR (125 MHz; DMSO) C165.5,

150, 137.6, 129.9, 121.5, 116.8, 89.9, 67.8, 51.8, 22.3 m/z 232.9 (M + Na+, 26%)+, 443.1
(2M + Na+, 100%) +

(6-chloro-2-isopropoxy-3-nitropyridine): 1H-NMR (500MHz; CDCl3) H 8.19 (1H, d,
Ar-H, J = 8Hz), 6.95 (1H, d, Ar-H, J = 8 Hz), 5.48 (1H, m, CH-(CH 3)2, J = 6 Hz), 1.41
(6H, d, CH-(CH3)2, J = 6 Hz)
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(2-isopropoxy-3-nitro-6-vinylpyridine): 1H-NMR (500MHz; CDCl3) H 8.21 (1H, d, ArH, J = 8 Hz), 6.89 (1H, d, Ar-H, J = 8 Hz), 6.72 (1H, dd, CH=CH 2, J = 10.5 Hz), 6.37
(1H, d, CH=CH2 , J = 10.5 Hz), 5.62 (1H, d, CH=CH 2, J = 10.5 Hz), 5.57 (1H, m, CH(CH3)2, J = 6 Hz), 1.43 (6H, d, CH-(CH3)2, J = 6 Hz)

(methyl 3-hydroxy-4-nitrobenzoate): 1H-NMR (500MHz; CDCl3) 10.5 (1H, s, Ar-OH),
8.18 (1H, d, Ar-H, J = 8.5 Hz), 7.83 (1H, s, Ar-H), 7.62 (1H, d, Ar-H, J = 8.5 Hz), 3.96
(3H, s, Ar-CO2Me); m/z (APCI) Target Mass: 197; found 198 (M +H) +

(methyl 3-isopropoxy-4-nitrobenzoate):1H-NMR (500MHz; CDCl3 ) 7.81 (1H, d, Ar-H, J
= 8.2 Hz), 7.71 (1H, s, Ar-H), 7.66 (1H, d, Ar-H, J = 8.2 Hz), 3.96 (3H, s, Ar-CO 2Me),
2.16 (1H, m, CH-(CH3)2, J = 6.5 Hz), 1.05 (6H, d, CH-(CH3)2, J = 6.5 Hz)
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(methyl 3-isopropoxy-4-(3-isopropoxy-4-nitrobenzamido)benzoate: yield: 280 mg,
100% as a yellow-green solid, mp: 106-108oC,1H-NMR (500MHz; DMSO, TMS) H
9.67 (1H, s, Ar-CONH) 8.1 (1H, d, Ar-H, J = 7.7 Hz), 7.97 (1H, d, Ar-H, J = 9.7 Hz),
7.79 (1H, s, Ar-H), 7.62 (1H, d, Ar-H, J = 7.7 Hz), 7.58 (1H, s, Ar-H), 7.57 (1H, d, Ar-H,
J = 9.7 Hz), 4.95 (1H, m, CH-(CH 3)2, J = 6.2 Hz), 4.73 (1H, m, CH-(CH3)2, J = 6.2 Hz),
3.85 (3H, s, Ar-CO2 Me), 1.33 (6H, d, (CH3)2 -CH, J = 5 Hz), 1.32 (6H, d, (CH3)2-CH, J =
5 Hz) 13C-NMR (125 MHz; CDCl 3) C 166.6, 163.2, 151.6, 145.9, 142.9, 139.5, 132.2,
125.8, 123.2, 118.9, 117.2, 115.4, 113.1, 73.18, 71.92, 52.22, 22.24, 21.87 m/z 417.1 (M
+ H, 100%)+, 439.0 (M + Na+,70%)+ max/cm-1 3432, 3079, 2974, 2906, 2364, 1723, 1678,
1599, 1527

(methyl 4-(4-amino-3-isopropoxybenzamido)-3-isopropoxybenzoate: yield: 230 mg,
89% as an orange sticky solid, mp:146-148oC,1H-NMR (500MHz; DMSO, TMS) H 8.95
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(1H, s, Ar-CONH), 8.32 (1H, d, Ar-H, J = 10 Hz), 7.6 (1H, d, Ar-H, J = 7.7 Hz), 7.56
(1H, s, Ar-H), 7.34 (1H, s, Ar-H), 7.33 (1H, d, Ar-H, J = 10 Hz) 6.73 (1H, d, Ar-H, J =
7.7 Hz), 5.46 (2H, s, Ar-NH2), 4.75 (1H, m, CH-(CH3) 2, J = 5.7 Hz), 4.6 (1H, m, CH(CH3)2, J = 6 Hz), 3.84 (3H, s, Ar-CO2Me), 1.36 (6H, d, (CH3)2 -CH, J = 6 Hz), 1.32 (6H,
d, (CH3)2 -CH, J = 6 Hz) 13C-NMR (125 MHz; DMSO) C 166.3, 164.9, 147, 143.9, 143.7,
134, 124.8, 122.8, 121.8, 121.1, 120.26, 113.9, 113.2, 113, 71.97, 70.83, 52.5, 22.4, 22.1
m/z 387.1 (M + H, 100%)+, 772.5 (2M, 25%)+ max/cm-1 3363, 2971, 2358, 1710, 1596,
1515, 1486, 1423

(methyl 3-isopropoxy-4-(6-isopropoxy-5-nitropicolinamido)benzoate): yield: 580 mg,
92% as a yellow solid, mp: 194-196oC 1H-NMR (500MHz; DMSO, TMS) H 10.2 (1H, s,
Ar-CONH), 8.63 (1H, d, Ar-H, J = 7.7 Hz), 8.61 (1H, d, Ar-H, J = 7.7 Hz), 7.92 (1H, d,
Ar-H, J = 8.2 Hz), 7.66 (1H, d, Ar-H, J = 8.2 Hz), 7.63 (1H, s, Ar-H), 5.65 (1H, m, CH(CH3)2, J = 5.8 Hz), 4.9 (1H, m, CH-(CH3)2 , J = 5.8 Hz), 3.85 (3H, s, Ar-CO2Me), 1.44
(6H, d, (CH3) 2 -CH, J = 5.7 Hz), 1.37 (6H, d, (CH3 )2 -CH, J = 5.7 Hz) 13C-NMR (125
MHz; CDCl3) C 166.9, 160.3, 154.9, 150.6, 146.4, 136.6, 132.1, 126.1, 123.3, 119.2,
115.4, 113.2, 71.64, 71.50, 52.38, 22.33, 22.03 m/z 418.1 (M + H, 100%)+ max/cm-1 3359,
2979, 1708, 1687, 1600, 1527, 1438
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(methyl 4-(5-amino-6-isopropoxypicolinamido)-3-isopropoxybenzoate): yield: 530 mg,
100% as a yellow-green solid, mp: 173-174oC 1H-NMR (500MHz; CDCl3 , TMS) H 10.3
(1H, s, Ar-CONH), 8.74 (1H, d, Ar-H, J = 8.2 Hz), 7.76 (1H, d, Ar-H, J = 7.7 Hz), 7.7
(1H, d, Ar-H, J = 8.2 Hz), 7.59 (1H, s, Ar-H), 6.96 (1H, d, Ar-H, J = 7.7 Hz), 5.57 (1H,
m, CH-(CH3 )2, J = 6.1 Hz), 4.79 (1H, m, CH-(CH3)2, J = 6.1 Hz), 4.2 (2H, s, Ar-NH2),
3.9 (3H, s, Ar-CO2Me), 1.44 (6H, d, (CH3)2 -CH, J = 7 Hz), 1.43 (6H, d, (CH3)2-CH, J = 7
Hz) 13C-NMR (125 MHz; CDCl3) C 167.2, 163.2, 149.9, 146.2, 135.6, 135.1, 133.6,
124.5, 123.4, 119.4, 118.7, 117.9, 113.2, 71.34, 68.56, 52.22, 22.38, 22.33 m/z 388.1 (M
+ H, 100%)+ max/cm-1 3336, 2977, 2360, 1718, 1527, 1457
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(methyl 6-isopropoxy-5-(6-isopropoxy-5-nitropicolinamido)picolinate): yield: 236 mg,
90% as a yellow solid, mp: 135-137oC 1H-NMR (500MHz; DMSO, TMS) H 10.17 (1H,
s, Ar-CONH), 8.81 (1H, d, Ar-H, J = 8.5 Hz), 8.65 (1H, d, Ar-H, J = 8.2 Hz), 7.91 (1H, d,
Ar-H, J = 8.5 Hz), 7.81 (1H, d, Ar-H, J = 8.2 Hz), 5.62 (1H, m, CH-(CH3)2, J = 5.7 Hz),
5.49 (1H, m, CH-(CH3)2, J = 5.7 Hz), 3.86 (3H, s, Ar-CO2Me), 1.46 (6H, d, (CH3)2 -CH, J
= 6.2 Hz), 1.4 (6H, d, (CH3)2 -CH, J = 6.2 Hz) 13C-NMR (125 MHz; DMSO) C 164.8,
160.8, 154.1, 152.1, 149.1, 138.7, 137.8, 137, 125.8, 120.1, 115.8, 71.8, 70.1, 52.7, 22.1,
22 m/z 419.1 (M + H,100%) +, 859.1 (2M + Na+, 90%)+

(methyl 5-(5-amino-6-isopropoxypicolinamido)-6-isopropoxypicolinate): yield: 131 mg,
73% as a yellow solid, mp: 202-203oC 1 H-NMR (500MHz; DMSO, TMS) H 10.1 (1H, s,
Ar-CONH), 8.81 (1H, d, Ar-H, J = 8 Hz), 7.76 (1H, d, Ar-H, J = 7.7 Hz), 7.59 (1H, d,
Ar-H, J = 8 Hz), 6.98 (1H, d, Ar-H, J = 7.7 Hz), 5.89 (2H, s, Ar-NH 2), 5.49 (1H, m, CH(CH3)2, J = 6.3 Hz) 5.43 (1H, m, CH-(CH 3)2, J = 6.3 Hz), 3.84 (3H, s, Ar-CO2Me), 1.41
(12H, m, (CH3)2 -CH) 13C-NMR (125 MHz; DMSO) C 165, 163.3, 151.6, 149.1, 138.1,
137.2, 131.3, 127, 124.3, 120.3, 118.5, 117.9, 69.6, 68.2, 52.6, 22.3, 22.2 m/z 389.2 (M +
H, 30%)+, 799.3 (2M + Na+,100%) +
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(methyl 3-isopropoxy-4-(3-isopropoxy-4-(3-isopropoxy-4nitrobenzamido)benzamido)benzoate): yield: 727 mg, 100% as a cream-colored solid,
mp: 185-187oC 1H-NMR (500MHz; CDCl 3) H 8.84 (1H, s, Ar-CONH), 8.75 (1H, s, ArCONH),8.63 (1H, d, Ar-H, J = 8.4 Hz), 8.59 (1H, d, Ar-H, J = 8.4 Hz), 7.85 (1H, d, Ar-H,
J = 8.2 Hz), 7.7 (1H, d, Ar-H, J = 8.4 Hz), 7.67 (1H, s, Ar-H), 7.61 (1H, s, Ar-H), 7.58
(1H, s, Ar-H), 7.40 (1H, d, Ar-H, J = 8.4 Hz), 7.35 (1H, d, Ar-H, J = 8.2 Hz), 4.86 – 4.71
(3H, m, CH-(CH3)2), 3.89 (3H, s, Ar-CO2 Me), 1.43 (18H, m, (CH 3)2 -CH) 13 C-NMR (125
MHz; CDCl3) C 167, 164.6, 163.4, 151.8, 146.8, 146, 143.1, 139.6, 133.1, 131.5, 130.8,
126, 125.3, 123.5, 119.3, 118.9, 118.8, 117.4, 115.6, 113.3, 112, 73.3, 72.1, 72, 52.33,
22.45, 22.43, 22.06 m/z 594.2 (M + H, 100%)+, 1187 (2M + H, 50%)+ max/cm-1 3430,
2977, 2358, 1714, 1685, 1594, 1521
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(methyl 4-(4-(4-amino-3-isopropoxybenzamido)-3-isopropoxybenzamido)-3isopropoxybenzoate): yield: 555 mg, 88 % as a pale cream-colored solid, mp: 180-182oC
H-NMR (500MHz; CDCl3) H 8.86 (1H, s, Ar-CONH), 8.73 (1H, s, Ar-CONH), 8.69

1

(1H, d, Ar-H, J = 10 Hz), 8.63 (1H, d, Ar-H, J = 9 Hz), 7.72 (1H, d, Ar-H, J = 9 Hz), 7.6
(2H, s, Ar-H), 7.46 (1H, s, Ar-H), 7.4 (1H, d, Ar-H, J = 8.2 Hz), 7.3 – 7.24 (1H, m, Ar-H),
6.75 (1H, d, Ar-H, J = 8.2 Hz), 4.85 – 4.72 (2H, m, CH-(CH3)2), 4.72 – 4.65 (1H, m, CH(CH3)2), 4.22 (2H, s, Ar-NH2), 3.91 (3H, s, Ar-CO2 Me), 1.45 (12H, s, (CH3) 2-CH), 1.41
(6H, d, (CH3)2 -CH, J = 5.9 Hz) 13 C-NMR (125 MHz; CDCl3) C 167, 165.4, 164.9, 146.5,
145.9, 145, 141.6, 133.4, 132.9, 129.3, 123.5, 118.7, 113.8, 113.3, 112.5, 112, 72, 71.9,
71.1, 52.2, 22.44 m/z 586.2 (M + Na+, 100%)+, 1149.4 (2M + Na+, 70%)+  max/cm-1 3486,
3430, 3338, 2975, 2356, 1712, 1596, 1511, 1486
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(methyl 3-isopropoxy-4-(3-isopropoxy-4-(6-isopropoxy-5nitropicolinamido)benzamido)benzoate: yield: 355 mg, 100% as a yellow solid, mp:260262oC 1H-NMR (500MHz; CDCl3) H 10.2 (1H, s, Ar-CONH), 8.85 (1H, s, Ar-CONH),
8.75 (1H, d, Ar-H, J = 8.2 Hz), 8.6 (1H, d, Ar-H, J = 8.4 Hz), 8.36 (1H, d, Ar-H, J = 8.1
Hz), 7.98 (1H, d, Ar-H, J = 8.2 Hz), 7.71 (1H, d, Ar-H, J = 8.4 Hz), 7.6 (1H, s, Ar-H),
7.58 (1H, s, Ar-H), 7.39 (1H, d, Ar-H, J = 8.1 Hz), 5.68 (1H, m, CH-(CH3)2, J = 6.2 Hz),
4.85 (1H, m, CH-(CH3)2, J = 5.9 Hz), 4.75 (1H, m, CH-(CH3)2 , J = 5.9 Hz), 3.89 (3H, s,
Ar-CO2Me), 1.50 (6H, d, (CH3)2 -CH, J = 6.0 Hz), 1.46 – 1.42 (12H, m, (CH 3)2-CH) 13 CNMR (125 MHz; CDCl3) C 167, 164.6, 160.4, 154.9, 150.5, 147.2, 146, 136.6, 133.2,
131.3, 130.8, 125.3, 123.5, 119.5, 118.8, 115.4, 113.3, 112, 72, 71.7, 71.5, 52.3, 22.4,
22.3, 22 m/z 595.2 (M + H, 100%)+, 1188.9 (2M, 40%)+  max/cm-1 3413, 3346, 2981,
2925, 2356, 1708, 1600, 1513, 1484
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(methyl 4-(4-(5-amino-6-isopropoxypicolinamido)-3-isopropoxybenzamido)-3isopropoxybenzoate: yield: 276 mg, 89% as a yellow solid, mp:228-230oC 1H-NMR
(500MHz; CDCl3) H 10.3 (1H, s, Ar-CONH), 8.88 (1H, s, Ar-CONH), 8.8 (1H, d, Ar-H,
J = 7.9 Hz), 8.63 (1H, d, Ar-H, J = 8.4 Hz), 7.77 (1H, d, Ar-H, J = 8 Hz), 7.72 (1H, d,
Ar-H, J = 8.4 Hz), 7.62 (1H, s, Ar-H), 7.59 (1H, s, Ar-H), 7.39 (1H, d, Ar-H, J = 8 Hz),
6.96 (1H, d, Ar-H, J = 7.9 Hz), 5.57 (1H, m, CH-(CH3)2 , J = 6.2 Hz), 4.84 (1H, m, CH(CH3)2, J = 6. Hz), 4.76 (1H, m, CH-(CH3)2 , J = 6 Hz), 4.22 (2H, s, Ar-NH2), 3.91 (3H, s,
Ar-CO2Me), 1.48 – 1.41 (16H, m, (CH3 )2 -CH) 13C-NMR (125 MHz; CDCl3 ) C 167,
164.9, 163.3, 149.9, 146.9, 145.9, 135.5, 135.2, 133.4, 132.8, 129.2, 123.5, 119.3, 118.9,
118.7, 117.9, 113.3, 112, 72, 71.3, 68.6, 52.2, 22.43, 22.39, 22.35 m/z 565.3 (M + H
80%)+, 1129 (2M + H 100%)+ max/cm-1 3496, 3425, 3371, 2977, 2929, 1708, 1672, 1591,
1519, 1483, 1263
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(methyl 3-isopropoxy-4-(6-isopropoxy-5-(6-isopropoxy-5nitropicolinamido)picolinamido)benzoate: yield: 230 mg % as a solid, mp: 252-254oC
H-NMR (500MHz; CDCl3) H 10.3 (1H, s, Ar-CONH), 10.1 (1H, s, Ar-CONH), 8.99

1

(1H, d, Ar-H, J = 7.7 Hz), 8.72 (1H, d, Ar-H, J = 8.2 Hz), 8.36 (1H, d, Ar-H, J = 7.7 Hz),
7.98 (1H, d, Ar-H, J = 8.4 Hz), 7.96 (1H, d, Ar-H, J = 8.2 Hz), 7.70 (1H, d, Ar-H, J = 8.4
Hz), 7.59 (1H, s, Ar-H), 5.75 – 5.60 (2H, m, CH-(CH3)2), 4.80 (1H, m, CH-(CH3)2, J =
6.0 Hz), 3.89 (3H, s, Ar-CO2 Me), 1.53 (6H, d, (CH3)2 -CH, J = 6 Hz), 1.49 (6H, d,
(CH3)2 -CH), J = 6 Hz), 1.42 (6H, d, (CH3)2 -CH), J = 6 Hz) 13C-NMR (125 MHz; CDCl3)
C 167.1, 162.1, 160.7, 154.9, 151.2, 149.9, 146.2, 141.2, 137, 136.8, 132.9, 127, 125.7,
125.2, 123.4, 119, 117.5, 115.4, 113.2, 71.8, 71.3, 69.7, 52.3, 22.4, 22.3, 22 m/z 596 (M +
H, 100%)+, 1213.3 (2M + Na, 20%)+ max/cm-1 3365, 2985, 1695, 1600, 1511, 1481, 1340,
1265
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(methyl 4-(5-(5-amino-6-isopropoxypicolinamido)-6-isopropoxypicolinamido)-3isopropoxybenzoate: yield: 250 mg % as a solid, mp: 237-239oC 1H-NMR (500MHz;
CDCl3) H 10.3 (1H, s, Ar-CONH), 10.2(1H, s, Ar-CONH), 9.02 (1H, d, Ar-H, J = 7.8
Hz), 8.75 (1H, d, Ar-H, J = 8.1 Hz), 7.96 (1H, d, Ar-H, J = 8.2 Hz), 7.75 (1H, d, Ar-H, J
= 7.8 Hz), 7.72 (1H, d, Ar-H, J = 8.2 Hz), 7.6 (1H, s, Ar-H), 6.96 (1H, d, Ar-H, J = 8.1
Hz), 5.69 (1H, m, CH-(CH3)2 ), 5.69 (1H, m, CH-(CH3)2), 4.81 (1H, m, CH-(CH3)2), 4.25
(2H, s, Ar-NH2), 3.91 (3H, s, Ar-CO2Me), 1.52 – 1.41 (18H, m, (CH3)2 -CH) 13C-NMR
(125 MHz; CDCl3 ) C 167.1, 163.6, 162.5, 151, 149.8, 146.2, 139.7, 135.4, 134.8, 133.2,
127.1, 126.1, 124.9, 123.4, 119.3, 119.2, 118.9, 118, 117.6, 117.5, 113.2, 71.4, 71.3, 69.2,
68.8, 68.7, 52.2, 22.4, 22.3 m/z 586.2 (M + 21, 100%)+, 1149.4 (M + 19, 90%)+  max/cm-1
3504, 3369, 2977, 2360, 1708, 1677, 1596, 1510, 1465
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(methyl 3-isopropoxy-4-(6-isopropoxy-5-(3-isopropoxy-4nitrobenzamido)picolinamido)benzoate: yield: 650 mg, 80% as a white solid, mp: 197200oC 1H-NMR (500MHz; CDCl3) H 10.2 (1H, s, Ar-CONH), 8.9 (1H, d, Ar-H, J = 8.1
Hz), 8.72 (1H, d, Ar-H, J = 8.4 Hz), 8.53 (1H, s, Ar-CONH), 7.98 (1H, d, Ar-H, J = 8.1
Hz), 7.86 (1H, d, Ar-H, J = 8.2 Hz), 7.70 (1H, d, Ar-H, J = 8.4 Hz), 7.67 (1H, s, Ar-H),
7.59 (1H, s, Ar-H), 7.33 (1H, d, Ar-H, J = 8.2 Hz), 5.64 (1H, m, CH-(CH3)2, J = 6.1 Hz),
4.83 – 4.76 (1H, m, CH-(CH3) 2), 3.89 (3H, s, Ar-CO2Me), 1.49 (6H, d, (CH3 )2-CH, J =
6.2 Hz), 1.45 – 1.41 (12H, m, (CH3)2 -CH) 13 C-NMR (125 MHz; CDCl3 ) C 167, 163.8,
162.1, 151.8, 150.9, 146.3, 143.3, 141.3, 139, 132.9, 127.2, 126, 125.9, 125.2, 123.4, 119,
117.4, 117.3, 115.7, 113.2, 73.4, 71.3, 70.2, 52.3, 22.4, 22.3, 22 m/z 595.2 (M + H,
100%)+, 1188 (2M, 20%) + max/cm-1 3432, 3374, 3344, 2979, 2925, 1714, 1687, 1602,
1517, 1481
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(methyl 4-(5-(4-amino-3-isopropoxybenzamido)-6-isopropoxypicolinamido)-3isopropoxybenzoate: yield: 588 mg, 100% as a white solid, mp: 208-210oC 1H-NMR
(500MHz; DMSO ) H 10.3 (1H, s, Ar-CONH), 9.06 (1H, s, Ar-CONH), 8.65 (1H, d, ArH, J = 8.5 Hz), 8.61 (1H, d, Ar-H, J = 8 Hz), 7.84 (1H, d, Ar-H, J = 8 Hz), 7.65 (1H, d,
Ar-H, J = 8.5 Hz), 7.62 (1H, s, Ar-H), 7.38 (1H, s, Ar-H), 6.73 (1H, d, Ar-H, J = 8.5 Hz),
5.55 – 5.5 (3H, m, Ar-NH2 & CH-(CH3) 2), 4.9 (1H, m, CH-(CH3)2, J = 6 Hz) 4.62 (1H, m,
CH-(CH3)2, J = 6 Hz), 3.86 (3H, s, Ar-CO2 Me), 1.48 (6H, d, (CH3)2 -CH, J = 5.6 Hz),
1.39 (6H, d, (CH3)2 -CH, J = 5.6 Hz), 1.33 (6H, d, (CH3)2 -CH, J = 5.6 Hz 3C-NMR (125
MHz; DMSO) C 166.3, 165.6, 161.9, 152.4, 146.2, 144.1, 143.6, 139.8, 132.8, 128.9,
127.5, 125, 123, 122.2, 120.7, 118.4, 116.8, 113.4, 113.1, 71.7, 70.9, 69.7, 52.5, 22.4,
22.1 m/z 565 (M + H+, 100%) +, 1128.6 (2M+, 60%) +
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(methyl 6-isopropoxy-5-(6-isopropoxy-5-(3-isopropoxy-4nitrobenzamido)picolinamido)picolinate): yield: 133 mg, 87% as a white solid, mp: 240241oC 1H-NMR (500MHz; DMSO, TMS) H 10.2 (1H, s, Ar-CONH), 9.96 (1H, s, ArCONH), 8.84 (1H, d, Ar-H, J = 8.7 Hz), 8.51 (1H, d, Ar-H, J = 8.7 Hz), 7.99 (1H, d, ArH, J = 8.7 Hz), 7.87 (1H, d, Ar-H, J = 8.2 Hz), 7.80 (1H, d, Ar-H, J = 8.7 Hz), 7.79 (1H,
s, Ar-H), 7.59 (1H, d, Ar-H, J = 8.2 Hz), 5.50 (2H, m, CH-(CH3)2), 4.95 (1H, m, CH(CH3)2, J = 5.5 Hz), 3.86 (3H, s, Ar-CO2Me), 1.46 (6H, d, (CH3)2 -CH, J = 5.5 Hz), 1.41
(6H, d, (CH3) 2 -CH, J = 6.5 Hz), 1.35 (6H, d, (CH3 )2 -CH, J = 6.5 Hz)

13

C-NMR (125

MHz; CDCl3) C 160.7, 158.9, 157.7, 147.2, 146.8, 146, 138.3, 135.6, 133.9, 133.4, 122.2,
121.6, 121.2, 121, 120.4, 115.2, 112.4, 112.3, 110.7, 68.4, 65.5, 64.7, 47.6, 17.4, 17 m/z
596.2 (M + H 100%)+, 1189.8 (M – H 45%)+
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(methyl 5-(5-(4-amino-3-isopropoxybenzamido)-6-isopropoxypicolinamido)-6isopropoxypicolinate: yield: 85 mg, 88% as a yellow solid, mp: 190-192oC 1H-NMR
(500MHz; DMSO, TMS) H 10.2 (1H, s, Ar-CONH), 9.09 (1H, s, Ar-CONH), 8.85 (1H,
d, Ar-H, J = 8.1 Hz), 8.63(1H, d, Ar-H, J = 8 Hz), 7.84 (1H, d, Ar-H, J = 8.1 Hz), 7.81
(1H, d, Ar-H, J = 8 Hz), 7.38 (1H, s, Ar-H), 6.73 (1H, d, Ar-H, J = 8.2 Hz), 5.51 (4H, m,
Ar-NH 2 & 2(CH-(CH3)2 )), 4.62 (1H, m, CH-(CH3)2 , J = 5.8 Hz), 3.87 (3H, s, Ar-CO 2Me),
1.50 (6H, d, (CH3)2 -CH, J = 5.9 Hz), 1.42 (6H, d, (CH3)2 -CH, J = 5.9 Hz), 1.33 (6H, d,
(CH3)2 -CH, J = 5.9 Hz) 13C-NMR (125 MHz; DMSO) C 165.6, 164.9, 162.4, 152.5,
151.9, 144.1, 143.6, 139.2, 138, 128.9, 127.7, 126.4, 125.1, 122.2, 120.6, 120.3, 116.9,
113.4, 113.1, 70.9, 70, 69.99, 69.91, 52.7, 22.4, 22.2, 22.1 m/z 588 (M + Na+, 100%)+,
1153.3 (M + Na+, 95%)+
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(4-(4-(4-amino-3-isopropoxybenzamido)-3-isopropoxybenzamido)-3-isopropoxybenzoic
acid): yield: 50 mg, 100% as a white solid, mp: 228-230oC 1H-NMR (500MHz; DMSO,
TMS) H 9.28 (1H, s, Ar-CONH), 8.95 (1H, s, Ar-CONH), 8.301 (1H, d, Ar-H, J = 8 Hz),
8.16 (1H, d, Ar-H, J = 7.5 Hz), 7.57 (4H, m, Ar-H), 7.34 (2H, m, Ar-H), 6.72 (1H, d, ArH, J = 8 Hz), 5.44 (2H, s, Ar-NH2), 4.801 (1H, m, CH-(CH3)2 , J = 6.1 Hz) 4.72 (1H, m,
CH-(CH3)2, J = 6 Hz), 4.61 (1H, m, CH-(CH3)2 , J = 6.1 Hz), 1.39 (6H, d, (CH3)2-CH, J =
6 Hz), 1.35 (6H, d, (CH 3)2 -CH, J = 6 Hz), 1.32 (6H, d, (CH3)2 -CH, J = 6 Hz) 13C-NMR
(125 MHz; DMSO) C 167, 164.5, 164.3, 147.6, 147, 143.29, 143.25, 132.2, 129.2, 122.1,
121.4, 121.3, 120.7, 120.3, 120, 113.9, 112.7, 112.6, 112.1, 71.4, 71.3, 70.3, 21.9, 21.8,
21.7 m/z 550.2 (M + H 95%) +, 1099.3 (M + H 100%)+  max/cm-1 3401, 2975, 2364, 1683,
1592, 1517, 1486, 1413
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(4-(4-(5-amino-6-isopropoxypicolinamido)-3-isopropoxybenzamido)-3isopropoxybenzoic acid: yield: 50 mg, 100% as an off-white solid, mp: 260-262oC 1HNMR (500MHz; DMSO, TMS) H 10.2 (1H, s, Ar-CONH), 9.28 (1H, s, Ar-CONH), 8.65
(1H, d, Ar-H, J = 9 Hz), 8.18 (1H, d, Ar-H, J = 8.6 Hz), 7.637 (1H, s, Ar-H), 7.603 – 7.57
(4H, m, Ar-H), 6.98 (1H, d, Ar-H, J =8.6 Hz), 5.81 (2H, s, Ar-NH2 ), 5.47 (1H, m, CH(CH3)2, J = 5.9 Hz) , 4.92 (1H, m, CH-(CH3)2 , J = 5.9 Hz), 4.72 (1H, m, CH-(CH 3)2, J =
5.9 Hz), 1.41 (12H, d, CH-(CH3)2, J = 5 Hz), 1.36 (6H, d, CH-(CH3)2, J = 5 Hz) 13CNMR (125 MHz; DMSO) C 167.2, 164.6, 162.7, 149.1, 147.9, 146, 137.7, 132.1, 127.3,
120.6, 117.9, 114.3, 112, 71.8, 71.4, 68, 22.3, 22.19, 22.16 m/z 551.2 (M + H, 100%)+,
573.2 (M + Na+, 60%) +, 1123.4 (M + Na+, 90%)+  max/cm-1 3349, 2971, 2923, 2860,
1675, 1591, 1517, 1481
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(4-(5-(5-amino-6-isopropoxypicolinamido)-6-isopropoxypicolinamido)-3isopropoxybenzoic acid): yield: 50 mg, 100% as a yellow solid, mp: 260-262oC 1H-NMR
(500MHz; DMSO, TMS) H 10.3 (1H, s, Ar-CONH), 10.1 (1H, s, Ar-CONH), 8.92 (1H,
d, Ar-H, J = 8.2 Hz), 8.61 (1H, d, Ar-H, J = 8.2 Hz), 7.87 (1H, d, Ar-H, J = 7.9 Hz), 7.65
– 7.58 (3H, m, Ar-H), 6.98 (1H, d, Ar-H, J = 7.9 Hz), 5.89 (2H, s, Ar-NH2 ), 5.64 (1H, m,
CH-(CH3)2, J = 6 Hz), 5.45 (1H, m, CH-(CH3)2 , J = 6 Hz), 4.87 (1H, m, CH-(CH 3)2, J =
6 Hz), 1.48 (6H, d, (CH3)2 -CH, J = 6 Hz), 1.43 (6H, d, (CH3)2 -CH, J = 6 Hz), 1.39 (6H, d,
(CH3)2 -CH), J = 6 Hz) 13C-NMR (125 MHz; DMSO) C 166.9, 162.7, 161.2, 150.3, 148.6,
145.6, 138.5, 137.7, 131.9, 130.8, 125.7, 122.6, 116.9, 113, 71, 69.2, 67.8, 21.9, 21.75,
21.71 m/z 552.2 (M + H+, 100%)+, 1125.4 (2M + Na+, 100%)+  max/cm-1 3411, 3357,
2975, 2929, 2360, 2337, 1685, 1598, 1517, 1465
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(4-(5-(4-amino-3-isopropoxybenzamido)-6-isopropoxypicolinamido)-3isopropoxybenzoic acid): yield: 10mg 100% as a yellow-green solid, mp: 238-240oC 1HNMR (500MHz; DMSO, TMS) H 12.8 (1H, s, Ar-CO2H), 10.3 (1H, s, Ar-CONH), 9.07
(1H, s, Ar-CONH), 8.61 (2H, t, 2(Ar-H), J = 8.2 Hz), 7.83 (1H, d, Ar-H, J = 8.2 Hz),
7.63 – 7.61 (2H, m, Ar-H), 7.37 (2H, s, Ar-H), 6.72 (1H, d, Ar-H, J = 8.2 Hz), 5.56 –
5.49 (3H, m, CH-(CH3)2 + Ar-NH2), 4.87 (1H, m, CH-(CH3 )2, J = 5.7 Hz), 4.61 (1H, m,
CH-(CH3)2, J = 5.7 Hz), 1.47 (6H, d, (CH3)2 -CH, J = 5.6 Hz), 1.38 (6H, d, (CH3)2 -CH, J
= 5.6 Hz), 1.32 (6H, d, (CH3)2 -CH, J = 5.6 Hz)

C-NMR (125 MHz; DMSO) C 167.4,

13

165.5, 161.7, 152.4, 146, 144, 143.6, 139.9, 132.2, 127.4, 122.2, 118.2, 116.7, 113.6,
113.3, 113, 71.5, 70.8, 69.7, 22.3, 22.1, 22 m/z 573.2 (M + Na+, 100%) +, 1123.4 (2M +
Na+, 50%)+
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(5-(5-(4-amino-3-isopropoxybenzamido)-6-isopropoxypicolinamido)-6isopropoxypicolinic acid): yield: 30 mg, 100% as a solid, mp: 225-227oC 1 H-NMR
(500MHz; DMSO, TMS) H 10.2 (1H, s, Ar-CONH), 9.08 (1H, s, Ar-CONH), 8.82 (1H,
d, Ar- H, J = 7.7 Hz) 8.61 (1H, d, Ar-H, J = 8.2 Hz), 7.83 (1H, d, Ar-H, J = 7.7 Hz), 7.76
(1H, d, Ar-H, J = 8.2 Hz), 7.37 (2H, s, Ar-H), 6.72 (1H, d, Ar-H, J = 8.1 Hz), 5.59 – 5.45
(4H, m, 2(CH-(CH3)2), Ar-NH2), 4.608 (1H, m, CH-(CH3) 2), 1.49 (6H, d, (CH3)2-CH), J
= 5.9 Hz), 1.409 (6H, d, (CH3) 2 -CH), J = 5.9 Hz), 1.32 (6H, d, (CH3)2 -CH), J = 5.9 Hz),
1.23 (5H)

C-NMR (125 MHz; DMSO) C 165.9, 165.6, 162.4, 152.5, 151.8, 144.1,

13

143.7, 139.2, 139.1, 128.8, 127.7, 126, 125.1, 122.3, 120.7, 119.9, 116.8, 113.4, 113.1,
70.9, 70, 69.7, 29.5, 22.4, 22.3, 22.1 m/z 551.3 (M, 50%)+, 1125.3 (M + Na+, 50%)+
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3.2) Supplementary Data for 2 nd Generation Mcl-1 Specific BH3 Proteomimetics

Synthesis of 5-isobutoxy-2-nitrobenzoic acid: 3-fluorobenzoic acid 1 was dissolved in
H2SO4 (conc.) to 1M and the reaction vessel cooled to 0 oC. HNO3 was added drop-wise
over a period of 20 minutes while the flask was vigorously stirring at 0 oC. After 2 h, the
reaction solution was poured into ice and the resulting water layer was separated with
EtOAc (3x). EtOAc layers were dried with brine and Na 2SO4 and concentrated in vacuo
to give 2 as a white solid with quantitative yield. Product 2 was used in the next step
without further purification. In the next step, a round bottom flask was charged with
isobutanol diluted to 0.2M with DMF and stirred vigorously at 0 oC. NaH was added
portion-wise and the reaction allowed to stir at 0 oC for 20 minutes. After 20 minutes, a
solution of 2 in DMF was added drop-wise and the reaction allowed to stir overnight.
The next day, the reaction solution was decanted to a separating funnel and 3 volumetric
equivalents of 1M HCl added. The aqueous DMF was separated with EtOAc (3x) and
the organic layer backwashed with 1M HCl then dried with brine and Na 2SO4. The
organic layers were removed in vacuo to give a dark brown oil which later solidified to a
brown crystal 3 with 96% yield. The resulting product 3 was used without further
purification.
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Synthesis of 3-isobutoxy-4-nitrobenzoic acid: A suspension of 3-hydroxy-4-nitrobenzoic
acid 4 in MeOH was heated to 70oC and allowed to stir vigorously. SOCl2 (3 eq.) was
carefully added drop-wise and the reaction allowed to stir at 70 oC overnight. The next
day, MeOH was removed directly in vacuo to give 5 as a brown solid (98% yield) which
was used without further purification. Compound 5 was charged into a round bottom
flask and solvated with DMF to 0.1M and stirred vigorously at 50 oC. K2CO3 (3 eq.) was
added and the reactions allowed to stir for 15 minutes at 50 oC. Isopropyl iodide (1.5 eq.)
was added and the reaction allowed to stir at 50 oC overnight. The next day, the reaction
solution was decanted to a separation funnel and 3 volumetric equivalents of H 2O added.
The aqueous layer was separated with ether (3x) and the organic layers dried with
Na2SO4 and removed in vacuo to give 6 as a brown crystal (77% yield) which was used
in the next step without further purification. In the next step, a round bottom flask was
charged with 6 and solvated with a 1:1 solution of THF:H 2O. LiOH.H2O (2 eq.) was
added and the reaction allowed to stir at 50 oC overnight. The next day, the reaction
solution was removed in vacuo to give an aqueous residue which was acidified to pH 1
with 1M HCl. The precipitate was collected by vacuum filtration and dried with hexanes
to give 7 as a pure yellow solid (97% yield).
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Synthesis of 2-(tert-butoxy)aniline: 2-fluoronitrobenzene 8 was solvated with THF to
0.5M and the flask allowed to stir at 0 oC. KOtBu (1.5 eq.) was added portion-wise and
the reaction allowed to stir at rt overnight. THF was removed in vacuo and the resulting
residue re-solvated in CH2Cl2 and decanted to a separating funnel. The organic layers
were washed with NH4Cl (sat. aq.) 3x and then dried with Na 2SO4 and concentrated
down in vacuo to give 9 as an orange oil (98% yield) which was used without further
purification. In the next step, compound 9 was solvated in MeOH to 0.1M. Pd/C (10%
wt.) was added as suspension in THF and the reaction vessel evacuated with H 2 and
allowed to stir at rt for 16 h. The next day, the solution was filtered through Celite with
MeOH to give crude product 10 as a dark brown solution which was concentrated in
vacuo to a brown oil and purified by column chromatography in 5:1 hexanes/EtOAc
(60% yield).

Synthesis of Nitro Dimer N-(2-(tert-butoxy)phenyl)-3-isobutoxy-4-nitrobenzamide: A
round bottom flask was charged with compound 7 (1.1 eq.) and solvated with CH2Cl2 to
0.1M.

(COCl)2 (2.2 eq.) was added followed by DMF (cat.) resulting in visible
148

effervescence. The reaction was allowed to stir at rt for 1 h, then the reaction solution
removed in vacuo. The residue was azeotroped twice with CH 2Cl2 in vacuo before being
re-solvated in CH2Cl2 and allowed to stir vigorously at 0oC. DIPEA (4 eq.) was added
and the reaction allowed to stir for 15 minutes. Aniline compound 10 was added as a
solution in CH2 Cl2 and the reaction allowed to stir at 0 oC for 16 h. The reaction solution
was decanted to a separation funnel and 3 volumetric amounts of CH 2Cl2 added. The
organic layers were washed with 1M HCl (3x), dried with Na 2SO4 , and then concentrated
in vacuo.

The crude product 11 was purified by flash chromatography with

hexanes/EtOAc to afford pure product 11 as a brown solid (86% yield).

Synthesis of 4-amino-N-(2-(tert-butoxy)phenyl)-3-isobutoxybenzamide: A round bottom
flask was charged with N-(2-(tert-butoxy)phenyl)-3-isobutoxy-4-nitrobenzamide 11
solvated in MeOH to 0.1M. Pd/C (10% wt.) was added as a suspension in THF and the
flask evacuated with H2 and allowed to stir at rt for 16 h. The solution was then filtered
through Celite with MeOH to afford pure product 12 as a violet solid (98% yield) without
further purification.
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Synthesis of N-(4-((2-(tert-butoxy)phenyl)carbamoyl)-2-isobutoxyphenyl)-5-isobutoxy2-nitrobenzamide: A round bottom flask was charged with compound 3 (1.1 eq.) and
solvated with CH2Cl2 to 0.1M. (COCl)2 (2.2 eq.) was added followed by DMF (cat.)
resulting in visible effervescence. The reaction was allowed to stir at rt for 1 h, then the
reaction solution removed in vacuo. The residue was azeotroped twice with CH 2Cl2 in
vacuo before being re-solvated in CH2 Cl2 and allowed to stir vigorously at 0oC. DIPEA
(4 eq.) was added and the reaction allowed to stir for 15 minutes. Aniline dimer 12 was
added as a solution in CH2Cl2 and the reaction allowed to stir at 0 oC for 16 h. The
reaction solution was decanted to a separation funnel and 3 volumetric amounts of
CH2Cl2 added. The organic layers were washed with 1M HCl (3x), dried with Na 2 SO4,
and then concentrated in vacuo.

The crude product 13 was purified by flash

chromatography with CH2Cl2 /EtOAc to afford pure product 13 as a brown gum solid
(77% yield).
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Synthesis of 2-amino-N-(4-((2-(tert-butoxy)phenyl)carbamoyl)-2-isobutoxyphenyl)-5isobutoxybenzamide: A round bottom flask was charged with 13 and solvated in MeOH
to 0.1M. Pd/C (10% wt.) was added as a suspension in THF and the flask evacuated with
H2 and allowed to stir at rt for 16 h. The solution was then filtered through Celite with
MeOH to afford crude product 14 as a bright green solution. The crude product was
purified by column chromatography with 3:1 hexanes/EtOAc to afford a bright green
solid 14 (80% yield).

Synthesis of ethyl-2-((2-((4-((2-(tert-butoxy)phenyl)carbamoyl)-2isobutoxyphenyl)carbamoyl)-4-isobutoxyphenyl)amino)-2-oxoacetate: A round bottom
flask was charged with compound 14, solvated with CH2Cl2 to 0.1M and stirred at 0oC.
DIPEA (2 eq.) was added and the reaction allowed to stir for 15 minutes. Ethyl
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chloroglyoxylate (1.1 eq.) was added drop-wise and the reaction allowed to stir at 0 0C for
16 h. The reaction solution was then decanted to a separation funnel and 3 volumetric
amounts of CH2Cl2 added. The organic layers were washed with 1M HCl (3x), dried
with Na2SO4 , and then concentrated in vacuo. The crude product 15 was purified by
column chromatography with 4:1 hexanes/EtOAc to afford pure product 15 as a brown
solid (56% yield).

Synthesis of ethyl 2-((2-((4-((2-hydroxyphenyl)carbamoyl)-2isobutoxyphenyl)carbamoyl)-4-isobutoxyphenyl)amino)-2-oxoacetate: Compound 15
was solvated with TFA to 0.02 M and stirred at rt and the reaction monitored until
completion. TFA was removed in vacuo and co-evaporated with toluene (2x) to give 16
as a yellow solid (98% yield) with no further purification.
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General Procedure of SN2 Reaction for R1-functionalized Trimer Intermediates: A
round bottom flask was charged with 16 solvated to 0.1M in DMF and stirred at 0 oC.
K2CO 3 (1.2 eq.) was added and the reaction allowed to stir for another 15 minutes at 0 oC.
Alkyl halide (1.1 eq.) was added and the reaction allowed to stir at 0 oC for 16 h. The
reaction solution was decanted to a separating funnel and diluted with 3 volumetric
equivalents of 1M HCl. The aqueous layer was partitioned with ether (3x) and the
organic layers backwashed with 1M HCl (2x), dried with Na 2 SO4, and concentrated down
in vacuo. Crude product(s) 17 was purified by flash chromatography with
hexanes/EtOAc to give pure product(s) 17 as a white solid (85-92%).

5-isobutoxy-2-nitrobenzoic acid: 96% as brown crystals, 1H-NMR (400MHz, DMSO,
TMS)H 8.03 (1H, d, Ar-H, J = 9.2 Hz), 7.2-7.18 (2H, m, Ar-H), 3.9 (2H, d, OCH2 , J =
6 Hz), 2.03 (1H, m, CH, J = 6.2 Hz), 0.97 (6H, d, (CH3)2, J = 6.4 Hz) 13C-NMR
(100MHz, DMSO) C 167, 163, 139.7, 132.5, 127, 116.6, 114.7, 75.2, 27.9, 19.2

3-isobutoxy-4-nitrobenzoic acid: 97% as a yellow solid, 1H-NMR (400MHz, DMSO,
TMS)H 7.95 (d, Ar-H, J = 8 Hz), 7.74 (s, Ar-H), 7.63 (d, Ar-H, J = 8 Hz), 4 (d, CH2 , J
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= 5.6 Hz), 2.03 (m, CH, J = 6.2 Hz), 0.97 (d, (CH3)2, J = 6.4 Hz) 13C-NMR (100MHz,
DMSO) C 166.2, 151.3, 142.4, 136, 125.3, 121.5, 115.6, 75.5, 28, 19

2-(tert-butoxy)aniline: 60% as a brown oil, 1H-NMR (400MHz, DMSO, TMS) H 6.81
(d, Ar-H, J = 7.8 Hz), 6.75 (t, Ar-H, J = 7.4 Hz), 6.65 (d, Ar-H, J = 7.8 Hz) 6.44 (t, ArH, J = 7.4 Hz), 4.66 (s, NH2), 1.3 (s, (CH3)3) 13C-NMR (100MHz, DMSO)C 143.1,
141.9, 123.9, 123.3, 116.1, 115.2, 79.1, 28.9

3,5-bis(methoxycarbonyl)benzoic acid: 20% as a white solid,

1

DMSO, TMS)H 8.65 (3H, app d, Ar-H), 3.92 (6H, s, 2(CO2Me)

13

H-NMR (400MHz,
C-NMR (100MHz,

DMSO)C 166, 165.1, 134.1, 133.5, 132.8, 131.2, 53.2 m/z (APCI) Target Mass: 238;
found 239 (M +H) +
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4-(methoxycarbonyl)benzoic acid: 50% as a white solid,

1

H-NMR (400MHz, DMSO,

TMS)H 13.33 (1H, s, CO2H), 8.04 (4H, d, Ar-H, J = 8.4 Hz), 3.87 (3H, s CO2Me) 13CNMR (100MHz, DMSO)C 167, 166.9, 135.2, 134.8, 130, 129.8, 52.9

3-(methoxycarbonyl)benzoic acid: 55% as a white solid 1H-NMR (400MHz, DMSO,
TMS)H 13.33 (1H, br s, CO2H), 8.48 (1H, s, Ar-H), 8.20-8.15 (2H, m, Ar-H), 7.68-7.64
(1H, m, Ar-H), 3.88 (3H, s, CO 2Me) 13C-NMR (100MHz, DMSO) C 170.6, 169.7, 138,
137.4, 134.2, 133.9, 133.6, 56.6

2-(methoxycarbonyl)benzoic acid: 85% as a colorless oil, 1 H-NMR (400MHz, DMSO,
TMS)H 7.77-7.75 (1H, m, Ar-H), 7.63-7.61 (3H, m, Ar-H), 3.78 (3H, s, CO2Me)
(100MHz, DMSO) C 168.5, 168.4, 132.8, 132.3, 131.8, 131.4, 129.2, 128.5, 52.8

trimethyl benzene-1,3,5-tricarboxylate: 98% as a brown crystal, 1H-NMR (400MHz,
DMSO, TMS)H 8.64 (3H, s, Ar-H), 3.92 (9H, s, 3(CO2Me)
DMSO) C 164.9, 133.8, 131.4, 53.3

155

13

C-NMR (100MHz,

dimethyl terephthalate: 98% as a brown solid, 1H-NMR (400MHz, DMSO, TMS)H
8.07 (4H, s, Ar-H), 3.87 (6H, s, 2(CO2Me)) 13C-NMR (100MHz, DMSO) C 165.8, 133.8,
129.9, 53.2

dimethyl isophthalate: 98% as a brown crystal, 1H-NMR (400MHz, DMSO, TMS)H
8.46 (1H, s, Ar-H), 8.19 (2H, s, Ar-H), 7.68 (1H, s, Ar-H), 3.88 (6H, s, 2(CO2Me)) 13CNMR (100MHz, DMSO) C 165.8, 134, 130.5, 130.1, 129.9, 53

dimethyl phthalate: 98% as a brown oil, 1H-NMR (400MHz, DMSO, TMS)H 7.67 (4H,
app d, Ar-H), 3.81 (6H, s, 2(CO2Me))

13

C-NMR (100MHz, DMSO) C 172.5, 136.8,

136.5, 133.8, 57.

2-isobutoxyaniline: 71% as a brown oil, 1H-NMR (400MHz, DMSO, TMS)H 6.74 (1H,
s, Ar-H, J = 8 Hz), 6.73-6.61 (2H, m, Ar-H), 6.50-6.46 (1H, m, Ar-H), 4.61 (2H, s, NH2),
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3.68 (2H, d, OCH2CH, J = 6.8 Hz), 2.02 (1H, m, CH2CH(CH3)2, J = 6.6 Hz), 0.99 (6H, d,
CH2CH(CH3)2 , J = 6.8 Hz) (100MHz, DMSO)C 146, 138.1, 121.1, 116.6, 114.2, 111.9,
74.3, 28.2, 19.6

1-isobutoxy-2-nitrobenzene: 98% as a dark brown oil, 1H-NMR (400MHz, DMSO,
TMS)H 7.85 (1H, d, Ar-H, J = 7.6 Hz), 7.62 (1H, t, Ar-H, J = 7.8 Hz), 7.33 (1H, d, ArH, J = 8.8 Hz), 7.09 (1H, t, Ar-H, J = 8.2 Hz), 3.92 (2H, d, OCH2CH, J = 6.4 Hz), 2.02
(1H, app spt, CH2CH(CH 3)2, J = 6.4 Hz), 0.97 (6H, d, CH2CH(CH3)2, J = 7.2 Hz)

N-(2-(tert-butoxy)phenyl)-3-isobutoxy-4-nitrobenzamide: 86% as a brown solid, 1HNMR (400MHz, CDCl3 , TMS) H 8.76 (1H, s, NH) 8.5 (1H, d, Ar-H, J = 8 Hz), 7.92
(1H, d, Ar-H, J = 8.8 Hz), 7.68 (1H, s, Ar-H), 7.39 (1H, d, Ar-H, J = 8 Hz), 7.12-7.06
(3H, m, Ar-H), 3.96 (2H, d, OCH2 , J = 5.6 Hz), 2.18 (1H, m, CH, J = 6.2 Hz), 1.45 (9H,
s, (CH3)3), 1.06 (6H, d, (CH3 )2, J = 6.4 Hz) 13C-NMR (100MHz, CDCl3)C 162.5, 152.8,
144.5, 141.4, 140.1, 131.6, 125.8, 124, 123.5, 120.8, 119.9, 117, 113.8, 80.8, 29.1, 28.9,
28.1, 18.9; m/z (APCI) Target Mass: 386; found 387 (M +H) +
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4-amino-N-(2-(tert-butoxy)phenyl)-3-isobutoxybenzamide: 98% as a violet solid, 1HNMR (400MHz, CDCl3 , TMS) H 8.65 (1H, s, NH), 8.54 (1H, d, Ar-H, J = 8 Hz), 7.44
(1H, s, Ar-H), 7.3 (1H, d, Ar-H, J = 8 Hz), 7.09 (2H, m (d+t), Ar-H), 6.98 (1H, t, Ar-H,
J = 7.6 Hz), 6.76 ( 1H, d, Ar-H, J = 7.6 Hz), 4.42 (2H, broad s, NH2), 3.86 (2H, d, OCH2, J = 6.4 Hz), 2.15 (1H, m, CH, J = 6.4 Hz), 1.44 (9H, s, (CH3)3), 1.05 (6H, d,
(CH3)2, J = 6 Hz) 13C-NMR (100MHz, DMSO)C 164.5, 146.2, 145.1, 142.2, 133, 123.9,
123.3, 122.5, 122.3, 121.4, 112.8, 110.3, 80.3, 79.6, 74.5, 29, 28.2, 19.6; m/z (APCI)
Target Mass: 356; found 357 (M +H) +

4-amino-3-isobutoxy-N-(2-isobutoxyphenyl)benzamide: 98% as a cream solid, 1H-NMR
(400MHz, DMSO, TMS)H 8.88 (1H, s, CONH), 7.97 (1H, d, Ar-H, J = 8 Hz), 7.347.30 (2H, m, Ar-H), 7.09-7.05 (2H, m, Ar-H), 6.93 (1H, t, Ar-H, J = 7.4 Hz), 6.68 (1H, d,
Ar-H, J = 8.8 Hz), 5.38 (2H, s, NH2), 3.82 (2H, d, OCH2CH, J = 6.4 Hz), 3.78 (2H, d,
OCH2CH, J = 6.4 Hz), 2.08 (2H, m, 2(CH 2CH(CH3)2 ), J = 6.2 Hz), 1.03-1.00 (12H, m,
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2(CH2CH(CH3)2 )

C-NMR (100MHz, DMSO) C 164.8, 149.9, 145.1, 142.1, 128.2,

13

124.7, 122.5, 121.7, 121.5, 120.7, 112.7, 112.3, 110.2, 74.6, 74.4, 28.3, 28.2, 19.6, 19.5

3-isobutoxy-N-(2-isobutoxyphenyl)-4-nitrobenzamide: 98% as a brown crystal, 1HNMR (400MHz, DMSO, TMS)H 9.71 (1H, s, CONH), 8.01 (1H, d, Ar-H, J = 8 Hz),
7.79 (1H, s, Ar-H), 7.66 (1H, d, Ar-H, J = 8 Hz), 7.60 (1H, d, Ar-H, J = 8.8 Hz), 7.21
(1H, t, Ar-H, J = 7.8 Hz), 7.09 (1H, d, Ar-H, J = 8 Hz), 6.97 (1H, t, Ar-H, J = 7.4 Hz),
4.01 (2H, d, OCH2CH, 6.4 Hz), 3.79 (2H, d, OCH2CH, 6.4 Hz), 2.04 (2H, nnt,
2(CH2CH(CH3)2), J = 6.6 Hz), 1.00-0.96 (12H, m, 2(CH2CH(CH3 )2) 13C-NMR (100MHz,
CDCl3) C 168.5, 156.9, 156.2, 146.1, 144.8, 131.8, 131.5, 130.4, 130.2, 125.3, 124.6,
118.9, 117.7, 80.4, 79.3, 33, 32.8, 24.2, 23.9

N-(4-((2-(tert-butoxy)phenyl)carbamoyl)-2-isobutoxyphenyl)-5-isobutoxy-2nitrobenzamide: 97% as a green solid, 1H-NMR (400MHz, CDCl3, TMS)H 8.81 (1H, s,
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NH), 8.6 (1H, d, Ar-H, J = 8.8 Hz), 8.54 (1H, d, Ar-H, J = 8 Hz), 8.18-8.16 (2H, m, ArH), 7.61 (1H, s, Ar-H), 7.45 (1H, d, Ar-H, J = 8 Hz), 7.12-7.04 (5H, m, Ar-H), 3.91 (2H,
d, O-CH2 , J = 7.2 Hz), 3.84 (2H, d, O-CH2, J = 5.6 Hz), 2.12 (2H, m, (CH)2), 1.47 (9H,
s, (CH3)3), 1.04 (6H, d, (CH3)2, J = 6.4 Hz), 0.99 (6H, d, (CH3)2 , J = 6.8 Hz) 13C-NMR
(100MHz, CDCl3)C 164.3, 163.8, 163.6, 147.8, 144.4, 138.5, 135.1, 132.4, 130.8, 130.5,
127.4, 123.5, 123.2, 121, 119.7, 119.5, 118.5, 115.7, 113.9, 110.7, 80.7, 75.4, 75.2, 29.1,
28, 27.9, 19.1, 19; m/z (APCI) Target Mass: 647; found 648 (M +H) +

2-amino-N-(4-((2-(tert-butoxy)phenyl)carbamoyl)-2-isobutoxyphenyl)-5isobutoxybenzamide: 81% as a bright green solid, 1H-NMR (400MHz, DMSO, TMS)H
9.67 (1H, s, NH), 9.36 (1H, s, NH), 8.24 (1H, d, Ar-H, J = 8 Hz), 7.94 (1H, s, Ar-H),
7.64-7.61 (2H, m (s+d), Ar-H),7.18-7.09 (4H, m, Ar-H), 6.95 (1H, d, Ar-H, J = 8.8 Hz),
6.8 (1H, d, Ar-H, J = 8.8 Hz), 5.88 (2H, s, NH2), 3.94 (2H, d, OCH2, J = 6.4 Hz), 3.69
(2H, d, OCH2, J = 6.4 Hz), 2.14 (1H, m, CH, J = 6.6 Hz), 1.99 (1H, m, CH, J = 6.2 Hz),
1.34 (9H, s, (CH3)3), 1.05 (6H, d, (CH3)2, J = 7.2 Hz), 0.98 (6H, d, (CH3)2 , J = 7.2 Hz)
13

C-NMR (100MHz, DMSO)C 166.8, 164.2, 150.2, 149.4, 147.3, 143.8, 132.5, 131.1,

130.4, 125, 124.1, 123.2, 122.7, 121.7, 121.5, 120.2, 119.6, 116.6, 112.8, 110.8, 80.3, 75,
74.8, 29, 28.29, 28.27, 19.59, 19.54
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ethyl 2-((2-((4-((2-(tert-butoxy)phenyl)carbamoyl)-2-isobutoxyphenyl)carbamoyl)-4isobutoxyphenyl)amino)-2-oxoacetate: 56% as a brown solid, 1H-NMR (400MHz,
CDCl3, TMS)H 12.2 (1H, s, NH), 8.8 (2H, d, Ar-H, J = 8.8 Hz), 8.69-8.62 (2H, m (app.
dd), Ar-H), 8.53 (1H, d, Ar-H, J = 7.2 Hz), 7.61 (1H, s, Ar-H), 7.42 (1H, d, Ar-H, J =
8.8 Hz), 7.16 (1H,s, Ar-H) , 7.12-7.07 (3H, m, Ar-H), 6.99 (1H, t, Ar-H, J = 7 Hz), 4.41
(2H, q, H3C-CH2 , J = 8.4 Hz), 3.95 (2H, d, HC-CH2, J = 6.2 Hz) , 3.74 (2H, d, HC-CH2,
J = 6.2 Hz), 2.2-2.01 (2H, m, H 3C-CH-(CH3 )2, 1.45 (9H, s, (CH3)3), 1.08 (6H, d, HC(CH3)2, J = 6.8 Hz) , 1.02 (6H, d, HC-(CH3) 2, J = 6.8 Hz) 13C-NMR (100MHz,
DMSO)C 166, 163.8, 160.8, 155.7, 154.3, 147.8, 144.4, 132.4, 131.4, 130.8, 130.3,
123.5, 123.3, 122.8, 121, 119.7, 119.1, 118.9, 118.5, 112.4, 110.4, 80.7, 75.1, 74.8, 63.4,
29.1, 28.3, 19.3, 19.1, 14
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ethyl 2-((2-((4-((2-(benzyloxy)phenyl)carbamoyl)-2-isobutoxyphenyl)carbamoyl)-4isobutoxyphenyl)amino)-2-oxoacetate: 50% as a white solid, 1H-NMR (400MHz, CDCl3,
TMS)H 12.19 (1H, s, NH), 8.78-8.54 (5H, m, Ar-H), 7.51-7.00 (13H, m, Ar-H), 5.14
(2H, s, OCH2 ), 4.41 (2H, q, OCH2CH3 , J = 5.2 Hz), 3.87 (2H, app. s, OCH2 CH), 3.73
(2H, app. s, OCH2CH), 2.20-2.07 (2H, m, 2(CH2 CH(CH3)2)), 1.42 (3H, m, OCH2CH3),
1.07-1.03 (12H, m, 2(CH2CH(CH3 )2) 13C-NMR (100MHz, CDCl3)C 165.9, 164.2, 160.7,
155.7, 154.3, 147.7, 147.4, 136.3, 131.4, 130.8, 130.3, 128.8, 128.5, 128.1, 127.5, 123.8,
123.3, 122.8, 121.6, 119.8, 119, 118.9, 118.8, 112.4, 111.7, 110.2, 77.3, 77, 76.7, 75, 74.8,
71.1, 63.4, 28.2, 19.3, 19.1

ethyl 2-((2-((4-((2-hydroxyphenyl)carbamoyl)-2-isobutoxyphenyl)carbamoyl)-4isobutoxyphenyl)amino)-2-oxoacetate: 90% as a yellow solid, 1H-NMR (400MHz,
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DMSO, TMS)H 12.01 (1H, s, NH), 9.92 (1H, s, NH), 9.71 (1H, s, Ar-OH), 9.59 (1H, s,
NH), 8.35 (1H, d, Ar-H, J = 9.2 Hz), 7.85 (1H, d, Ar-H, J = 8.4 Hz), 7.68 (1H, s, Ar-H),
7.62 (2H, t, Ar-H, J = 8.2 Hz), 7.51 (1H, s, Ar-H), 7.24 (1H, d, Ar-H, J = 9.2 Hz), 7.05
(1H, t, Ar-H, J = 7.4 Hz), 6.93 (1H, d, Ar-H, J = 7.6 Hz), 6.85 (1H, t, Ar-H, J = 7.4 Hz),
4.29 (2H, q, H3C-CH2, J = 7 Hz) 3.92 (2H, d, HC-CH2 , J = 5.6 Hz), 3.83 (2H, d, HCCH2, J = 5.6 Hz), 2.06 (2H, m, HC-(CH3)2), 1.3 (3H, t, H3C-CH2 , J = 7 Hz), 1 (12H, app.
t, HC-(CH 3)2) 13C-NMR (100MHz, DMSO)C 166.1, 164.6, 160.1, 154.9, 153.8, 151.1,
149.6, 132.1, 130.2, 129.1, 125.8, 125.6, 124.6, 124.2, 123.3, 122.3, 119.6, 118.9, 118.7,
115.9, 113.7, 111.3, 74.3, 74, 62.6, 27.7, 27.6, 18.96, 18.92, 13.7

ethyl 2-((4-isobutoxy-2-((2-isobutoxy-4-((2methoxyphenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetate: 42% of a
white solid, 1H-NMR (400MHz, CDCl3, TMS)H 12.22 (1H, s, CONH), 8.82 (1H, s,
CONH), 8.66 (2H, t, Ar-H, J = 8 Hz), 8.60 (1H, s, Ar-H), 8.52 (1H, d, CONH, J = 8.4
Hz), 7.61 (1H, s, Ar-H), 7.44 (1H, d, Ar-H, J = 8.4 Hz), 7.19 (1H, s, Ar-H), 7.15-7.03
(3H, m, Ar-H), 6.94 (1H, d, Ar-H, J = 8 Hz), 4.44 (2H, q, OCH2CH3 , J = 6.2 Hz), 4.013.96 (5H, m, OCH2CH & OMe), 3.76 (2H, d, OCH2CH, J = 6.4 Hz), 2.21 (1H, app spt,
CH2CH(CH3)2 , J = 6.6 Hz), 2.11 (1H, app spt, CH 2 CH(CH3)2 , J = 6.6 Hz), 1.45 (3H, t,
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OCH2CH3, J = 7 Hz), 1.11 (6H, d, CH2CH(CH3)2, J = 6.8 Hz), 1.04 (6H, d,
CH2CH(CH3)2 , J = 6.8 Hz); 13C-NMR (100MHz, CDCl3)C 165.9, 164.4, 160.7, 155.7,
154.3, 148.1, 147.8, 131.4, 131.1, 130.2, 127.7, 123.8, 123.3, 122.8, 121.1, 119.6, 119,
118.9, 118.8, 112.4, 110.5, 109.9, 75.1, 74.8, 63.4, 55.8, 28.2, 19.3, 19.1, 14 m/z (APCI)
Target Mass: 605; found 606 (M +H) +

ethyl 2-((4-isobutoxy-2-((2-isobutoxy-4-((2isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetate: 31% of a
white solid, 1H-NMR (400MHz, CDCl 3, TMS)H 12.26 (1H, s, CONH) 8.83 (1H, s,
CONH), 8.72-8.64 (3H, m, Ar-H), 8.55 (1H, d, Ar-H, J = 7.4 Hz), 7.60 (1H, s, CONH),
7.43 (1H, d, Ar-H, J = 7.4 Hz), 7.19 (1H, s, Ar-H), 7.13 (1H, d, Ar-H, J = 9.6 Hz), 7.067.01 (2H, m, Ar-H), 6.91 (1H, d, Ar-H, J = 8 Hz), 4.44 (2H, q, H 3C-H2C, J = 7 Hz), 3.97
(2H, d, CH2, J = 6.4 Hz), 3.86 (2H, d, CH2, J = 6.4 Hz), 3.76 (2H, d, CH2 , J = 6.4 Hz),
2.22-2.19 (2H, m, (CH)2 ), 2.12-2.09 (2H, m, CH), 1.44 (3H, t, H3C-H 2C, J = 7Hz), 1.12
(12H, app. s, (CH3)4), 1.04 (6H, d, (CH3 )2, J = 6.4 Hz) 13C-NMR (100MHz, CDCl3)C
165.9, 164, 160.8, 155.7, 154.2, 147.7, 131.4, 131, 130.2, 127.9, 123.7, 123.3, 122.8, 121,
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119.4, 119.1, 118.9, 118.6, 112.3, 110.7, 110.3, 75.1, 74.8, 63.4, 28.3, 28.2, 19.4, 19.3,
19.1, 14

ethyl 2-((2-((4-((2-(2-(tert-butoxy)-2-oxoethoxy)phenyl)carbamoyl)-2isobutoxyphenyl)carbamoyl)-4-isobutoxyphenyl)amino)-2-oxoacetate: 15% of a pale
violet solid, 1H-NMR (400MHz, CDCl3 , TMS)H 12.24 (1H, s, CONH), 9.30 (1H, s,
CONH), 8.84 (1H, s, CONH), 8.66 (2H, t, Ar-H, J = 8.6 Hz), 8.52 ( 1H, d, Ar-H¸ J = 6.4
Hz), 7.68 (2H, app. d, Ar-H¸ J = 12.8 Hz), 7.20 (1H, s, Ar-H), 7.14-7.06 (3H, m, Ar-H),
6.90 (1H, d, Ar-H, J = 7.2 Hz), 4.62 (2H, s, CH2), 4.43 (2H, q, H 3C-H2C, J = 7.2 Hz),
4.01 (2H, d, CH2, J = 6.4Hz), 3.76 (2H, d, CH2 , J = 6.4 Hz), 2.24-2.08 (2H, m, CH) 1.51
(9H, s, O tBu),1.44 (3H, t, H3C-H2C, J = 7 Hz), 1.11 (6H, d, (CH3)2, J = 6.4 Hz), 1.04
(6H, d, (CH3)2 , J = 6.4 Hz) 13C-NMR (100MHz, CDCl3)C 168.3, 165.9, 164.4, 160.7,
155.7, 154.2, 147.5, 131.3, 130.7, 130.2, 129.3, 123.8, 123.3, 122.9, 120.6, 119.8, 119,
118.8, 113.8, 112.4, 110.2, 82.8, 75, 74.8, 67.9, 63.4, 28.2, 28.1, 19.3, 19.1, 14

165

ethyl 2-((2-((4-((2-(2-(tert-butoxy)-2-oxoethoxy)phenyl)carbamoyl)-2isobutoxyphenyl)carbamoyl)-4-isobutoxyphenyl)amino)-2-oxoacetate: 98% of a white
solid, 1H-NMR (400MHz, DMSO, TMS)H 13.23 (1H, br s., CO 2H), 12.00 (1H, s,
CONH), 9.93 (1H, s, CONH), 9.71 (1H, s, CONH), 8.35 (1H, d, Ar-H, J = 9.6 Hz), 7.99
(1H, d, Ar-H, J = 7.6 Hz), 7.87 (1H, d, Ar-H, J = 8.4 Hz), 7.66 (2H, s, Ar-H), 7.51 (1H, s,
Ar-H), 7.24-7.23 (2H, app d., Ar-H), 7.18-7.12 (2H, m, Ar-H), 7.05 (1H, t, Ar-H, J = 8
Hz), 4.79 (2H, s, OCH2), 4.29 (2H, q, CH3 CH2, J = 6.4 Hz), 3.92 (2H, d, OCH2CH, J =
6.4 Hz), 3.83 (2H, d, OCH2 CH, J = 5.6 Hz), 2.06 (2H, m, CH2CH(CH3)2), 1.29 (3H, t,
CH3CH2, J = 7 Hz), 1.00 (12H, app s., CH2CH(CH 3)2)

13

C-NMR (100MHz, CDCl3)C

170.8, 166.1, 163.9, 160.1, 154.8, 153.8, 151.2, 132.4, 130.2, 129.3, 125, 124.8, 124.4,
123.4, 122.7, 122.4, 121.8, 119.3, 118.8, 113.8, 111.2, 74.4, 74.2, 62.7, 27.7, 19

166

Ethyl-2-((2-((4-((2-((4-cyanobenzyl)oxy)phenyl)carbamoyl)-2isobutoxyphenyl)carbamoyl)-4-isobutoxyphenyl)amino)-2-oxoacetate: 57% of a white
powder, 1H-NMR (400MHz, DMSO, TMS)H 12.01 (1H, s, CONH), 9.93 (1H, s,
CONH), 9.66 (1H, s, CONH), 8.35 (1H, d, Ar-H, J = 8.8 Hz), 7.84 (3H, app. d, Ar-H),
7.71 (3H, app. t, Ar-H), 7.62 (2H, s, Ar-H), 7.51 (1H, s, Ar-H), 7.21 (2H, dd, Ar-H, J =
9.1 Hz), 7.13 (1H, d, Ar-H, J = 8 Hz), 7.02 (1H, t, Ar-H, J = 7.4 Hz), 5.30 (2H, s, OCH2),
4.29 (2H, q, CH3CH2, J = 7.2 Hz), 3.85 (4H, app. t, 2(OCH2 CH)), 2.05 (2H, m,
2(OCH2CH(CH3)2), 1.29 (3H, t, CH3CH2 , J = 6.6 Hz), 0.99 (12H, m, 2(OCH2CH(CH3)2)
13

C-NMR (100MHz, DMSO)C 166, 164.4, 160.7, 155.7, 154.2, 147.8, 146.9, 141.6,

132.6, 132.2, 131.4, 130.7, 130.4, 127.9, 127.5, 126.9, 124, 123.3, 122.7, 122.1, 120.4,
119, 118.9, 118.6, 118.3, 112.4, 112.2, 111.6, 110.4, 75.1, 74.8, 69.9, 64.1, 63.5, 28.2,
19.3, 19.1, 14

167

Ethyl-2-((2-((4-((2-((2-cyanobenzyl)oxy)phenyl)carbamoyl)-2isobutoxyphenyl)carbamoyl)-4-isobutoxyphenyl)amino)-2-oxoacetate: 56% of a white
solid, 1H-NMR (400MHz, DMSO, TMS)H 12.00 (1H, s, CONH), 9.91 (1H, s, CONH),
9.49 (1H, s, CONH), 8.34 (1H, d, Ar-H, J = 9.6 Hz), 7.90 (1H, d, Ar-H, J = 6.8 Hz), 7.82
(3H, app d., J = 7.6 Hz), 7.71 (1H, t, Ar-H, J = 7.4 Hz), 7.59-7.50 (4H, m, Ar-H), 7.23
(3H, t, Ar-H, J = 8.2 Hz), 7.04 (1H, t, Ar-H, J = 7.2 Hz), 5.39 (2H, s, OCH2 ), 4.29 (2H, q,
OCH2CH3, J = 7.2 Hz), 3.84 (4H, m, OCH2CH), 2.05 (2H, m, 2(CH2CH(CH3)2)), 1.29
(3H, t, OCH2CH3, J = 7 Hz), 1.01-0.96 (12H, m, 2(CH 2CH(CH3)2)) 13C-NMR (100MHz,
DMSO)C 165.9, 164.5, 160.8, 155.7, 154.2, 147.7, 146.7, 139.7, 133.4, 133.2, 131.3,
130.8, 130.3, 129.1, 128.8, 128.1, 124, 123.3, 122.8, 122.1, 120.7, 119, 118.9, 118.8,
117.2, 112.4, 111.5, 110.4, 75.1, 74.8, 68.5, 63.4, 28.2, 19.3, 19.1, 14; m/z (APCI) Target
Mass: 706; found 707 (M +H) +

168

Ethyl-2-((2-((4-((2-((3-cyanobenzyl)oxy)phenyl)carbamoyl)-2isobutoxyphenyl)carbamoyl)-4-isobutoxyphenyl)amino)-2-oxoacetate: 37% of an ivory
solid, 1 H-NMR (400MHz, DMSO, TMS)H 12.00 (1H, s, CONH), 9.91 (1H, s, CONH),
9.68 (1H, s, CONH), 8.35 (1H, d, Ar-H, J = 9.2 Hz), 8.03 (1H, s, Ar-H), 7.86-7.83 (2H,
m, Ar-H), 7.78 (1H, d, Ar-H, J = 7.2 Hz), 7.69-7.50 (6H, m, Ar-H), 7.25-7.14 (3H, m,
Ar-H), 7.02 (1H, t, Ar-H, J = 7 Hz), 5.25 (2H, s, OCH2), 4.29 (2H, q, OCH2CH3, J = :
7.4 Hz), 3.85 (4H, app dd., OCH2CH), 2.05 (2H, m, 2(CH2CH(CH3) 2), 1.29 (3H, t,
OCH2CH3, J = 7 Hz), 1.01-0.96 (12H, m, 2(CH2CH(CH3)2)

13

C-NMR (100MHz,

CDCl3)C 165.9, 164.3, 160.7, 155.5, 154.2, 147.8, 146.9, 137.9, 132.1, 131.5, 131.3,
130.7, 130.4, 129.8, 128, 124, 123.3, 122.7, 122.1, 120.3, 119, 118.9, 118.5, 118.3, 113,
112.4, 111.5, 110.4, 75, 74.8, 69.7, 63.4, 28.2, 19.3, 19.1, 14; m/z (APCI) Target Mass:
706; found 707 (M +H) +

169

Ethyl-2-((4-isobutoxy-2-((2-isobutoxy-4-((2-(naphthalen-2ylmethoxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetate: 73% of
an ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 12.01 (1H, s, CONH), 9.91 (1H, s,
CONH), 9.63 (1H, s, CONH), 8.35 (1H, d, Ar-H, J = 9.2 Hz), 8.03 (1H, s, Ar-H), 7.90
(2H, d, Ar-H, J = 8.4 Hz), 7.84 (1H, d, Ar-H, J = 8.8 Hz), 7.79 (1H, d, Ar-H, J = 7.2 Hz),
7.75 (1H, d, Ar-H, J = 8 Hz), 7.66-7.63 (3H, m, Ar-H), 7.53-7.50 (3H, m, Ar-H), 7.267.19 (3H, m, Ar-H), 7.02 (1H, t, Ar-H, J = 7.6 Hz), 5.36 (2H, s, OCH2), 4.28 (2H, q,
OCH2CH3, J = 7.2 Hz), 3.81 (4H, app dd., OCH2 CH), 2.06-1.95 (2H, m,
2(CH2CH(CH3)2), 1.28 (3H, t, OCH2 CH3, J = 7 Hz), 1.00 (6H, d, (CH2CH(CH3)2, J = 6.8
Hz), 0.91 (6H, d, (CH2CH(CH3 )2, J = 6.8 Hz)

13

C-NMR (100MHz, CDCl3)C 165.8,

164.2, 160.7, 155.6, 154.3, 147.6, 147.4, 133.8, 133.2, 133.1, 131.4, 130.7, 130.2, 128.7,
128.2, 127.9, 127.8, 126.6, 126.4, 124.9, 123.8, 123.3, 122.7, 121.7, 119.8, 119, 118.9,
118.8, 112.3, 111.9, 110.1,74.9, 74.7, 71.3, 63.3, 28.2, 28.1, 19.2, 19.1, 14 ; m/z (APCI)
Target Mass: 732 found 732 (M )

170

Ethyl-2-((4-isobutoxy-2-((2-isobutoxy-4-((2-(naphthalen-1ylmethoxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetate: 73% of
an ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 12.00 (1H, s, CONH), 9.88 (1H, s,
CONH), 9.46 (1H, s, CONH), 8.34 (1H, d, Ar-H, J = 9.2 Hz), 8.19 (1H, d, Ar-H, J = 8
Hz), 7.95 (1H, d, Ar-H, J = 8 Hz), 7.91 (1H, d, Ar-H, J = 8 Hz), 7.79-7.72 (3H, m, Ar-H),
7.55-7.40 (7H, m, Ar-H), 7.25-7.22 (2H, m, Ar-H), 7.03 (1H, t, Ar-H, J = 7.8 Hz), 5.66
(2H, s, OCH2), 4.29 (2H, q, OCH2CH3, J = 7 Hz), 3.83 (2H, d, OCH2 CH, J = 6.8 Hz),
3.72 (2H, d, OCH2CH, J = 6 Hz), 2.03 (2H, spt., 2(CH2CH(CH3)2, J = 7 Hz), 1.29 (3H, t,
OCH2CH3, J = 7 Hz), 1.00 (6H, d, 2(CH 2CH(CH3)2 , J = 6.4 Hz), 0.94 (6H, d,
2(CH2CH(CH3)2, J = 6.8 Hz) 13C-NMR (100MHz, CDCl3)C 165.8, 164.1, 160.7, 155.7,
154.3, 147.5, 147.4, 133.9, 131.7, 131.5, 131.3, 130.5, 130, 129.7, 129, 128.4, 127.1,
126.9, 126.2, 125.3, 123.8, 123.3, 122.8, 121.8, 119.7, 119, 118.8, 112.3, 112, 109.9, 74.8,
74.7, 70.1, 63.4, 28.2, 28.1, 19.2, 19.1, 14; m/z (APCI) Target Mass: 732; found 732 (M )

171

Ethyl-2-((2-((4-((2-(2-amino-2-oxoethoxy)phenyl)carbamoyl)-2isobutoxyphenyl)carbamoyl)-4-isobutoxyphenyl)amino)-2-oxoacetate: 60% of an ivory
solid, 1H-NMR (400MHz, DMSO, TMS)H 12.00 (1H, s, CONH), 10.07 (1H, s, CONH),
9.93 (1H, s, CONH), 8.35 (1H, d, Ar-H, J = 9.2 Hz), 7.86 (1H, d, Ar-H, J = 8.8 Hz),
7.81-7.80 (2H, m, Ar-H), 7.66-7.65 (2H, m, Ar-H), 7.49 (2H, d, Ar-H, J = 8.8 Hz), 7.24
(1H, d, Ar-H, J = 9.2 Hz), 7.19 (1H, t, Ar-H, J = 7.8 Hz), 7.10-7.03 (2H, m, Ar-H), 4.57
(2H, s, OCH2), 4.29 (2H, q, OCH2CH3, J = 7 Hz), 3.91 (2H, d, OCH2 CH, J = 6.4 Hz),
3.83 (2H, d, OCH2CH, J = 6.4 Hz), 2.11-2.02 (2H, m, 2(CH2 CH(CH3)2)), 1.30 (3H, t,
OCH2CH3, J = 7 Hz), 1.02-0.99 (12H, m, 2(CH2 CH(CH3)2))

13

C-NMR (100MHz,

DMSO)C 170.8, 166.7, 165, 160.7, 155.4, 154.3, 151.7, 150.4, 132.8, 130.7, 129.7,
127.9, 126.2, 124.8, 123.8, 122.9, 121.9, 120.1, 119.2, 114.3, 114, 111.8, 74.8, 74.6, 68.2,
63.1, 55.3, 28.2, 28.1, 19.4, 14.2

172

Ethyl-2-((4-isobutoxy-2-((2-isobutoxy-4-((2-(2-(methylamino)-2oxoethoxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetate: 50% of
an ivory solid, 1H-NMR (400MHz, CDCl3, TMS)H 12.21 (1H, s, CONH), 8.82 (1H, s,
CONH), 8.65 (2H, t, Ar-H, J = 8.2 Hz), 8.53 (1H, s, CONH), 8.14 (1H, d, Ar-H, J = 8
Hz), 7.60 (1H, s, CONH), 7.48 (1H, d, Ar-H, J = 8.8 Hz), 7.18-7.05 (4H, m, Ar-H), 6.89
(1H, d, Ar-H, J = 8 Hz), 6.80 (1H, s, Ar-H), 4.65 (2H, s, OCH2 ), 4.42 (2H, q, OCH2CH 3,
J = 7.6 Hz), 3.97 (2H, d, OCH2CH, J = 6 Hz), 3.76 (2H, d, OCH2CH, J = 6 Hz), 2.86 (3H,
d, CONHMe, J = 4.8 Hz), 2.21 (1H, app spt, CH 2CH(CH3)2, J = 6.7 Hz), 2.11 (1H, app
spt, CH2CH(CH3)2, J = 6.7 Hz), 1.43 (3H, t, OCH 2CH3, J = 7 Hz), 1.11 (6H, d,
CH(CH3)2, J = 6.8 Hz), 1.04 (6H, d, CH(CH3 )2, J = 6.8 Hz)

13

C-NMR (100MHz,

CDCl3)C 168.6, 165.9, 164.9, 160.7, 155.7, 154.2, 148.1, 147.7, 131.3, 130.5, 130.3,
127.4, 125.4, 123.3, 122.7, 122.6, 122.5, 119.1, 119, 118.8, 112.4, 112.2, 110.5, 75.1,
74.8, 68.4, 63.4, 28.2, 25.9, 19.3, 19.1, 14

173

Ethyl-2-((2-((4-((2-(2-(dimethylamino)-2-oxoethoxy)phenyl)carbamoyl)-2isobutoxyphenyl)carbamoyl)-4-isobutoxyphenyl)amino)-2-oxoacetate: 54% of an ivory
solid, 1H-NMR (400MHz, CDCl3 , TMS)H 12.27 (1H, s, CONH), 10.33 (1H, s, CONH),
8.84 (1H, s, CONH), 8.68 (1H, d, Ar-H, J = 8.8 Hz), 8.65 (1H, d, Ar-H, J = 9.2 Hz), 8.42
(1H, d, Ar-H, J = 6.8 Hz), 7.87 (1H, d, Ar-H, J = 8.8 Hz), 7.79 (1H, s, Ar-H), 7.19 (1H, s,
CONH), 7.14-7.00 (4H, m, Ar-H), 4.86 (2H, s, OCH2), 4.43 (2H, q, OCH2CH3, J = 7.6
Hz), 4.01 (2H, d, OCH2 CH, J = 6.4 Hz), 3.76 (2H, d, OCH2CH, J = 6.4 Hz), 3.02 (3H, s,
CONMe), 2.98 (3H, s, CONMe), 2.20 (1H, app spt, CH 2CH(CH3)2 , J = 6.6 Hz), 2.11 (1H,
app spt, CH2 CH(CH3)2 , J = 6.6 Hz), 1.44 (3H, t, OCH 2 CH3, J = 7.4 Hz), 1.11 (6H, d,
CH2CH(CH3)2 , J = 6 Hz), 1.04 (6H, d, CH2CH(CH3) 2, J = 6 Hz) 13C-NMR (100MHz,
CDCl3)C 168.3, 165.8, 164.6, 160.7, 155.7, 154.3, 149.1, 147.4, 131.4, 130.8, 130.7,
130, 124, 123.5, 123.3, 123, 121.8, 120.5, 119, 118.8, 116.6, 112.3, 110.3, 75, 74.8, 70.2,
63.4, 35.8, 35.5, 28.3, 28.2, 19.3, 19.1, 14; m/z (APCI) Target Mass: 676; found 677 (M
+H)+

174

tert-butyl-4-((2-(4-(2-(2-ethoxy-2-oxoacetamido)-5-isobutoxybenzamido)-3isobutoxybenzamido)phenoxy)methyl)benzoate: 57% of an ivory solid,

1

H-NMR

(400MHz, CDCl3, TMS)H 12.22 (1H, s, CONH), 8.80 (1H, s, CONH), 8.66-8.55 (3H,
m, Ar-H & CONH), 8.54 (1H, t, Ar-H, J = 4.8 Hz), 8.03 (2H, d, Ar-H, J = 8 Hz), 7.52
(1H, s, Ar-H), 7.48 (2H, d, Ar-H, J = 8 Hz), 7.40 (1H, d, Ar-H, J = 8.8 Hz), 7.18 (1H, s,
Ar-H), 7.12 (1H, d, Ar-H, J = 9.6 Hz), 7.06-7.03 (2H, m, Ar-H), 6.96-6.94 (1H, m, ArH), 5.23 (2H, s, OCH2 ), 4.42 (2H, q, OCH2CH3, J = 7.2 Hz), 3.89 (2H, d, OCH2CH, J =
6.4 Hz), 3.76 (2H, d, OCH2 CH, J = 6.4 Hz), 2.21-2.07 (2H, m, 2(CH2 CH(CH3)2)), 1.59
(9H, s, OC(CH3)3), 1.43 (3H, t, OCH2CH3, J = 7 Hz), 1.07 (6H, d, CH2CH(CH3)2, J = 6.4
Hz), 1.04 (6H, d, CH2 CH(CH3)2, J = 7.2 Hz)

13

C-NMR (100MHz, CDCl3)C 165.9,

165.1, 164.3, 160.6, 155.7, 154.3, 147.7, 147, 140.7, 132, 131.4, 130.8, 130.3, 129.9, 128,
126.8, 123.8, 123.3, 122.8, 121.8, 120, 119.16, 119.10, 118.8, 112.4, 111.6, 110.1, 81.1,
75, 74.8, 70.3, 63.4, 28.27, 28.22, 28.1, 19.3, 19.1, 14

175

Ethyl-2-((2-((4-((2-(sec-butoxy)phenyl)carbamoyl)-2-isobutoxyphenyl)carbamoyl)-4isobutoxyphenyl)amino)-2-oxoacetate: 30% of a yellow solid, 1H-NMR (400MHz,
CDCl3, TMS)H 12.26 (1H, s, CONH), 8.83 (1H, s, CONH), 8.77 (1H, s, CONH), 8.69
(1H, d, Ar-H, J = 8.8 Hz), 8.66 (1H, d, Ar-H, J = 8.8 Hz), 8.55 (1H, d, Ar-H, J = 8 Hz),
7.62 (1H, s, Ar-H), 7.41 (1H, d, Ar-H, J = 8.4 Hz), 7.19 (1H, s, Ar-H), 7.14 (1H, d, Ar-H,
J = 8.4 Hz), 7.08-6.99 (2H, m, Ar-H), 6.93 (1H, d, Ar-H, J = 8 Hz), 4.44 (2H, q,
OCH2CH3, J = 7.4 Hz), 3.97 (2H, d, OCH2CH, J = 6.4 Hz), 3.77 (2H, d, OCH2CH, J =
6.4 Hz), 2.21 (1H, app spt., CH 2CH(CH3)2 , J = 6.7 Hz), 2.12 (1H, app spt.,
CH2CH(CH3)2 , J = 6.7 Hz), 1.84 (1H, app spt., CHCH3 CH2, J = 7.1 Hz), 1.76 (1H, app
sxt, CH2CH2 CH3, J = 6.7 Hz), 1.44 (3H, t, OCH2 CH3, J = 6.8 Hz), 1.38 (3H, d, OCHCH3,
J = 5.2 Hz), 1.11 (6H, d, CH2CH(CH3 )2, J = 6.8 Hz), 1.07-1.04 (9H, m, CH 2CH(CH3)2 &
CH2CH3)

13

C-NMR (100MHz, CDCl3)C 165.9, 164, 160.8, 155.7, 154.2, 147.8, 146.4,

131.4, 131.1, 130.2, 128.8, 123.6, 123.3, 122.8, 121, 119.5, 119.1, 118.9, 118.6, 112.5,
112.3, 110.4, 76.3, 75.1, 74.8, 63.4, 29.3, 28.2, 19.4, 19.3, 19.1, 14, 9.7; m/z (APCI)
Target Mass: 647; found 648 (M +H) +

176

Ethyl-2-((4-isobutoxy-2-((2-isobutoxy-4-((2-(1phenylethoxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetate: 55%
as a white solid, 1H-NMR (400MHz, CDCl3, TMS)H 12.01 (1H, s, CONH), 9.96 (1H, s,
CONH), 9.51 (1H, s, CONH), 8.35 (1H, d, Ar-H, J = 9.2 Hz), 7.87 (1H, d, Ar-H, J = 8.4
Hz), 7.80 (1H, d, Ar-H, J = 7.6 Hz), 7.65-7.61 (2H, m, Ar-H), 7.52-7.48 (3H, m, Ar-H),
7.33 (2H, t, Ar-H, J = 7.6 Hz), 7.25 (2H, t, Ar-H, J = 7.2 Hz), 7.03 (1H, t, Ar-H, J = 7.8
Hz), 6.93-6.90 (2H, m, Ar-H), 5.53 (1H, q, OCHCH3, J = 6.2 Hz), 4.29 (2H, q,
OCH2CH3, J = 6.8 Hz), 3.93 (2H, d, OCH2CH, J = 6.4 Hz), 3.84 (2H, d, OCH2CH, J =
6.4 Hz), 2.11-2.02 (2H, m, 2(CH2CH(CH3) 2)), 1.58 (3H, d, OCHCH3, J = 6.4 Hz), 1.29
(3H, t, OCH2CH3 , J = 7 Hz), 1.00 (12H, m, 2(CH 2CH(CH3) 2)

13

C-NMR (100MHz,

CDCl3)C 165.9, 164.1, 160.8, 155.7, 154.2, 147.8, 146.5, 142.2, 131.4, 131, 130.3,
128.8, 128.4, 127.9, 125.3, 123.6, 123.3, 122.8, 121.4, 119.5, 119.1, 118.9, 118.6, 113.3,
112.4, 110.4, 75.1, 74.8, 63.4, 28.29, 28.26, 24.3, 19.3, 19.1, 14

177

Ethyl-2-((2-((4-((2-((2-bromobenzyl)oxy)phenyl)carbamoyl)-2isobutoxyphenyl)carbamoyl)-4-isobutoxyphenyl)amino)-2-oxoacetate: 62% of a white
solid, 1H-NMR (400MHz, DMSO, TMS)H 12.00 (1H, s, CONH), 9.91 (1H, s, CONH),
9.55 (1H, s, CONH), 8.35 (1H, d, Ar-H, J = 9.2 Hz), 7.83 (1H, d, Ar-H, J = 8 Hz), 7.77
(2H, m, Ar-H), 7.60-7.58 (2H, m, Ar-H), 7.51 (1H, s, Ar-H), 7.38 (1H, t, Ar-H, J = 7.6
Hz), 7.29 (1H, Ar-H, J = 7.2 Hz), 7.25-7.18 (3H, m, Ar-H), 7.04 (1H, t, Ar-H, J = 8 Hz),
5.22 (2H, s, OCH2), 4.29 (2H, q, OCH2CH3, J = 6.8 Hz), 3.84 (4H, app t., OCH2CH),
2.05 (2H, spt, 2(CH2CH(CH 3)2), J = 6.4 Hz), 1.29 (3H, t, OCH2CH 3, J = 6.8 Hz), 1.01
(6H, d, CH(CH3 )2, J = 6.4 Hz), 0.97 (6H, d, CH(CH3) 2, J = 6.4 Hz) 13C-NMR (100MHz,
CDCl3)C 165.9, 164.3, 160.7, 155.7, 154.2, 147.7, 147, 135.4, 133, 131.4, 130.8, 130.3,
130, 129.6, 128.2, 127.7, 123.8, 123.3, 123.1, 122.8, 121.8, 120, 119, 118.9, 118.8, 112.4,
111.8, 110.3, 75, 74.7, 70.7, 63.4, 28.2, 19.3, 19.1, 14

178

ethyl 2-((2-((4-((2-((4-fluorobenzyl)oxy)phenyl)carbamoyl)-2isobutoxyphenyl)carbamoyl)-4-isobutoxyphenyl)amino)-2-oxoacetate: 74% of a white
solid, 1H-NMR (400MHz, DMSO, TMS)H 12.22 (1H, s, CONH), 8.80 (1H, s, CONH),
8.65 (1H, d, Ar-H, J = 9.6 Hz), 8.61-8.59 (2H, m, Ar-H & CONH), 8.55 (1H, d, Ar-H, J
= 6.8 Hz), 7.53 (1H, s, Ar-H), 7.42 (2H, m, Ar-H), 7.31 (1H, d, Ar-H, J = 8.8 Hz), 7.18
(1H, s, Ar-H), 7.14-6.99 (6H, m, Ar-H), 5.13 (2H, s, OCH2), 4.44 (2H, q, OCH2CH3, J =
7.2 Hz), 3.90 (2H, d, OCH2 CH, J = 6 Hz), 3.75 (2H, d, OCH2CH, J = 6 Hz), 2.21-2.08
(2H, m, 2(CH2 CH(CH3)2)), 1.44 (3H, t, OCH2CH3, J = 7 Hz), 1.09 (6H, d, CH2CH(CH3)2 ,
J = 6 Hz), 1.04 (6H, d, CH2CH(CH3 )2, J = 6 Hz) 13 C-NMR (100MHz, CDCl 3)C 165.9,
164.2, 163.9, 161.4, 160.7, 155.7, 154.3, 147.7, 147.2, 132, 131.4, 130.8, 130.3, 129.5,
129.4, 128.1, 123.8, 123.3, 122.7, 121.8, 119.9, 119, 118.89, 118.82, 115.9, 115.7, 114.1,
112.4, 111.7, 110.2, 75, 74.8, 70.4, 63.4, 28.27, 28.24, 19.3, 19.1, 14; m/z (APCI) Target
Mass: 699; found 700 (M +H) +

179

ethyl 2-((4-isobutoxy-2-((2-isobutoxy-4-((2-(thiazol-5ylmethoxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetate: 83% of
a yellow solid, 1H-NMR (400MHz, DMSO, TMS)H 12.24 (1H, s, CONH), 8.94 (1H, s,
CONH), 8.81 (1H, s, CONH), 8.66-8.61 (2H, m, Ar-H), 8.56-8.53 (2H, m, Ar-H), 7.96
(1H, s, Ar-H), 7.55 (1H, s, Ar-H), 7.34 (2H, d, Ar-H, J = 7.6 Hz), 7.18 (1H, s, Ar-H),
7.17-7.01 (4H, s, Ar-H), 5.40 (2H, s, OCH2 ,), 4.44 (2H, q, OCH2CH 3, J = 7.2 Hz), 3.93
(2H, d, OCH2CH, J = 6.4 Hz), 3.76 (2H, d, OCH2CH, J = 6.4 Hz), 2.21 (1H, app spt,
CH2CH(CH3)2 , J = 6.9 Hz), 2.10 (1H, app spt, CH 2 CH(CH3)2 , J = 6.8 Hz), 1.44 (3H, t,
OCH2CH3, J = 7 Hz), 1.10 (6H, d, CH2CH(CH3)2, J = 7.2 Hz), 1.05 (6H, d,
CH2CH(CH3)2 , J = 7.2 Hz) 13C-NMR (100MHz, CDCl3 )C 165.9, 164.2, 160.8, 155.7,
154.6, 154.2, 147.7, 146.5, 142.6, 131.4, 130.6, 130.3, 128.1, 123.8, 123.3, 122.7, 122.3,
120.1, 118.98, 118.91, 118.7, 112.4, 111.5, 110.4, 75, 74.7, 63.4, 63.3, 28.2, 19.3, 19.1,
14; m/z (APCI) Target Mass: 688; found 689 (M +H) +

180

ethyl 2-((4-isobutoxy-2-((2-isobutoxy-4-((2-((4methylbenzyl)oxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetate:
82% of a white solid, 1H-NMR (400MHz, DMSO, TMS)H 12.22 (1H, s, CONH), 8.80
(1H, s, CONH), 8.66-8.64 (2H, m, Ar-H), 8.64-8.54 (2H, m, Ar-H), 7.53 (1H, s, CONH),
7.34-7.28 (3H, m, Ar-H), 7.23 (2H, d, Ar-H, J = 8 Hz), 7.17 (1H, s, Ar-H), 7.12 (1H, d,
Ar-H, J = 8.8 Hz), 7.07-7.02 (3H, m, Ar-H), 5.12 (2H, s, OCH2), 4.43 (2H, q, OCH2CH3,
J = 7.2 Hz), 3.90 (2H, d, OCH2CH, J = 6.4 Hz), 3.75 (2H, d, OCH2 CH, J = 6.4 Hz), 2.40
(3H, s, Ar-CH3), 2.35-2.07 (2H, m, 2(CH2CH(CH3 )2)), 1.44 (3H, t, OCH2CH3, J = 7 Hz),
1.09 (6H, d, CH2CH(CH3)2, J = 6.4 Hz), 1.05 (6H, d, CH2CH(CH3)2, J = 6.4 Hz) 13CNMR (100MHz, CDCl3 )C 165.9, 164.2, 160.7, 155.7, 154.3, 147.7, 147.4, 138.3, 133.3,
131.4, 130.8, 130.2, 129.5, 128.2, 127.6, 123.8, 123.3, 122.8, 121.6, 119.7, 119, 118.9,
118.8, 112.4, 111.8, 110.2, 75, 74.8, 71.1, 63.4, 28.27, 28.24, 21.2, 19.3, 19.1, 14 ; m/z
(APCI) Target Mass: 695; found 696 (M +H) +

181

ethyl 2-((4-isobutoxy-2-((2-isobutoxy-4-((2-((3methylbenzyl)oxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetate:
79% of a white solid, 1H-NMR (400MHz, CDCl3, TMS)H 12.21 (1H, s, CONH), 8.80
(1H, s, CONH), 8.69 (1H, s, Ar-H), 8.65 (1H, d, Ar-H, J = 9.6 Hz), 8.59 (1H, d, Ar-H, J
= 8.4 Hz), 8.54 (1H, d, Ar-H, J = 6.4 Hz), 7.55 (1H, s, CONH), 7.34-7.30 (2H, m, Ar-H),
7.26-7.23 (2H, m, Ar-H), 7.20-7.17 (2H, m, Ar-H), 7.12 (1H, d, Ar-H, J = 8.8 Hz), 7.077.00 (3H, m, Ar-H), 5.12 (2H, s, OCH2), 4.44 (2H, q, OCH2CH3, J = 7.2 Hz), 3.89 (2H,
d, OCH2CH, J = 6.4 Hz), 3.75 (2H, d, OCH2 CH, J = 6.4 Hz), 2.39 (3H, s, Ar-CH3 ), 2.212.07 (2H, m, 2(CH2CH(CH 3)2)), 1.44 (3H, t, OCH2CH3 , J = 7 Hz), 1.09 (6H, d,
CH2CH(CH3)2 , J = 6.4 Hz), 1.04 (6H, d, CH2CH(CH3) 2, J = 6.4 Hz) ) 13C-NMR
(100MHz, CDCl3)C 165.9, 164.2, 160.6, 155.7, 154.3, 147.7, 147.4, 138.5, 136.3, 131.4,
130.8, 130.2, 129.2, 128.7, 128.2, 124.4, 123.8, 123.3, 122.8, 121.6, 119.7, 119, 118.8,
112.4, 111.8, 110.3, 75, 74.8, 71.2, 63.4, 28.27, 28.24, 21.4, 19.3, 19.1, 14 ; m/z (APCI)
Target Mass: 695; found 696 (M +H) +

182

ethyl 2-((4-isobutoxy-2-((2-isobutoxy-4-((2-(oxazol-5ylmethoxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetate: 71% of a
white solid, 1H-NMR (400MHz, DMSO, TMS)H 12.00 (1H, s, CONH), 9.92 (1H, s,
CONH), 9.49 (1H, s, CONH), 8.39-8.34 (2H, m, Ar-H), 7.83 (1H, d, Ar-H, J = 8.4 Hz),
7.73 (1H, d, Ar-H, J = 8.4 Hz), 7.59-7.56 (2H, m, Ar-H), 7.50 (1H, s, Ar-H), 7.32 (1H, d,
Ar-H, J = 9.2 Hz), 7.29 (1H, s, Ar-H), 7.25-7.20 (2H, m, Ar-H), 7.04 (1H, t, Ar-H, J =
7.4 Hz), 5.27 (2H, s, OCH2) 4.29 (2H, q, OCH2CH3 , J = 6.2 Hz), 3.87 (2H, d, OCH2CH,
J = 6 Hz), 3.83 (2H, d, OCH2CH, J = 6 Hz), 2.08-2.03 (2H, m, 2(OCH2CH(CH3)2)), 1.30
(3H, t, OCH2CH3, J = 6.4 Hz), 1.00 (12H, app t, 2(OCH2CH(CH3)2)), J = 6.6 Hz), 13CNMR (100MHz, CDCl3 )C 165.9, 164.3, 160.7, 155.7, 154.2, 147.7, 146.5, 131.4, 130.7,
130.3, 128.5, 126.6, 123.8, 123.3, 122.7, 122.5, 120.2, 119, 118.9, 118.7, 112.3, 112.2,
110.4, 75, 74.8, 63.4, 61.1, 28.2, 19.3, 19.1, 14

183

2-((2-((4-((2-hydroxyphenyl)carbamoyl)-2-isobutoxyphenyl)carbamoyl)-4isobutoxyphenyl)amino)-2-oxoacetic acid: 95% of an ivory solid, 1H-NMR (400MHz,
DMSO, TMS)H 11.9 (1H, s, CONH), 9.90 (1H, s, CONH), 9.71 (1H, s, Ar-OH), 9.59
(1H, s, CONH), 8.38 (1H, d, Ar-H, J = 9.2 Hz), 7.83 (1H, d, Ar-H, J – 8.4 Hz), 7.67 (2H,
s, Ar-H), 7.62 (1H, t, Ar-H, J = 7.4 Hz), 7.5 (1H, s, Ar-H), 7.23 (1H, d, Ar-H, J = 9.2
Hz), 7.05 (1H, t, Ar-H, J = 7.6 Hz), 6.93 (1H, d, Ar-H, J = 8.4 Hz), 6.84 (1H, t, Ar-H, J =
7.4 Hz), 3.91 (2H, d, HC-CH2, J = 6 Hz), 3.83 (2H, d, HC-CH2, J = 6.8 Hz), 2.05 (2H, m,
HC-(CH 3)2, J = 6.6 Hz), 1.00 (12H, app.t, HC-(CH3)2 , J = 6.4 Hz)

13

C-NMR (100MHz,

DMSO)C 166.7, 165.1, 162, 155.9, 155.2, 151.7, 150.1, 132.7, 130.9, 129.6, 126.3,
126.1, 125.1, 124.9, 123.7, 122.7, 120.1, 119.4, 119.2, 116.5, 114.2, 111.8, 74.9, 74.6,
28.2, 28.1, 19.4

184

2-((2-((4-((2-(tert-butoxy)phenyl)carbamoyl)-2-isobutoxyphenyl)carbamoyl)-4isobutoxyphenyl)amino)-2-oxoacetic acid: 47% of a colorless semi-solid, 1 HNMR(400MHz, DMSO, TMS)H 11.79 (1H, s, CONH), 9.79 (1H, s, CO 2 H), 9.43 (1H,
s, CONH), 8.52 (1H, d, Ar-H, J = 8.8 Hz), 7.96-7.91 (2H, m, Ar-H), 7.67-7.63 (2H, m,
Ar-H), 7.43 (1H, s, Ar-H), 7.18-7.1 (4H, m, Ar-H), 3.93 (2H, d, OCH2, J = 6 Hz), 3.81
(2H, d, OCH2, J = 6.4 Hz), 2.1-2.03 (2H, m, CH), 1.34 (9H, s, OtBu), 1.01-0.99 (12H, m,
(CH3)4)

13

C-NMR (100MHz, DMSO)C 166.5, 164.8, 164.2, 162.8, 154.7, 151.2, 147.5,

132.4, 132.2, 131.4, 130, 125.2, 124.3, 124.2, 124, 123.2, 122.7, 122.2, 119.9, 119, 114.2,
111.4, 80.3, 79.6, 74.9, 74.5, 55.3, 49, 31.1, 29, 28.2, 19.5, 19.4; m/z (ESI) Target Mass:
619; found 642 (M +Na)+

185

2-((2-((4-((2-(benzyloxy)phenyl)carbamoyl)-2-isobutoxyphenyl)carbamoyl)-4isobutoxyphenyl)amino)-2-oxoacetic acid: 92% white solid, 1H-NMR (400MHz, DMSO,
TMS)H 11.8 (1H, s, CONH), 9.79 (1H, s, CO2H), 9.55 (1H, s, Ar-NH), 8.52 (1H, d,
Ar-H, J = 9.6 Hz), 7.91 (1H, d, Ar-H, J = 8 Hz), 7.74 (1H, d, Ar-H, J = 7.6 Hz), 7.6 (2H,
app. d, Ar-H, J = 8.4 Hz), 7.52 (2H, app. d, Ar-H, J = 6.8 Hz), 7.43 (1H, s, Ar-H), 7.387.3 (3H, m, Ar-H), 7.19 (3H, app. s, Ar-H), 7-6.99 (1H, m, Ar-H), 6.19 (2H, s, CH2),
3.87 (2H, d, CH2, J = 5.6 Hz), 3.81 (2H, d, CH2, J = 6.4 Hz), 2.08-2.04 (2H, m, (CH)2),
1.00 (12H, d, (CH3) 4, J = 6.4 Hz) 13 C-NMR (100MHz, DMSO)C 166.5, 164.8, 162.8,
154.8, 151.4, 151.2, 137.5, 132.5, 131.3, 129.8, 128.7, 128.2, 127.7, 127.6, 126.3, 125.4,
124.2, 124, 122.2, 121, 120.1, 119, 114, 113.5, 111.5, 74.6, 74.5, 70.1, 28.2, 19.5, 19.4

186

2-((2-((4-((2-ethoxyphenyl)carbamoyl)-2-isobutoxyphenyl)carbamoyl)-4isobutoxyphenyl)amino)-2-oxoacetic acid: 98% of an off-white solid, 1H-NMR
(400MHz, DMSO, TMS)H 11.94 (1H, s, CONH), 9.92 (1H, s, CONH), 9.40 (1H, s,
CONH), 8.38 (1H, d, Ar-H, J = 9.6 Hz), 7.82 (2H, app. t, Ar-H, J = 9.4 Hz), 7.63-7.58
(2H, m, Ar-H), 7.50 (1H, s, Ar-H), 7.23 (1H, d, Ar-H, J = 8 Hz), 7.16 (1H, t, Ar-H, J =
7.4 Hz), 7.09 (1H, d, Ar-H, J = 8 Hz), 6.79 (1H, t, Ar-H, J = 7.4 Hz), 4.10 (2H, q,
CH2CH3, J = 7.2 Hz), 3.91 (2H, d, CH2, J = 6.4 Hz), 3.82 (2H, d, CH2, J = 6.4 Hz), 2.06
(2H, m, CH), 1.37 (3H, t, CH3CH2 , J = 6.6 Hz), 0.99 (12H, app. t, (CH3 )4, J = 7 Hz) 13CNMR (100MHz, DMSO) C 166.7, 164.7, 162, 155.8, 155.3, 151.7, 151, 133, 130.9,
129.6, 127.4, 126, 125.1, 124.4, 123.7, 122.7, 120.6, 119.9, 119.2, 114.3, 112.8, 111.6,
74.8, 74.6, 64.3, 28.2, 28.1, 19.4, 15

187

2-((4-isobutoxy-2-((2-isobutoxy-4-((2isopropoxyphenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetic acid: 98%
of a pale yellow solid, 1 H-NMR (400MHz, DMSO, TMS)H 11.94 (1H, s, CONH), 9.93
(1H, s, CONH), 9.31 (1H, s, CONH), 8.38 (1H, d, Ar-H, J = 8.8Hz) , 7.89-7.83 (2H, app.
dd, Ar-H), 7.61-7.57 (2H, m, Ar-H), 7.50 (1H, s, Ar-H), 7.23 (1H, d, Ar-H-, J = 8 Hz),
7.14-7.12 (2H, m, Ar-H), 6.97 (1H, t, Ar-H, J = 6.6 Hz), 4.63 (1H, spt., O-CH-(CH3)2)
3.91 (2H, d, O-CH2 -CH, J = 6.4 Hz), 3.82 (2H, d, O-CH2 -CH, J = 6.4 Hz), 2.06 (2H, m,
CH2 -CH-(CH3)2), 1.31 (6H, d, CH-(CH3)2 , J = 6.4 Hz), 0.99 (12H, app. t., 2(CH-(CH3) 2),
J = 7 Hz) 13C-NMR (100MHz, DMSO)C 166.7, 164.6, 162, 155.8, 155.2, 151.8, 149.6,
133, 130.9, 129.6, 128.5, 125.8, 125.2, 124, 123.7, 122.7, 120.8, 119.8, 119.2, 114.7,
114.3, 111.6, 74.8, 74.6, 71.3, 28.2, 28.1, 22.3, 19.4

188

2-((4-isobutoxy-2-((2-isobutoxy-4-((2isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetic acid: 98%
of a white solid, 1H-NMR (400MHz, DMSO, TMS)H 11.92 (1H, s, CONH), 9.90(1H, s,
CONH), 9.40 (1H, s, CONH), 8.38 (1H, d, Ar-H, J = 9.6 Hz), 7.84-7.78 (2H, m, Ar-H),
7.62-7.58 (2H, m, Ar-H), 7.49 (1H, s, Ar-H), 7.24-7.15 (2H, m, Ar-H), 7.08 (1H, d, Ar-H,
J = 7.6 Hz), 6.97 (1H, t, Ar-H, J = 7.6 Hz), 3.89 (2H, d, O-CH2 -CH, J = 6 Hz), 3.82 (4H,
app. s., O-CH2 -CH), 2.06 (3H, m, CH2 -CH-(CH3) 2), 0.99 (18H, app. t., 3(CH-(CH3)2))
13

C-NMR (100MHz, DMSO)C 166.2, 164.1, 161.5, 154.6, 151.1, 150.8, 132.5, 130.4,

129.1, 126.8, 125.6, 124.5, 124, 123.1, 122.1, 120.1, 119.4, 118.6, 113.7, 112.2, 110.9,
74.3, 74.1, 74, 27.7, 27.69, 27.64, 19, 18.9

189

2-((2-((4-((2-(sec-butoxy)phenyl)carbamoyl)-2-isobutoxyphenyl)carbamoyl)-4isobutoxyphenyl)amino)-2-oxoacetic acid: 79% of a yellow solid, 1H-NMR (400MHz,
DMSO, TMS)H 11.94 (1H, s, CONH), 9.92 (1H, s, CONH), 9.31 (1H, s, CONH), 8.38
(1H, d, Ar-H, J = 8.8 Hz), 7.88 (1H, d, Ar-H, J = 7.6 Hz), 7.83 (1H, d, Ar-H, J = 8 Hz),
7.60-7.56 (2H, m, Ar-H), 7.50 (1H, s, Ar-H), 7.23 (1H, d, Ar-H, J = 8.8 Hz), 7.17-7.09
(2H, m, Ar-H), 6.96 (1H, t, Ar-H, J = 7.4 Hz), 4.43 (1H, sxt, OCH(CH3 )CH 2, J = 5.6 Hz),
3.90 (2H, d, OCH2CH, J = 6.8 Hz), 3.83 (2H, d, OCH2CH, J = 6.8 Hz), 2.08-2.02 (2H, m,
2(CH2CH(CH3)2)), 1.73-1.62 (2H, m, CHCH2CH3), 1.26 (3H, d, CHCH 3, J = 6 Hz),
1.01-0.98 (12H, m, 2(CH2CH(CH3)2)), 0.94 (3H, t, CH2CH3 , J = 7.4 Hz)

13

C-NMR

(100MHz, DMSO)C 166.2, 164, 161.5, 155.2, 154.7, 151.2, 149.3, 132.5, 130.4, 129.1,
127.9, 125.3, 124.7, 123.5, 123.1, 122.2, 120.2, 119.3, 118.7, 114, 113.8, 111, 75.4, 74.3,
74, 28.5, 27.6, 18.9, 18.8

2-((2-((4-((2-(carboxymethoxy)phenyl)carbamoyl)-2-isobutoxyphenyl)carbamoyl)-4isobutoxyphenyl)amino)-2-oxoacetic acid: 98% of a white solid, 1H-NMR (400MHz,
DMSO, TMS)H 13.24 (1H, s, CO2H), 11.9 (1H, s, CONH), 9.92 (1H, s, CONH), 9.69
(1H, s, CONH), 8.38 (1H, d, Ar-H, J = 9.6 Hz), 7.99 (1H, d, Ar-H, J = 8 Hz), 7.85 (1H, d,
Ar-H, J = 8.4 Hz), 7.65-7.63 (2H, m, Ar-H), 7.50 (1H, app. d., Ar-H), 7.23 (1H, app. dd,
190

Ar-H, J = 9.6 Hz), 7.17-7.05 (3H, m, Ar-H), 4.79 (2H, s, O-CH2), 3.92 (2H, d, O-CH2 CH, J = 6.8 Hz), 3.83 (2H, d, O-CH2-CH, J = 6.8 Hz), 2.09-2.02 (2H, m, CH2 -CH(CH3)2)), 1.01-0.98 (12H, app. t., 2(CH-(CH3)2)) 13C-NMR (100MHz, DMSO)C 171.4,
166.7, 164.5, 162, 155.9, 155.2, 151.8, 149.8, 132.8, 130.9, 129.8, 128.6, 125.5, 125,
123.7, 123.2, 122.7, 122.2, 119.8, 119.2, 115, 114.3, 111.6, 74.8, 74.6, 67.3, 28.2, 28.1,
19.4

2-((2-((4-((2-(2-(tert-butoxy)-2-oxoethoxy)phenyl)carbamoyl)-2isobutoxyphenyl)carbamoyl)-4-isobutoxyphenyl)amino)-2-oxoacetic acid: 92% of a
white ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 11.88 (1H, s, CONH), 9.88 (1H,
s, CONH), 9.53 (1H, s, CONH), 8.39 (1H, d, Ar-H, J = ), 7.95 (1H, d, Ar-H, J = 7.6 Hz),
7.87 (1H, d, Ar-H, J = 7.2 Hz), 7.63 (2H, app. d, Ar-H, J = 8.4 Hz), 7.48 (1H, s, Ar-H),
7.22 (1H, d, Ar-H, J = ), 7.13 (1H, d, Ar-H, J = 7.2 Hz), 7.08-7.04 (2H, m, Ar-H), 4.75
(2H, s, CH2), 3.94 (2H, d, O-CH2 -CH, J = 4.6 Hz), 3.82 (2H, d, OCH2CH, J = 4.6 Hz),
2.07 (2H, br. m, CH2CH(CH3) 2), 1.43 (9H, s, OC(CH3)3 , 1.00 (12H, d, 2(CH(CH3)2), J =
4.4 Hz) 13C-NMR (100MHz, DMSO)C 168.7, 166.7, 164.5, 155.1, 151.6, 149.8, 132.7,
131.1, 129.9, 128.3, 125.6, 124.8, 123.7, 123.5, 122.6, 122, 120, 119.2, 114.4, 114.2,
111.4, 82.1, 74.8, 74.6, 67.2, 28.2, 28.1, 19.4
191

2-((2-((4-((2-(2-amino-2-oxoethoxy)phenyl)carbamoyl)-2-isobutoxyphenyl)carbamoyl)4-isobutoxyphenyl)amino)-2-oxoacetic acid: 33% of an ivory solid, 1H-NMR (400MHz,
DMSO, TMS)H 11.55 (1H,s, CONH), 10.07 (1H, s, CONH), 9.67 (1H, s, CONH), 8.48
(1H, d, Ar-H, J = 9.2 Hz), 8.00 (1H, d, Ar-H, J = 8.8 Hz), 7.81 (2H, m, Ar-H), 7.66 (2H,
m, Ar-H), 7.50 (1H, s, Ar-H), 7.34 (1H, s, Ar-H), 7.16 (2H, t, Ar-H, J = 9.4 Hz), 7.097.02 (2H, m, Ar-H), 4.56 (2H, s, OCH2), 3.92 (2H, d, OCH2 CH, J = 6 Hz), 3.79 (2H, d,
OCH2CH, J = 6.8 Hz), 2.15-2.01 (2H, mm, 2(CH2CH(CH3) 2), 1.03-0.99 (12H, m,
2(CH2CH(CH3)2))

13

C-NMR (100MHz, DMSO)C 173.7, 169.5, 167.9, 167, 165.7,

156.9, 153.7, 153.2, 135.6, 134.9, 133.1, 130.9, 129, 127.6, 126.6, 126.4, 124.8, 123,
122.8, 121.8, 116.9, 116.7, 116.6, 114.5, 77.8, 77.4, 71.1, 31.1, 22.4, 22.3

192

2-((4-isobutoxy-2-((2-isobutoxy-4-((2-((4methylbenzyl)oxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetic
acid: 98% of an ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 11.94 (1H, s, CONH),
9.90 (1H, s, CONH), 9.51 (1H, s, CONH), 8.39 (1H, d, Ar-H, J = 8.8 Hz), 7.82 (1H, d,
Ar-H, J = 7.6 Hz), 7.75 (1H, d, Ar-H, J = 8 Hz), 7.60-7.57 (2H, m, Ar-H), 7.50 (1H, s,
Ar-H), 7.40 (2H, d, Ar-H, J = 8 Hz), 7.23 (1H, d, Ar-H, J = 8.4 Hz), 7.17-7.15 (4H, m,
Ar-H), 7.02-6.97 (1H, m, Ar-H), 5.14 (2H, s, OCH2), 3.84 (4H, app t. , 2(OCH2CH), J =
6.8 Hz), 2.28 (3H, s, Ar-CH3), 2.05 (2H, spt., 2(CH2CH(CH 3)2), J = 6.5 Hz), 1.00 (6H, d,
CH2CH(CH3)2 , J = 6.8 Hz), 0.97 (6H, d, CH2CH(CH3) 2, J = 6.4 Hz) 13C-NMR (100MHz,
DMSO)C 166.2, 164.2, 161.5, 155.4, 154.7, 151.2, 150.7, 136.8, 133.9, 132.4, 130.4,
129.1, 128.8, 127.2, 127, 125.7, 124.6, 124.4, 123.1, 122.1, 120.4, 119.5, 118.7, 113.7,
112.9, 111, 74.2, 74, 69.6, 27.69, 27.64, 20.6, 18.9

193

2-((4-isobutoxy-2-((2-isobutoxy-4-((2-((3methylbenzyl)oxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetic
acid: 88% of an ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 11.94 (1H, s, CONH),
9.90 (1H, s, CONH), 9.56 (1H, s, CONH), 8.39 (1H, d, Ar-H, J = 8.8 Hz), 7.82 (1H, d,
Ar-H, J = 7.6 Hz), 7.72 (1H, d, Ar-H, J = 7.6 Hz), 7.63-7.60 (2H, m, Ar-H), 7.49 (1H, s,
Ar-H), 7.30-7.16 (6H, m, Ar-H), 7.10 (1H, d, Ar-H, J = 7.6 Hz), 7.00 (1H, t, Ar-H, J =
8.2 Hz), 5.14 (2H, s, OCH2), 3.84 (4H, app t., 2(OCH2CH), J = 6.4 Hz), 2.29 (3H, s, ArCH3),2.07-2.02 (2H, m, 2(CH2CH(CH3)2)) 1.00 (6H, d, CH2CH(CH3 )2, J = 6.8 Hz), 0.97
(6H, d, CH2 CH(CH3)2 , J = 6.4 Hz)

13

C-NMR (100MHz, DMSO)C 166.7, 164.8, 162,

155.9, 155.2, 151.7, 151.5, 137.9, 132.9, 130.9, 129.6, 128.7, 128.6, 128.2, 127.6, 126.4,
125.4, 124.9, 124.7, 123.7, 122.7, 121, 120, 119.2, 114.3, 113.5, 111.6, 74.8, 74.6, 70.2,
28.2, 28.1, 21.4, 19.4

194

2-((4-isobutoxy-2-((2-isobutoxy-4-((2-((2methylbenzyl)oxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetic
acid: 98% of an ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 11.94 (1H, s, CONH),
9.89 (1H, s, CONH), 9.54 (1H, s, CONH), 8.38 (1H, d, Ar-H, J = 8.8 Hz), 7.80 (1H, d,
Ar-H, J = 8 Hz), 7.71 (1H, d, Ar-H, J = 7.6 Hz), 7.58-7.55 (2H, m, Ar-H), 7.50-7.49 (2H,
m, Ar-H), 7.26-7.15 (6H, m, Ar-H), 7.01 (1H, t, Ar-H, J = 7.4 Hz), 5.17 (2H, s, OCH2),
3.83 (4H, d, 2(OCH2 CH), J = 6 Hz), 2.32 (3H, s, Ar-CH3), 2.05-2.03 (2H, m,
2(CH2CH(CH3)2)), 1.00 (6H, d, CH2CH(CH3)2, J = 6.8 Hz), 0.97 (6H, d, CH 2CH(CH3)2,
J = 6.4 Hz) 13C-NMR (100MHz, DMSO)C 166.7, 164.9, 162, 155.2, 151.6, 136.6, 135.3,
132.9, 131, 130.4, 129.6, 128.4, 128.3, 127.5, 126.5, 126, 125.7, 124.9, 123.6, 122.6, 121,
120, 119.2, 114.2, 113.6, 111.5, 74.7, 74.6, 68.8, 28.2, 28.1, 19.4, 18.8

195

2-((2-((4-((2-((4-fluorobenzyl)oxy)phenyl)carbamoyl)-2-isobutoxyphenyl)carbamoyl)-4isobutoxyphenyl)amino)-2-oxoacetic acid: 98% of a white solid, 1H-NMR (400MHz,
DMSO, TMS)H 11.93 (1H, s, CONH), 9.89 (1H, s, CONH), 9.54 (1H, s, CONH), 8.39
(1H, d, Ar-H, J = 9.2 Hz), 7.82 (1H, s, Ar-H, J = 8.8 Hz), 7.73 (1H, d, Ar-H, J = 7.6 Hz),
7.59-7.56 (4H, m, Ar-H), 7.49 (1H, s, Ar-H), 7.24-7.16 (5H, m, Ar-H), 7.00 (1H, t, Ar-H,
J = 8.4 Hz), 5.17 (2H, s, OCH2), 3.83 (4H, app. t, 2(OCH2CH), J = 6 Hz), 2.05 (2H, spt.,
2(CH2CH(CH3)2)), J = 6.6 Hz), 1.00 (6H, d, CH 2CH(CH3)2 , J = 6.4 Hz), 0.97 (6H, d,
CH2CH(CH3)2 , J = 6.8 Hz) 13C-NMR (100MHz, DMSO)C 166.1, 164.3, 162.7, 161.5,
160.3, 155.7, 154.6, 151.1, 150.7, 133.1, 132.4, 130.4, 129.5, 129.4, 129.1, 127, 125.8,
124.8, 124.4, 123.1, 122.1, 120.5, 119.5, 118.6, 115.1, 114.9, 113.7, 112.9, 111, 74.2, 74,
68.9, 27.68, 27.64, 18.9

196

2-((4-isobutoxy-2-((2-isobutoxy-4-((2methoxyphenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetic acid: 50% of
a white solid, 1H-NMR (400MHz, DMSO, TMS)H 11.92 (1H, s, CONH), 9.89 (1H, s,
CONH), 9.49 (1H, s, CONH), 8.39 (1H, d, Ar-H), 7.83 (1H, d, Ar-H), 7.69 (1H, d, Ar-H,
J = 8 Hz), 7.65 (1H, s, Ar-H), 7.61 (1H, d, Ar-H, J = 8.4 Hz), 7.49 (1H, s, Ar-H), 7.247.18 (2H, m, Ar-H), 7.10 (1H, d, Ar-H, J = 7.6 Hz), 6.98 (1H, t, Ar-H, J = 7.6 Hz), 3.91
(2H, d, OCH2CH, J = 6.4 Hz), 3.83-3.82 (5H, m, OCH3 & OCH2 CH), 2.05 (2H, spt.,
2(CH2CH(CH3)2), J = 6.8 Hz), 1.00 (12H, app. t., 2(CH 2CH(CH3)2, J = 6.4 Hz)

13

C-

NMR (100MHz, DMSO)C 166.1, 164.3, 161.5, 155.7, 154.6, 151.7, 151.1, 132.3, 130.4,
129.1, 126.5, 125.8, 124.8, 124.3, 123.1, 122.1, 120, 119.5, 118.6, 113.7, 111.3, 74.3, 74,
55.5, 54.8, 30.5, 27.7, 27.6, 18.9

197

2-((4-isobutoxy-2-((2-isobutoxy-4-((2-((2nitrobenzyl)oxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetic acid:
88% of a pale yellow solid, 1H-NMR (400MHz, DMSO, TMS)H 11.96 (1H, s, CONH),
9.91 (1H, s, CONH), 9.64 (1H, s, CONH), 8.38 (1H, d, Ar-H, J = 9.2 Hz), 8.13 (1H, d,
Ar-H, J = 8 Hz), 7.92 (1H, d, Ar-H, J = 7.6 Hz), 7.82 (1H, d, Ar-H, J = 7.6 Hz), 7.747.70 (2H, m, Ar-H), 7.62-7.58 (3H, m, Ar-H), 7.50 (1H, s, Ar-H), 7.24-7.15 (3H, m, ArH), 7.03 (1H, t, Ar-H, J = 7.4 Hz), 5.56 (2H, s, OCH2), 3.87 (2H, d, OCH2CH, J = 6.4
Hz), 3.83 (2H, d, OCH2CH, J = 6.4 Hz), 2.05 (2H, br. m, 2(CH 2 CH(CH3) 2), J = 6 Hz),
1.00 (6H, d, CH2CH(CH3)2, J = 6.4 Hz), 0.97 (6H, d, CH 2CH(CH3 )2, J = 7.2 Hz) 13CNMR (100MHz, DMSO)C 166.7, 165.8, 164.9, 162, 155.7, 155.3, 153.4, 151.7, 151.1,
147.5, 134.3, 133.2, 132.9, 130.9, 129.6, 129.4, 129.3, 127.6, 126.6, 125.9, 125.2, 125,
123.6, 122.7, 121.5, 120.2, 119.2, 114.3, 113.7, 111.7, 74.8, 74.6, 67.4, 28.2, 28.1, 19.4

198

2-((4-isobutoxy-2-((2-isobutoxy-4-((2-(thiazol-5ylmethoxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetic acid: 98%
of a pale yellow solid, 1H-NMR (400MHz, DMSO, TMS)H 11.91 (1H, s, CONH), 9.86
(1H, s, CONH), 9.48 (1H, s, CONH), 9.06 (1H, s, Ar-H), 8.35 (1H, d, Ar-H, J = 9.2 Hz),
7.98 (1H, s, Ar-H), 7.78 (1H, d, Ar-H, J = 8.4 Hz), 7.69 (1H, d, Ar-H, J = 8 Hz), 7.567.54 (2H, m, Ar-H), 7.46 (1H, s, Ar-H), 7.25-7.16 (3H, m, Ar-H), 7.00 (1H, t, Ar-H, J =
7.6 Hz), 5.42 (2H, s, OCH2), 3.83 (2H, d, OCH2 CH, J = 6.8 Hz), 3.79 (2H, d, OCH2CH,
J = 6.8 Hz), 2.01 (2H, spt, 2(CH 2CH(CH3 )2), J = 6.4 Hz), 0.97 (6H, d, CH2 CH(CH3)2, J =
7.2 Hz), 0.95 (6H, d, CH2 CH(CH3)2 , J = 6.4 Hz)

13

C-NMR (100MHz, DMSO)C 166.7,

164.8, 162, 155.7, 155.2, 151.6, 150.8, 142.9, 132.9, 131, 129.6, 127.8, 126.3, 125.4,
124.9, 123.7, 122.7, 121.6, 120.1, 119.2, 114.2, 114, 111.6, 74.8, 74.6, 63.3, 28.2, 28.1,
19.4

199

2-((4-isobutoxy-2-((2-isobutoxy-4-((2-(oxazol-5ylmethoxy)phenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetic acid: 98%
of a pale yellow solid, 1H-NMR (400MHz, DMSO, TMS)H 11.89 (1H, s, CONH), 9.86
(1H, s, CONH), 9.45 (1H, s, CONH), 8.36 (2H, s, Ar-H), 7.78 (1H, d, Ar-H, J = 8 Hz),
7.69 (1H, d, Ar-H, J = 7.6 Hz), 7.55-7.52 (2H, m, Ar-H), 7.45 (1H, s, Ar-H), 7.29 (1H, s,
Ar-H), 7.26 (1H, d, Ar-H, J = 8 Hz), 7.20-7.16 (2H, m, Ar-H), 7.00 (1H, t, Ar-H, J = 8
Hz), 5.23 (2H, s, OCH2), 3.83 (2H, d, OCH2CH, J = 6.4 Hz), 3.79 (2H, d, OCH2CH, J =
6.8 Hz), 2.03 (2H, m, 2(CH 2 CH(CH3)2), J = 6.2 Hz), 0.96 (12H, app. t.,
2(CH2CH(CH3)2))

13

C-NMR (100MHz, DMSO)C 166.7, 164.9, 162, 156.1, 155.2,

153.1, 151.7, 150.8, 147.9, 132.9, 131, 1129.6, 127.9, 126.6, 126.3, 125.5, 124.9, 123.6,
122.6, 121.7, 120, 119.2, 114.2, 111.6, 74.8, 74.6, 60.9, 28.2, 28.1, 19.4

200

2-((2-((4-((2-([1,1'-biphenyl]-2-ylmethoxy)phenyl)carbamoyl)-2isobutoxyphenyl)carbamoyl)-4-isobutoxyphenyl)amino)-2-oxoacetic acid: 96% of an
ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 11.91 (1H, s, CONH), 9.86 (1H, s,
CONH), 9.41 (1H, s, CONH), 8.35 (1H, d, Ar-H, J = 9.6 Hz), 7.77 (1H, d, Ar-H, J = 8
Hz), 7.69-7.67 (2H, m, Ar-H), 7.54-7.50 (2H, m, Ar-H), 7.45 (1H, s, Ar-H),7.40-7.31
(7H, m, Ar-H), 7.27 (1H, d, Ar-H, J = 8.8 Hz), 7.19 (1H, d, Ar-H, J = 9.6 Hz), 7.09 (1H,
t, Ar-H, J = 7 Hz), 6.96-6.90 (2H, m, Ar-H) 5.02 (2H, s, OCH2 ), 3.78 (4H, app t.,
2(OCH2CH), J = 6.2 Hz), 2.01 (2H, spt, 2(CH 2CH(CH3) 2)), J = 6.4 Hz), 0.96 (6H, d,
CH2CH(CH3)2 , J = 6.8 Hz), 0.92 (6H, d, CH2CH(CH3)2, J = 6.8 Hz) 13C-NMR (100MHz,
DMSO)C 166.7, 164.9, 162, 155.2, 151.7, 151.3, 141.6, 140.3, 134.2, 134.1, 133, 130.9,
130.2, 129.6, 129.3, 128.7, 128.6, 127.9, 127.8, 127.5, 126.4, 125.4, 125, 123.6, 122.7,
121.1, 120.1, 119.2, 114.3, 113.3, 111.6, 74.8, 74.6, 68.7, 28.1, 19.4

201

2-((2-((4-((2-((2-bromobenzyl)oxy)phenyl)carbamoyl)-2-isobutoxyphenyl)carbamoyl)4-isobutoxyphenyl)amino)-2-oxoacetic acid: 89% of an ivory solid, 1H-NMR (400MHz,
DMSO, TMS)H 11.94 (1H, s, CONH), 9.90 (1H, s, CONH), 9.55 (1H, s, CONH), 8.38
(1H, d, Ar-H, J = 8.8 Hz), 7.81 (1H, d, Ar-H, J = 8 Hz), 7.78 (1H, d, Ar-H, J = 8 Hz),
7.68-7.65 (2H, m, Ar-H), 7.59-7.57 (2H, m, Ar-H), 7.50 (1H, s, Ar-H), 7.38 (1H, t, Ar-H,
J = 7.4 Hz), 7.29 (1H, t, Ar-H, J = 7.6 Hz), 7.24-7.17 (3H, m , Ar-H), 7.04 (1H, t, Ar-H,
J = 8.6 Hz), 5.22 (2H, s, OCH2), 3.85-3.82 (4H, m, 2(OCH2CH)), 2.08-2.02 (2H, m,
2(CH2CH(CH3)2)), 1.01-0.96 (12H, m, 2(CH2CH(CH3 )2))

13

C-NMR (100MHz,

DMSO)C 166.1, 164.3, 161.5, 155.3, 154.7, 151.2, 150.4, 135.7, 132.2, 130.4, 129.8,
129.6, 129.1, 127.6, 127.2, 125.8, 124.7, 124.4, 123.1, 122.1, 122, 119.5, 118.7, 113.7,
113.2, 111, 74.2, 74, 69.5, 27.6, 18.9

202

ethyl 2-((3-((2-isobutoxy-4-((2isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetate: 77% of an
ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 10.9 (1H, s, CONH), 9.46 (1H, s,
CONH), 9.35 (1H, s, CONH), 8.36 (1H, s, Ar-H), 8.03 (1H, d, Ar-H, J = 8.4 Hz), 7.93
(1H, d, Ar-H, J = 7.6 Hz), 7.80 (1H, d, Ar-H, J = 7.6 Hz), 7.72 (1H, d, Ar-H, J = 8 Hz),
7.62-7.53 (3H, m, Ar-H), 7.16 (1H, t, Ar-H, J = 7.4 Hz), 7.08 (1H, d, Ar-H, J = 8 Hz),
6.97 (1H, t, Ar-H, J = 7.4 Hz), 4.33 (2H, q, OCH2CH3, J = 7 Hz), 3.92 (2H, d, OCH2CH,
J = 6 Hz), 3.82 (2H, d, OCH2CH, J = 6.4 Hz), 2.14-2.05 (2H, m, 2(CH2CH(CH3)2)), 1.33
(3H, t, OCH2CH3, J = 7.2 Hz), 1.01-0.99 (12H, m, 2(CH2CH(CH3) 2)) 13C-NMR
(100MHz, CDCl3) C 164.2, 160.6, 154, 147.7, 147.5, 137.2, 135.9, 130.8, 130.6, 129.9,
127.9, 123.6, 123.1, 121, 119.4, 118.8, 118.7, 118.6, 110.7, 110.3, 75.2, 74.8, 63.9, 28.3,
28.1, 19.4, 19.3, 14; m/z (APCI) Target Mass: 576; found 576 (M +H) +

203

ethyl 2-((4-fluoro-2-((2-isobutoxy-4-((2isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetate: 61% of an
ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 12.08 (1H, s, CONH), 10.02 (1H, s,
CONH), 9.39 (1H, s, CONH), 8.46-8.42 (1H, m, Ar-H), 7.84-7.62 (3H, m, Ar-H), 7.627.54 (3H, m, Ar-H), 7.17 (1H, t, Ar-H, J = 7.8 Hz), 7.09 (1H, d, Ar-H, J = 8 Hz), 6.97
(1H, t, Ar-H, J = 7.4 Hz), 4.29 (2H, q, OCH2CH3 , J = 6.4 Hz), 3.88 (2H, d, OCH2CH, J =
6 Hz), 3.82 (2H, d, OCH2 CH, J = 5.6 Hz), 2.08-2.04 (2H, m, 2(CH 2CH(CH3 )2)), 1.29
(3H, app s, OCH2CH3) 1.01-0.95 (12H, m, 2(CH2CH(CH3 )2)) 13 C-NMR (100MHz,
CDCl3) C 165, 164, 160.5, 157.2, 154.6, 147.8, 147.5, 134.7, 131.4, 129.9, 127.8, 123.89,
123.82, 123, 121, 120.3, 120.1, 119.4, 119.3, 118.6, 113.3, 113, 110.7, 110.4, 75.2, 64.8,
63.6, 28.4, 28.1, 19.4, 19.2; m/z (APCI) Target Mass: 594; found 595 (M +H) +

204

5-((2-isobutoxy-4-((2-isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)isophthalic acid:
55% of an ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 13.53 (2H, br s, CO2H),
9.98 (1H, s, Ar-H), 9.37 (1H, s, Ar-H), 8.70 (2H, s Ar-H), 8.64 (1H, s, Ar-H), 7.93 (1H,
d, Ar-H, J = 7.6 Hz), 7.80 (1H, d, Ar-H, J = 7.6 Hz), 7.62 (1H, s, Ar-H), 7.58 (1H, d, ArH, J = 8.8 Hz), 7.17 (1H, t, Ar-H, J = 7.8 Hz), 7.09 (1H, d, Ar-H, J = 8 Hz), 6.97 (1H, t,
Ar-H, J = 7.4 Hz), 3.92 (2H, d, OCH 2CH, J = 7.2 Hz), 3.82 (2H, d, OCH2CH, J = 5.6
Hz), 2.12-2.05 (2H, m, 2(CH2CH(CH3)2)), 1.03-0.99 (12H, m, 2(CH2CH(CH3)2)) 13CNMR (100MHz, DMSO) C 165.9, 164.1, 163.6, 150.8, 150.7, 135.2, 132.4, 132, 131.7,
129.7, 126.9, 125.6, 124, 123.7, 120.1, 119.5, 112.1, 110.9, 74.4, 74.1, 27.7, 19, 18.9 ; m/z
(APCI) Target Mass: 548; found 549 (M +H) +

205

4-((2-isobutoxy-4-((2-isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)benzoic acid: 93%
of an ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 13.26 (1H, br s, CO2H), 9.68
(1H, s, CONH), 9.36 (1H, s, CONH), 8.10-8.03 (4H, m, Ar-H), 7.96 (1H, d, Ar-H, J =
8.8 Hz), 7.80 (1H, d, Ar-H, J = 7.6 Hz), 7.62 (1H, s, Ar-H), 7.58 (1H, d, Ar-H, J = 8.8
Hz), 7.17 (1H, t, Ar-H, J = 7.8 Hz), 7.08 (1H, d, Ar-H, J = 8 Hz), 6.97 (1H, d, Ar-H, J =
7.4 Hz), 3.91 (2H, d, OCH2 , J = 6.4 Hz), 3.82 (2H, d, OCH2, J = 6.4 Hz), 2.12-2.05 (2H,
m, 2(CH2CH(CH3 )2)), 1.01-0.99 (12H, m, 2(CH2 CH(CH3)2)) 13C-NMR (100MHz,
DMSO) C 167.1, 164.9, 164.6, 151.4, 150.9, 138.5, 134.1, 132.3, 130.3, 129.9, 128.1,
127.4, 126.1, 124.5, 123.9, 120.6, 120.1, 112.7, 111.4, 74.9, 74.6, 28.3, 28.1, 19.5, 19.4 ;
m/z (APCI) Target Mass: 504; found 505 (M +H) +

206

3-((2-isobutoxy-4-((2-isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)benzoic acid: 98%
of an ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 13.26 (1H, br s, CO 2H), 9.71 (1H,
s, CONH), 9.36 (1H, s, CONH), 8.51 (1H, s, Ar-H), 8.15 (2H, d, Ar-H, J = 6.8 Hz), 7.98
(1H, d, Ar-H, J = 8.4 Hz), 7.80 (1H, d, Ar-H, J = 7.6 Hz), 7.70-7.57 (3H, m, Ar-H), 7.16
(1H, t, Ar-H, J = 7.8 Hz), 7.08 (1H, d, Ar-H, J = 8 Hz), 6.97 (1H, t, Ar-H, J = 7.4 Hz),
3.92 (2H, d, OCH2, J = 6.4 Hz), 3.82 (2H, d, OCH2, J = 6.4 Hz), 2.13-2.05 (2H, m,
2(CH2CH(CH3)2)), 1.02-0.99 (12H, m, 2(CH2CH(CH 3)2)) 13C-NMR (100MHz, DMSO)
C 164.2, 164.1, 150.8, 150.3, 134.6, 132.3, 131.6, 129.9, 128.9, 128.1, 126.9, 125.6, 124,
123.2, 120, 119.6, 112.1, 110.8, 74.4, 72.12, 27.7, 27.6, 19, 18.9

207

2-((2-isobutoxy-4-((2-isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)benzoic acid: 93%
of a light brown solid, 1H-NMR (400MHz, DMSO, TMS)H 13.09 (1H, br s, CO 2H),
9.44 (1H, s, CONH), 9.33 (1H, s, CONH), 8.09 (1H, d, Ar-H, J = 7.2 Hz), 7.87 (1H, d,
Ar-H, J = 8 Hz), 7.81 (1H, d, Ar-H, J = 8 Hz), 7.67 (1H, t, Ar-H, J = 7.4 Hz), 7.60-7.56
(4H, m, Ar-H), 7.16 (1H, t, Ar-H, J = 7.8 Hz), 7.08 (1H, d, Ar-H, J = 8 Hz), 6.97 (1H, t,
Ar-H, J = 7.4 Hz), 3.87 (2H, d, OCH2, J = 6.4 Hz), 3.82 (2H, d, OCH2, J = 6.4 Hz), 2.112.05 (2H, m, 2(CH 2CH(CH3)2 )), 1.01-0.98 (12H, m, 2(CH2CH(CH3) 2))

13

C-NMR

(100MHz, DMSO) C 167.4, 167.3, 164.1, 150.7, 149.2, 138.2, 131.6, 130.6, 130.3, 130,
129.5, 129.4, 127.3, 126.9, 125.5, 123.8, 121.9, 120.1, 119.5, 112.1, 110.7, 74.5, 74.1,
27.7, 27.4, 19, 18.9

4-(2-aminobenzamido)-3-isobutoxy-N-(2-isobutoxyphenyl)benzamide: 81% of a white
solid, 1H-NMR (400MHz, DMSO, TMS)H 9.36-9.33 (2H, app d, 2(CONH)), 8.13 (1H,
d, Ar-H, J = 8 Hz), 7.82 (1H, d, Ar-H, J = 8 Hz), 7.63-7.57 (3H, m, Ar-H), 7.23 (1H, t,
Ar-H, J = 7.8 Hz), 7.16 (1H, t, Ar-H, J = 7.4 Hz), 7.08 (1H, d, Ar-H, J = 8 Hz), 6.97 (1H,
t, Ar-H, J = 7.4 Hz), 6.82 (1H, d, Ar-H, J = 8.8 Hz), 6.63 (1H, t, Ar-H, J = 7.4 Hz), 6.38
(2H, s, Ar-H), 3.92 (2H, d, OCH2, J = 6.4 Hz), 3.82 (2H, d, OCH2 , J = 6.4 Hz), 2.15-2.04
(2H, m, 2(CH2CH(CH3)2)), 1.03-0.96 (12H, m, 2(CH2CH(CH3)2)) 13C-NMR (100MHz,
208

DMSO) C 167.3, 164.6, 151.2, 150.1, 149.6, 132.9, 131, 130.9, 128.5, 127.5, 126, 124.3,
122, 120.6, 120.2, 117.6, 115.9, 115.5, 112.7, 111, 74.9, 74.6, 28.3, 28.2, 19.5, 19.4 ; m/z
(APCI) Target Mass: 475; found 476 (M +H) +

4-(3-aminobenzamido)-3-isobutoxy-N-(2-isobutoxyphenyl)benzamide: 98% of a light
brown solid, 1H-NMR (400MHz, DMSO, TMS)H 9.34 (1H, s, CONH), 9.13 (1H, s,
CONH), 8.16 (1H, d, Ar-H, J = 8.4 Hz), 7.82 (1H, d, Ar-H, J = 8 Hz), 7.61-7.57 (2H, m,
Ar-H), 7.20-7.13 (3H, m, Ar-H), 7.08 (1H, d, Ar-H, J = 8 Hz), 7.02 (1H, d, Ar-H, J = 8
Hz), 6.97 (1H, t, Ar-H, J = 7.4 Hz), 6.78 (1H, d, Ar-H, J = 7.6 Hz), 5.41 (2H, s, NH2 ),
3.93 (2H, d, OCH2CH, J = 6 Hz), 3.82 (2H, d, OCH2 CH, J = 6.4 Hz), 2.17-2.04 (2H, m,
2(CH2CH(CH3)2)), 1.03-0.99 (12H, m, 2(CH2CH(CH3)2)) 13C-NMR (100MHz, DMSO)
C 165.8, 164.6, 151.2, 149.6, 149.4, 135.6, 131, 130.9, 129.6, 127.5, 126, 124.3, 121.6,
120.6, 120.3, 117.6, 114, 113, 112.7, 111, 75, 74.6, 28.3, 28.1, 19.5, 19.4
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2-amino-5-fluoro-N-(2-isobutoxy-4-((2-isobutoxyphenyl)carbamoyl)phenyl)benzamide:
98% of a borwn solid, 1H-NMR (400MHz, DMSO, TMS)H 9.68 (1H, s, CONH), 9.34
(1H, s, CONH), 8.06 (1H, d, Ar-H, J = 8 Hz), 7.82 (1H, d, Ar-H, J = 8 Hz), 7.60-7.56
(2H, m, Ar-H), 7.47 (1H, d, Ar-H, J = 8.4 Hz), 7.18-7.14 (2H, m, Ar-H), 7.08 (1H, d, ArH, J = 8 Hz), 6.97 (1H, t, Ar-H, J = 7.4 Hz), 6.87-6.84 (1H, m, Ar-H), 6.17 (2H, s, NH2),
3.90 (2H, d, OCH2CH, J = 6.4 Hz), 3.82 (2H, d, OCH2CH, J = 6.4 Hz), 2.13-2.05 (2H, m,
2(CH2CH(CH3)2)),1.03-0.99 (12H, m, 2(CH 2CH(CH3)2 ) 13C-NMR (100MHz, CDCl3) C
166.1, 166, 164.2, 155.6, 153.3, 147.7, 147.4, 145.4, 130.9, 130.3, 127.9, 123.6, 121,
120.6, 120.3, 119.4, 119.1, 119, 118.7, 118.6, 116.15, 116.1, 112.8, 112.6, 110.7, 110.3,
75.1, 74.7, 28.3, 28.2, 19.4, 19.2; m/z (APCI) Target Mass: 493; found 494 (M +H)+
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methyl 4-((2-isobutoxy-4-((2-isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)benzoate:
30% of a yellow solid, 1H-NMR (400MHz, CDCl3 , TMS)H 8.82 (1H, s, CONH), 8.72
(1H, s, CONH), 8.67 (1H, d, Ar-H, J = 8 Hz), 8.54 (1H, d, Ar-H, J = 7.6 Hz), 8.19 (2H, d,
Ar-H, J = 8.8 Hz), 7.94 (2H, d, Ar-H, J = 8 Hz), 7.60 (1H, s, Ar-H), 7.44 (1H, d, Ar-H, J
= 8.4 Hz), 7.08-6.99 (2H, m, Ar-H), 6.91 (1H, d, Ar-H, J = 8 Hz), 3.98-3.96 (5H, m,
OCH2 & CO2Me), 3.86 (2H, d, OCH2, J = 6.4 Hz), 2.25-2.16 (2H, m, 2(CH 2CH(CH3)2)),
1.11 (12H, m, 2(CH 2CH(CH3)2 )) 13C-NMR (100MHz, CDCl3) C 166.1, 164.2, 147.7,
147.5, 138.6, 133.2, 130.78, 130.72, 130.2, 127.9, 126.9, 123.7, 121, 119.4, 118.8, 118.7,
110.7, 110.4, 75.1, 74.8, 52.4, 28.3, 28.2, 19.3, 19.2
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methyl 2-((2-isobutoxy-4-((2-isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)benzoate:
91% of a yellow solid, 1H-NMR (400MHz, DMSO, TMS)H 9.60 (1H, s CONH), 9.34
(1H, s, CONH), 8.06 (1H, d, Ar-H, J = 8.8 Hz), 7.87 (1H, d, Ar-H, J = 7.2 Hz), 7.82 (1H,
d, Ar-H, J = 7.2 Hz), 7.71 (1H, t, Ar-H, J = 7.4 Hz), 7.64-7.57 (4H, m, Ar-H), 7.16 (1H, t,
Ar-H, J = 7.8 Hz), 7.08 (1H, d, Ar-H, J = 8 Hz), 6.97 (1H, t, Ar-H, J = 7.4 Hz), 3.88 (2H,
d, OCH2CH, J = 7.2 Hz), 3.82 (2H, d, OCH2 CH, J = 6.4 Hz), 3.78 (3H, s, CO 2Me), 2.122.04 (2H, m, 2(CH2CH(CH 3)2)), 1.01-0.99 (12H, m, 2(CH2CH(CH3) 2)) 13C-NMR
(100MHz, DMSO) C 167.4, 167.1, 164.6, 151.2, 150.1, 138.5, 132.5, 131.5, 130.6, 130.3,
129.8, 128.1, 127.5, 126, 124.3, 123, 120.6, 120, 115.5, 112.7, 111.3, 75, 74.6, 52.7, 28.3,
28, 19.56, 19.51

5-(benzyloxy)-N-(2-isobutoxy-4-((2-isobutoxyphenyl)carbamoyl)phenyl)-2nitrobenzamide: 35% of a yellow solid, 1H-NMR (400MHz, DMSO, TMS)H 9.96 (1H,
s, CONH), 9.36 (1H, s, CONH), 8.20 (1H, d, Ar-H, J = 8.8 Hz), 8.06 (1H, d, Ar-H, J = 8
Hz), 7.82 (1H, d, Ar-H, J = 7.6 Hz), 7.60 (2H, s, Ar-H), 7.49 (2H, d, Ar-H, J = 6.8 Hz),
7.44-7.29 (5H, m, Ar-H), 7.17 (1H, t, Ar-H, J = 7.4 Hz), 7.08 (1H, d, Ar-H, J = 8.4 Hz),
6.98 (1H, t, Ar-H, J = 7.4 Hz), 5.31 (2H, s, OCH2), 3.87 (2H, d, OCH2 CH, J = 8.8 Hz),
212

3.82 (2H, d, OCH2CH, J = 9.6 Hz), 2.13-2.04 (2H, m, 2(CH2CH(CH3)2)), 1.01-0.98 (12H,
m, 2(CH2CH(CH3 )2)) 13 C-NMR (100MHz,DMSO) C 164.9, 164.6, 162.9, 151.3, 150.2,
139.3, 136.2, 136, 131.8, 130.1, 129, 128.7, 128.2, 127.4, 126.1, 124.4, 123.3, 120.6, 120,
116.3, 115.3, 112.7, 111.4, 75.1, 74.6, 70.7, 28.3, 28, 19.5; m/z (APCI) Target Mass: 611;
found 612 (M +H) +

methyl 3-((2-isobutoxy-4-((2-isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)benzoate:
61% of an ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 9.78(1H, s, CONH), 9.38
(1H, s, CONH), 8.52 (1H, s, Ar-H), 8.23-8.17 (2H, m, Ar-H), 7.98 (1H, d, Ar-H, J = 8.8
Hz), 7.81 (1H, d, Ar-H, J = 7.6 Hz), 7.72 (1H, t, Ar-H, J = 7.4 Hz), 7.63-7.58 (2H, m,
Ar-H), 7.17 (1H, t, Ar-H, J = 7.8 Hz), 7.08 (1H, d, Ar-H, J = 8 Hz), 6.98 (1H, t, Ar-H, J
= 7.4 Hz), 3.93-3.91 (5H, m, CO2Me & OCH2 ), 3.81 (2H, s, OCH2 , J = 5.6 Hz), 2.152.04 (2H, m, 2(CH2CH(CH 3)2)), 1.03-1.00 (12H, m, 2(CH2CH(CH3) 2)) 13C-NMR
(100MHz, DMSO) C 166, 164.6, 151.3, 150.9, 135.3, 132.6, 132.5, 132.2, 130.4, 129.7,
128.5, 127.4, 126.1, 124.5, 123.8, 120.6, 120.1, 112.7, 111.4, 74.9, 74.6, 52.8, 28.3, 28.2,
19.5, 19.4 m/z (APCI) Target Mass: 518; found 519 (M +H) +
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dimethyl 5-((2-isobutoxy-4-((2isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)isophthalate: 80% of an ivory solid, 1HNMR (400MHz, CDCl3 , TMS)H 8.93 (1H, s, CONH), 8,88 (1H, s, CONH), 8.77 (2H, s,
Ar-H), 8.72 (1H, s, Ar-H), 8.67 (1H, d, Ar-H, J = 8.4 Hz), 8.54 (1H, d, Ar-H, J = 8 Hz),
7.61 (1H, s, Ar-H), 7.45 (1H, d, Ar-H, J = 7.2 Hz), 7.08-6.99 (2H, m, Ar-H), 6.91 (1H, d,
Ar-H, J = 8 Hz), 4.00 (8H, m, 2(CO2Me) & OCH2CH), 3.87 (2H, d, OCH2 CH, J = 6.4
Hz), 2.30-2.17 (2H, m, 2(CH2CH(CH3)2)), 1.15 (6H, d, CH 2CH(CH3)2 ), J = 7.2 Hz), 1.11
(6H, d, CH2CH(CH3)2), J = 6.4 Hz) 13C-NMR (100MHz,CDCl3) C 165.2, 164.1, 162.8,
147.7, 147.4, 135.4, 133.7, 131.9, 131.6, 130.9, 130.5, 127.9, 123.7, 121, 119.4, 118.8,
110.7, 110.3, 75.1, 74.7, 52.6, 28.3, 28.2, 19.3, 19.2; m/z (APCI) Target Mass: 576; found
577 (M +H)+
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3-isobutoxy-N-(2-isobutoxyphenyl)-4-(3-nitrobenzamido)benzamide: 89% of a yellow
solid, 1H-NMR (400MHz, DMSO, TMS)H 10.03 (1H, s, Ar-H) 9.40 (1H, s, CONH),
8.75 (1H, s, CONH), 8.45 (1H, d, Ar-H, J = 8 Hz), 8.38 (1H, d, Ar-H, J = 8 Hz), 7.897.80 (2H, m, Ar-H), 7.79 (1H, d, Ar-H, J = 7.6 Hz), 7.63 (1H, s, Ar-H), 7.58 (1H, d, ArH, J = 8 Hz), 7.17 (1H, t, Ar-H, J = 7.8 Hz), 7.08 (1H, d, Ar-H, J = 8.4 Hz), 6.97 (1H, t,
Ar-H, J = 8.4 Hz), 3.91 (2H, d, OCH2CH, J = 6.4 Hz), 3.82 (2H, d, OCH2CH, J = 6.4
Hz), 2.13-2.03 (2H, m, 2(OCH2 CH(CH3)2)), 1.01-0.99 (12H, m, 2(OCH2CH(CH3)2)) 13CNMR (100MHz, DMSO) C 164.7, 163.7, 151.5, 151.4, 148.2, 136.2, 134.3, 132.8, 130.8,
129.9, 127.4, 126.7, 126.2, 124.8, 124.6, 122.8, 120.6, 120, 112.7, 111.5, 74.9, 74.6, 28.3,
28.2, 19.5, 19.4; m/z (APCI) Target Mass: 505; found 506 (M +H) +
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Ethyl-2-((2-((2-isobutoxy-4-((2isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetate: 88% of an
ivory solid, 1H-NMR (400MHz, DMSO, TMS)H 12.26 (1H, s, CONH), 9.91 (1H, s,
CONH), 9.39 (1H, s, CONH), 8.46 (1H, d, Ar-H, J = 8.8 Hz), 7.99 (1H, d, Ar-H, J = 7.6
Hz), 7.80 (2H, t, Ar-H, J = 7 Hz), 7.67-7.58 (3H, m, Ar-H), 7.35 (1H, t, Ar-H, J = 7.8
Hz), 7.17 (1H, t, Ar-H, J = 7.8 Hz), 7.09 (1H, d, Ar-H, J = 8.8 Hz), 6.97 (1H, t, Ar-H, J =
7.4 Hz), 4.30 (2H, q, OCH2 CH3, J = 7.2 Hz), 3.90 (2H, d, OCH2CH, J = 6.4 Hz), 3.82
(2H, d, OCH2CH, J = 6.4 Hz), 2.10-2.03 (2H, m, 2(CH2CH(CH3)2)), 1.30 (3H, t,
OCH2CH3, J = 7 Hz), 1.01-0.96 (12H, m, 2(CH2 CH(CH3)2))

13

C-NMR (100MHz,

CDCl3) C 166.2, 164.1, 160.6, 154.7, 147.8, 147.5, 138.5, 133.4, 131, 130.3, 127.9,
126.3, 124.4, 123.7, 121.8, 121.5, 121, 119.4, 119.2, 118.6, 110.7, 110.4, 75.1, 74.8, 63.6,
28.4, 28.1, 19.4, 19.2
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2-((4-fluoro-2-((2-isobutoxy-4-((2isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetic acid: 98%
of a white solid, 1H-NMR (400MHz, DMSO, TMS)H 12.04 (1H, s, CONH), 10.03 (1H,
s, CONH), 9.42 (1H, s, CONH), 8.51-8.47 (1H, m, Ar-H), 7.83-7.74 (3H, m, Ar-H),
7.63-7.52 (3H, m, Ar-H), 7.17 (1H, t, Ar-H, J = 7.6 Hz), 7.09 (1H, d, Ar-H, J = 8 Hz),
6.97 (1H, d, Ar-H, J = 7.4 Hz), 3.88 (2H, d, OCH2CH, J = 6.4 Hz), 3.82 (2H, d,
OCH2CH, J = 6.4 Hz), 2.08-2.04 (2H, m, 2(CH2CH(CH3 )2)), 1.00 (6H, d, CH2CH(CH3)2,
J = 6.4 Hz), 0.96 (6H, d, CH2 CH(CH3)2 , J = 7.2 Hz)

13

C-NMR (100MHz, DMSO) C

165.9, 164.7, 161.8, 159.2, 156.8, 156.4, 152.1, 151.4, 134.3,, 133.5, 129.3, 127.3, 126.2,
125.7, 124.6, 124.2, 123.2, 120.6, 119.9, 119.8, 119.7, 116, 115.7, 112.7, 111.6, 74.8,
74.6, 28.3,28.1,19.5,19.3

217

2-((3-((2-isobutoxy-4-((2isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetic acid: 98%
of a white solid, 1H-NMR (400MHz, DMSO, TMS)H 10.92 (1H, s, CONH), 9.46 (1H, s,
CONH), 9.37 (1H, s, CONH), 8.40 (1H, s, Ar-H), 8.04 (1H, d, Ar-H, J = 8 Hz), 7.93 (1H,
d, Ar-H, J = 8.4 Hz), 7.80 (1H, d, Ar-H, J = 7.6 Hz), 7.70 (1H, d, Ar-H, J = 6.8 Hz),
7.62-7.52 (3H, m, Ar-H), 7.17 (1H, t, Ar-H, J = 7.4 Hz), 7.09 (1H, d, Ar-H, J = 8 Hz),
6.97 (1H, t, Ar-H, J = 7.8 Hz), 3.93 (2H, d, OCH2CH, J = 6 Hz), 3.81 (2H, d, CH2CH, J
= 6.4 Hz), 2.14-2.05 (2H, m, 2(CH2CH(CH3) 2)), 1.02-0.99 (12H, m, 2(CH2CH(CH3)2))
13

C-NMR (100MHz, DMSO) C 165.1, 164.6, 162.4, 157.7, 151.3, 150.3, 138.6, 135.5,

131.7, 130.5, 129.5, 127.4, 126.1, 124.5, 124, 123.3, 122.9, 120.6, 120.2, 120, 112.7,
111.3, 75, 74.6, 55.3, 28.3, 28.1, 19.5
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2-((3-((2-isobutoxy-4-((2isobutoxyphenyl)carbamoyl)phenyl)carbamoyl)phenyl)amino)-2-oxoacetic acid: 95%
of a white solid, 1H-NMR (400MHz, DMSO, TMS)H 12.20 (1H, s, CONH), 9.91 (1H, s,
CONH), 9.41 (1H, s, CONH), 8.50 (1H, d, Ar-H, J = 8.8 Hz), 7.98 (1H, d, Ar-H, J = 7.6
Hz), 7.79 (2H, d, Ar-H, J = 7.6 Hz), 7.66-7.57 (3H, m, Ar-H), 7.33 (1H, t, Ar-H, J = 7.8
Hz), 7.17 (1H, t, Ar-H, J = 8 Hz), 7.09 (1H, d, Ar-H, J = 8 Hz), 6.97 (1H, t, Ar-H, J = 7.4
Hz), 3.89 (2H, d, OCH2 CH, J = 6.4 Hz), 3.82 (2H, d, OCH2CH, J = 6.4 Hz), 2.08-2.03
(2H, m, 2(CH 2CH(CH3)2 )), 1.00 (6H, d, CH2CH(CH3)2), J = 7.2 Hz), 0.96 (6H, d,
CH2CH(CH3)2), J = 6.4 Hz)

C-NMR (100MHz, CDCl3) C 166.5, 164.1, 161.3, 155.8,

13

151.3, 150.8, 137.4, 132.6, 132.5, 129.1, 128.4, 126.8, 125.6, 124.8, 124, 121.7, 120.5,
120.1, 119.5, 112.1, 111, 74.3, 74.1, 27.7, 27.6, 19, 18.8; m/z (APCI) Target Mass: 547;
found 548 (M +H) +
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3-isobutoxy-N-(2-isobutoxyphenyl)-4-(2-nitrobenzamido)benzamide: 53% of a yellow
solid, 1H-NMR (400MHz, DMSO, TMS)H 10.04 (1H, s, CONH), 9.36 (1H, s, CONH),
8.16 (1H, d, Ar-H, J = 8 Hz), 8.01 (1H, d, Ar-H, J = 8 Hz), 7.88 (1H, t, Ar-H, J = 7.6 Hz),
7.82-7.72 (3H, m, Ar-H), 7.59-7.58 (2H, m, Ar-H), 7.16 (1H, t, Ar-H, J = 7.4 Hz), 7.08
(1H, d, Ar-H, J = 8.4 Hz), 6.97 (1H, t, Ar-H, J = 7.4 Hz), 3.88 (2H, d, OCH 2, J = 6.4 Hz),
3.82 (2H, d, OCH2, J = 6.4 Hz), 2.13-2.03 (2H, m, 2(CH2 CH(CH3)2)), 1.01-0.98 (12H, m,
2(CH2CH(CH3)2) 13C-NMR (100MHz, DMSO)C 165, 164.6, 151.3, 150.5, 146.8, 134.5,
133.1, 132, 131.3, 130, 129.5, 127.4, 126.1, 124.6, 124.4, 123.6, 120.6, 120, 112.7, 111.5,
75.1, 74.6, 28.3, 28, 19.5; m/z (APCI) Target Mass: 505; found 506 (M +H) +
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5-fluoro-N-(2-isobutoxy-4-((2-isobutoxyphenyl)carbamoyl)phenyl)-2-nitrobenzamide:
62% of a yellow solid, 1H-NMR (400MHz, DMSO, TMS)H 10.10 (1H, s, CONH), 9.36
(1H, s, CONH), 8.31-8.27 (1H, m, Ar-H), 8.04 (1H, d, Ar-H, J = 8.4 Hz), 7.80 (1H, d,
Ar-H, J = 7.2 Hz), 7.66-7.58 (4H, m, Ar-H), 7.16 (1H, t, Ar-H, J = 7.8 Hz), 7.08 (1H, d,
Ar-H, J = 7.6 Hz), 6.97 (1H, t, Ar-H, J = 7.4 Hz), 3.88 (2H, d, OCH2, J = 7.2 Hz), 3.81
(2H, d, OCH2 , J = 5.6 Hz), 2.14-2.03 (2H, m, 2(CH2 CH(CH3)2)), 1.00-0.98 (12H, m,
2(CH2CH(CH3)2))
3.3) Supplementary Data for Mcl-1 Specific 1-Hydroxy-2-Carboxy Arene Inhibitors

Synthesis of methyl 5-amino-2-hydroxybenzoate: 5-aminosalicylic acid 18 was solvated
with MeOH to 1M and the reaction flask cooled to 0 oC and allowed to stir. Conc. H2 SO4
(6 eq.) was added drop-wise at 0oC and the reaction heated to 80 oC for 3 h. The reaction
solution was decanted onto ice and NaHCO 3 (sat. aq.) was added. The resulting
precipitate was isolated by vacuum filtration as a pink solid (68% yield) which was used
without further purification.

Synthesis of methyl 2-hydroxy-5-(isobutylamino)benzoate: 19 was solvated to 0.1M
with 1,2-dichloroethane and the reaction allowed to stir at rt to full solvation.
Isobutyraldehyde (1 eq.) followed by NaBH(OAc) 3 (2 eq.) was added and the reaction
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allowed to stir at rt for 16 h. The reaction turned a bright yellow color within 3 minutes
of NaBH(OAc)3 addition. The next day the reaction solution was decanted to a
separating funnel followed by 3 volumetric amounts of H 2 O and the aqueous layer
partitioned with CH2Cl2 (3x). The organic layers were dried with brine, Na 2 SO4, and
concentrated in vacuo. The crude product was purified by column chromatography with
7:3 hexanes/EtOAc to give 20 as a brown oil (63% yield).

General Addition-Elimination Procedure of N-isobutyl Arene: 20 was charged into a
round bottom flask and solvated with CH 2Cl2 to 0.1M. Pyridine (2 eq.) was added and
the reaction allowed to stir at 0 oC for 15 minutes. The appropriate sulfonyl chloride (1
eq.) was added drop-wise and the reaction allowed to stir at 0 oC for 16 h. The reaction
solution was decanted to a separating funnel and 3 volumetric amounts of 1M HCl was
added and the aqueous solution partitioned with CH 2 Cl2 (3x). The organic layers were
dried with brine, Na2SO4 , and concentrated down in vacuo to give pure product(s) 21 (9098% yield) without further purification.
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General Hydrolysis Procedure of Methyl 2-hydroxy-5-(isobutylsulfonamides): Methyl
ester 21 was charged into a round-bottom flask and solvated with a 1:1 mixture of
THF:H2O and stirred at 50oC until full solvation. LiOH.H2O (4 eq.) was added in one
portion and the flask allowed to stir at 50 oC for 16 h. The reaction solvent was removed
in vacuo and the residue decanted to a separation funnel with 3 volumetric equivalents of
H2O and adjusted to pH 14. The basic aqueous solution was partitioned between EtOAc
(3x) and the aqueous solution acidified to pH 1. The turbid acidic solution was
partitioned with EtOAc (3x) and the organic layers dried with brine, Na 2 SO4 , and
concentrated down in vacuo to give a white solid with no further purification required.
(95-98% yield).

methyl 5-amino-2-hydroxybenzoate: 68% of a pink solid, 1H-NMR (400MHz, DMSO,
TMS)H 9.77 (1H, br s, Ar-OH), 7.01 (1H, s, Ar-H), 6.83 (1H, d, Ar-H, J = 8.6 Hz), 6.72
(1H, d, Ar-H, J = 8.6 Hz), 4.81 (2H, s, NH2 ), 3.86 (3H, s, CO2Me) 13C-NMR (100MHz,
DMSO)C 169.7, 151.6, 141.1, 123.1, 117.6, 112.8, 112.1, 52.2; m/z (APCI) Target
Mass: 167; found 168 (M +H) +

methyl 2-hydroxy-5-(isobutylamino)benzoate: 63% of a brown solid,

1

H-NMR

(400MHz, DMSO, TMS)H 9.78 (1H, s, Ar-OH), 6.89-6.87 (2H, app d, Ar-H), 6.76 (1H,
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d, Ar-H, J = 8.8 Hz), 5.37 (1H, t, Ar-NHCH2, J = 5 Hz), 3.86 (3H, s, CO 2Me), 2.74 (2H,
t, NHCH2CH, J = 6.2 Hz), 1.80 (1H, m, CH2CH(CH3)2, J = 6.4 Hz), 0.92 (6H, d,
CH2CH(CH3)2 , J = 6.4 Hz)

methyl 2-hydroxy-5-(N-isobutylphenylsulfonamido)benzoate: 98% of a brown solid,
1

H-NMR (400MHz, DMSO, TMS)H 10.56 (1H, br s, Ar-OH), 7.70 (1H, t, Ar-H, J = 7

Hz), 7.61-7.53 (4H, m, Ar-H), 7.41 (1H, s, Ar-H), 7.10 (1H, d, Ar-H, J = 8.4 Hz), 6.94
(1H, d, Ar-H, J = 9.6 Hz), 3.85 (3H, s, CO2Me), 3.28 (2H, d, NCH2CH, J = 6.8 Hz), 1.44
(1H, m, CH2CH(CH3)2, J = 6.7 Hz), 0.85 (6H, d, CH2CH(CH3) 2, J = 6.4 Hz) 13C-NMR
(100MHz, DMSO)C 168.4, 159.4, 137.7, 135.4, 133.5, 130.7, 130.4, 129.7, 127.6,
118.6, 114, 57.6, 55.3, 53, 26.8, 20

methyl 2-hydroxy-5-(N-isobutylnaphthalene-2-sulfonamido)benzoate: 88% of a clear
solid, 1H-NMR (400MHz, CDCl3 , TMS)H 10.82 (1H, s, Ar-OH), 8.13 (1H, s, Ar-H),
7.89-7.86 (3H, br s, Ar-H), 7.62-7.55 (4H, br s, Ar-H), 7.03 (1H, d, Ar-H, J = 7.8 Hz),
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6.85 (1H, d, Ar-H, J = 7.8 Hz), 3.79 (3H, s, CO2Me), 3.32 (2H, d, NCH2CH, J = 5.6 Hz),
1.57 (1H, br s, CH2CH(CH3 )2), 0.93 (6H, d, CH2CH(CH 3)2, J = 4 Hz)

13

C-NMR

(100MHz, CDCl3)C 169.7, 160.9, 135.6, 134.9, 134.7, 132, 130.6, 130.5, 129.1, 129,
128.9, 128.7, 127.8, 127.4, 122.9, 118.2, 112.5, 58.1, 52.4, 26.7, 19.8

methyl 2-hydroxy-5-(N-isobutyl-[1,1'-biphenyl]-4-ylsulfonamido)benzoate: 63% of a
brown solid, 1H-NMR (400MHz, CDCl3, TMS)H 10.84 (1H, s, Ar-OH), 7.68-7.60 (7H,
m, Ar-H), 7.47-7.45 (3H, m, Ar-H), 7.08 (1H, d, Ar-H, J = 7.6 Hz), 6.89 (1H, d, Ar-H, J
= 8.4 Hz), 3.87 (3H, s, CO2Me), 3.32 (2H, d, NCH2CH, J = 7.2 Hz), 1.60-1.57 (1H, m,
CH2CH(CH3)2), 0.93 (6H, d, CH 2CH(CH3)2 , J = 6.4 Hz) 13C-NMR (100MHz, DMSO)C
169.8, 160.9, 145.4, 139.1, 136.5, 135.5, 130.6, 130.5, 129, 128.5, 128.1, 127.3, 127.2,
118.2, 112.5, 58, 52.5, 26.8, 19.8
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Methyl-5-(4-(4-chloro-3,5-dimethylphenoxy)-N-isobutylphenylsulfonamido)-2hydroxybenzoate: 84% of a yellow semi-solid,

1

H-NMR (400MHz, CDCl3, TMS)H

10.82 (1H, s, Ar-OH), 7.63 (1H, s, Ar-H), 7.50 (2H, d, Ar-H, J = 8.4 Hz), 7.04 (1H, d,
Ar-H, J = 8.8 Hz), 6.96 (2H, d, Ar-H, J = 8.4 Hz), 6.89 (1H, d, Ar-H, J = 8.8 Hz), 6.80
(2H, s, Ar-H), 3.94 (3H, s, CO 2Me), 3.26 (2H, d, NCH2CH, J = 7.2 Hz), 2.37 (6H, s, Ar(CH3)2), 1.62-1.52 (1H, m, CH2CH(CH3)2), 0.92 (6H, d, CH2CH(CH3)2, J = 6.4 Hz) 13CNMR (100MHz, CDCl3)C 169.9, 161.5, 161, 152.8, 138.3, 135.4, 131.8, 130.8, 130.6,
129.9, 120.1, 118.3, 117.3, 112.7, 58, 52.6, 29.8, 26.8, 21, 19.9

2-hydroxy-5-(N-isobutylphenylsulfonamido)benzoic acid: 45% of a brown solid, 1HNMR (400MHz, CDCl3 , TMS)H 10.51 (1H, s, Ar-OH), 8.82 (1H, br s, CO 2H), 7.607.58 (4H, m, Ar-H), 7.48 (2H, t, Ar-H, J = 7.8 Hz), 7.16 (1H, d, Ar-H, J = 9.2 Hz), 6.93
(1H, d, Ar-H, J = 8.4 Hz), 3.28 (2H, d, NCH2 CH, J = 6.8 Hz), 1.57 (1H, m,
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CH2CH(CH3)2 , J = 6.7 Hz), 0.92 (6H, d, CH2CH(CH3) 2, J = 7.2 Hz) 13C-NMR (100MHz,
CDCl3)C 173.2, 161.5, 137.7, 137.1, 132.8, 130.9, 130.7, 128.8, 127.6, 118.5, 111.5, 58,
26.7, 19.8; m/z (APCI) Target Mass: 349; found 350 (M +H) +

2-hydroxy-5-(N-isobutyl-[1,1'-biphenyl]-4-ylsulfonamido)benzoic acid: 98% of a white
solid, 1H-NMR (400MHz, CDCl3 , TMS)H 7.69 (2H, d, Ar-H, J = 8.4 Hz), 7.64-7.57
(5H, m, Ar-H), 7.48 (2H, t, Ar-H, J = 7.4 Hz), 7.42 (1H, d, Ar-H, J = 7.2 Hz), 7.13 (1H,
d, Ar-H, J = 9.2 Hz), 6.90 (1H, d, Ar-H, J = 8.8 Hz), 3.31 (2H, d, NCH2CH, J = 7.6 Hz),
1.594 (1H, m, CH2CH(CH3 )2, J = 6.8 Hz), 0.93 (6H, d, CH2CH(CH3)2, J = 6.8 Hz) 13CNMR (100MHz, CDCl3 )C 171.5, 161.1, 145.5, 139.1, 136.2, 135.7, 130.8, 130.1, 128.9,
128.4, 128.1, 127.3, 127.2, 117.9, 112.9, 58, 29.6, 26.6, 19.7

2-hydroxy-5-(N-isobutylnaphthalene-2-sulfonamido)benzoic acid: 89% of a white solid,
1

H-NMR (400MHz, CDCl3, TMS)H 10.53 (1H, s, Ar-OH), 8.19 (1H, s, Ar-H), 7.94227

7.90 (3H, m, Ar-H), 7.66-7.56 (4H, m, Ar-H), 7.13 (1H, d, Ar-H, J = 8.8 Hz), 6.90 (1H,
d, Ar-H, J = 8.8 Hz), 3.33 (2H, d, NCH2CH, J = 7.2 Hz), 1.59 (1H, m, CH2 CH(CH3)2, J
= 6.7 Hz), 0.93 (6H, d, CH2CH(CH3)2 , J = 6.8 Hz) 13C-NMR (100MHz, CDCl3)C 173.2,
161.5, 136.9, 134.8, 132, 131.2, 130.7, 129.2, 129.1, 129, 128.8, 127.9, 127.5, 122.8,
118.5, 111.6, 58.1, 26.7, 19.8

5-(4-(4-chloro-3,5-dimethylphenoxy)-N-isobutylphenylsulfonamido)-2-hydroxybenzoic
acid: 98% of a cream solid, 1H-NMR (400MHz, CDCl3, TMS)H 10.59 (1H, s, Ar-OH),
7.61 (1H, s, Ar-H), 7.52 (2H, d, Ar-H, J = 8.5 Hz), 7.19 (1H, d, Ar-H, J = 8.8 Hz), 6.97
(2H, d, Ar-H, J = 8.6 Hz), 6.93 (1H, d, Ar-H, J = 8.8 Hz), 6.80 (2H, s, Ar-H), 3.27 (2H, d,
NCH2CH, J = 7.2 Hz), 2.36 (6H, s, Ar-(CH3 )2), 1.58 (1H, m, CH2CH(CH3)2 ), 0.93 (6H, d,
CH2CH(CH3)2 , J = 6.5 Hz)

13

C-NMR (100MHz, DMSO-d6)C 171.4, 161.2, 160.7,

153.1, 138.3, 136, 131.8, 130.6, 130.2, 130, 120.5, 118.2, 117.9, 113.7, 57.7, 55.3, 26.8,
20.7, 20
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Chapter IV: Ortho-selective Nucleophilic Aromatic Substitutions (SN Ar) of 3Substituted 2,6-dichloro-3-nitropyridines Using Alkali Metal Alkoxides
4.1) Solvent and Counter-Ion Effects on the Regioselectivity of the S NAr of 2,6-Dichloro3-Nitropyridines with Alkali Metal Alkoxides
The coordination of Lewis basic directing metalation groups (DMG) to
alkyllithium (R-Li) reagents is a well-known method for the synthesis of ortho-lithiated
arenes.83 The resulting arene intermediates may then be subsequently reacted with a wide
spectrum of electrophiles in an adapted form of electrophilic aromatic substitution.
However, the analogous directing effect that occurs with metal alkoxides in S N Ar
reactions of 1-substituted, 2,4-dihaloaromatic compounds has gone unnoticed in the
literature.84 In particular, in-depth studies on the ortho-directing capabilities of electronwithdrawing directing groups at the 1-position in the presence of Lewis basic reaction
solvents had not been reported. In addition, recent reports of such ortho-selective SN Ar
reactions had not expanded upon the scope of the alkoxide nucleophiles. Detailed studies
on analogous SN Ar reactions with a 3-substituted 2,6-dichloropyridine, where metal
alkoxides may coordinate to the heterocyclic nitrogen and thus hinder the directing
effects of the 3-substituent, were also unreported.

Given the presence of 2,6-

dichloropyridine derivatives in pharmaceutically active agents, such as flupirtine, an indepth study on such regioselective SN Ar reactions would be of significant use to the field
of synthetic medicinal chemistry.85
Towards the synthesis of the -helix mimetic compounds 1-6 shown in Table 2.2,
compound 6 (Figure 4.1) was a necessary subunit. As alluded to in Chapter 2, the
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Figure 4.1: Synthesis of the required picolinic acid 6 for the 1st generation
proteomimetics detailed in Chapter 2. (a) NH3, EtOH; (b) NaNO2, H2SO4, H2O;
(c) Ag2CO3, (CH3)2CHI; (d) Bu3CH=CH2, Pd(PPh3)4; (e) (1) O3, AcOH; (2)
AgNO3, KOH; (f) (CH3 )2CHOH, NaH, toluene, 0oC  rt, 16 h, 98%

original synthesis reported by Hamilton and co-workers was accomplished by a lengthy
route that required the O-alkylation of the pyridol intermediate 3 (Figure 4.1).48 Since the
formation of the desired O-alkylated product 4 competes with the undesired N-alkylation
detailed in Chapter 2, we considered if an alternative route would allow us to furnish the
necessary compound 4 from 1 in a single ortho-selective S NAr reaction. As Hamilton’s
synthetic route (Figure 4.1) entailed the regioselective attack of NH 3 at the 2-chloro
position, we rationalized that this may be the result of the formation of a stabilized
hydrogen bond interaction in the tetrahedral transition state. 48, 86 Additionally, it was also
reported that solvent hydrogen bond basicity (SHBB) affects the regioselectivity of S N Ar
reactions of electron deficient polyfluoroarenes with secondary amines due to a similar
hydrogen bonding effect in the tetrahedral transition state.87

Specifically, 2,4-

difluoroacetophenone is known to give exceptional ortho-selectivity in solvents with
weak SHBB due to the formation of the hydrogen bonded tetrahedral transition state. 87
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Based on this report, we speculated that a similar effect may occur between the metal
alkoxide counter-ion and the electron withdrawing nitro group resulting in the formation
of an analogous transition state to promote an ortho-selective SN Ar attack at the 2-chloro
position (Figure 4.1). The SNAr reaction of the starting material 1 in Figure 4.1 to
furnish compound 4 was initiated by the in situ formation of the sodium isopropoxide salt
in DMF, which is a polar aprotic solvent normally employed to accelerate S NAr reactions.
The same SN Ar reaction was also repeated in the presence of the non-polar aprotic
solvent toluene. With DMF as a solvent, the starting material 1 was consumed within
several hours at room temperature and yielded a chromatographically inseparable 2:1
mixture of the regioisomers 4a, 4b, and a minor 8% of the bis-O-alkylated product 4c
(Table 4.1). In contrast to the DMF conditions, the SN Ar in toluene required 16 hours at
room temperature for completion, but yielded an impressive 98:2 ratio of 4a to 4b with
no 4c. Despite how the in situ generated sodium isopropoxide salt would be insoluble in
toluene, it is likely that its solubility is increased upon coordination of the sodium cation
to the polar electron-withdrawing 3-nitro group of 1.

The coordination of the

isopropoxide salt brings the nucleophile within the close proximity of the activated 2 chloro position, thus favoring nucleophilic attack at the ortho-position.

The ortho-

directed attack would also lead to an electronically neutral transition state, allowing for
its solvation even in solvents of low dielectric constant, such as toluene. This idea of
“built-in solvation” was originally proposed by Bunnett and further explains the orthoselectivity of the S NAr reaction seen in Table 4.1.88 The confirmation of the orthoselective nucleophilic attack to afford 4a was accomplished by 1H- and 2D NOESY
NMR analysis of 4a and a mixture of the 4a and 4b.
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Table 4.1: Solvent and counter-ion effects on SNAr regioselectivity. (a) Reaction conditions: 2,6dichloro-3-nitropyridine (1 mmol) and isopropanol (1.2 mmol) were charged into a round-bottom
flash and dissolved with the select solvent (10 mL). The flask was cooled to 0 oC (though the
DMSO condition was performed at rt). NaH (1.3 mmol) was added under inert N2 atmosphere and
the reaction allowed to stir for 30 min at 0oC. The flask was then allowed to stir for 16 h at rt. (b)
relative dielectric constant. (c) hydrogen-bond basicity scale. (d) Isolated yield after purification by
column chromatography. (e) Determined by 1 H-NMR. (f) Value for generic chloroalkane. (g) Yield
based on recovered starting material. (h) Reaction performed with 1.2 mmol of 15-crown-5-ether
with NaH added last. ND = not determined.

In addition to the DMF and toluene conditions, we expanded the scope of the
SN Ar to include other solvents to investigate their effect on the regioselectivity of the
reaction (Table 4.1).

From our results there is a visible correlation between the

regioselectivity of the SN Ar reaction with respect to the dielectric constant (r) and the
pKHB values.89 The pKHB values may be used as an indication of the overall SHBB.
Furthermore, since hydrogen bonding is a particular type of Lewis acid-base coordination,
the pKHB values correlate with the overall Lewis basicity between a hydrogen bond
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acceptor and a metal cation. Reaction solvents with particularly low r and pKHB values
were associated with greater ortho-selectivity. In contrast, solvents with higher r and
pKHB resulted in less ortho-selective SN Ar reactions and additionally led to a greater
proportion of the bis-substituted 4c product. Among the solvents that were surveyed,
toluene imparted the greatest ortho-selectivity, while SN Ar reactions in DMSO gave the
worst.

Of particular interest is how the solvents CH 3CN, DMF, and DMSO all

demonstrated a clear trend where higher pK HB values resulted in less ortho-substituted
product. The results shown in Table 4.1 are in agreement with our hypothesis that orthoselective SN Ar may be achieved via the coordination of the sodium alkoxide cation with
the electron-withdrawing nitro group. Specifically, in solvents with low polarity and
SHBB, the sodium isopropoxide cation is more likely to be coordinated to the nitro group
rather than solvated by solution. In order to further confirm that such coordination of the
sodium ion to the nitro group was essential to ortho-selectivity, the reaction in toluene
(Table 4.1) was repeated with the addition of 15-crown-5 ether. As seen in entries 1 and
9 in Table 4.1, the addition of 15-crown-5 resulted in a marked reduction in the overall
regioselectivity of the SN Ar, showing similar results with the dipolar aprotic solvent
DMF (Entry 7). Next, we evaluated the effect of the particular metal counter-ion with
respect to the regioselectivity of the reaction.

Utilizing the lithium, sodium, and

potassium salts of hexamethyldisilazane (HMDS) as the base in the presence of THF
solvent, it was observed that different metal counter-ions affect the regioselectivity of the
reaction as seen in entries 10-12. This result is also in agreement with our hypothesis,
since Li+ is the most electropositive of the alkali metals and can thus form a strong
coordinate bond with the oxygen of the nitro group of 1. The possible transition state of
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the ortho-selective attack is detailed in Figure 4.2 and is consistent with our results
shown in Table 4.1 as well.

Figure 4.2: Coordination of the in situ generated sodium isopropoxide
nucleophile salt by the nitro group. The internal solvation drives the
regioselective attack by the nucleophile salt at the ortho position of the ring.

Upon confirming the effects of solvent and counter-ion identity, we then
expanded the scope of alcohol nucleophiles beyond isopropanol. As seen in Table 4.2,
various primary, secondary, and tertiary alkoxides reacted with 1 to afford excellent
ortho:para regioselectivity in excess of 93:7 with high yield.

While the sterically

hindered tert-butoxide anion required an excess of the nucleophile and heating to 60 oC,
the product yield and regioselectivity were uncompromised even in these harsher reaction
conditions (Table 4.2, 8). From our results in Table 4.1, we had improved the orthoselective nucleophilic attack of the primary alkoxide through the usage of the lithium salt.
We concluded that if ortho-selective attack with a primary alkoxide is desired, then the
lithium salt would be an optimum choice. However, if ortho-selective attack is desired
with secondary and tertiary alkoxides, then the sodium salt would be a more suitable
choice.
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Table 4.2: Substrate range for the SNAr reaction of 2,6-dichloro-3-nitropyridine with varied alkali
metal alkoxidesa (a) Reaction conditions: 2,6-dichloro-3-nitropyridine (1 mmol) and the
corresponding alcohol (1.2 mmol) were charged into a round-bottom flash and dissolved with
toluene (10 mL). The flask was cooled to 0oC (though the DMSO condition was performed at rt).
NaH (1.3 mmol) was added under inert N2 atmosphere and the reaction allowed to stir for 30 min at
0oC. The flask was then allowed to stir for 16 h at rt. (b) Isolated yield after purification by column
chromatography (c) Determined by 1 H-NMR (d) To minimize bis-substitution, NaOMe was
generated in situ followed by the pyridine. (e) 7% of bis-substituted product was detected. (f) 3 eq.
of LiHMDS was used. (g) Yield based on recovered starting material. (h) Modified reaction
conditions: 2.7 eq. tert-butanol, 2.8 eq. NaH, 60oC, 30 min.
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Since the electron-withdrawing nitro group is largely responsible for the ortho-selective
attack by coordination, we proceeded to investigate the effects of different 3 -position
substituents on the 2,6-dichloropyridine starting material. Among the various 3-position
substituents, we surveyed several electron-withdrawing groups such as the nitrile, ester,
amide, and the nitro group itself (Table 4.3). In this instance, sodium isopropoxide salts
were added to the reaction rather than in situ formation of the alkoxide salt, leading to
slower and incomplete reactions. As a result, both the product yields and the product
yields based on recovered starting material are shown in Table 4.3. Among the four 2,6dichloropyridine substrates, we observed the greatest ortho-selectivity in the presence of
toluene as the solvent (Table 4.3). The regioselectivity decreased in the presence of
more polar solvent that are more likely to solvate the alkoxide counter-ion, owing to the
solvent’s higher SHBB.

When the directing group X was a nitro, ester, or amide

functional group, exceptional ortho-selectivity (>97:3) in toluene was observed.
However, one exception was noted where 2,6-dichloronicotinonitrile (Table 4.3, Entry
4) exhibited reduced regioselectivity in toluene and virturally no regioselectivity in
CH3CN (Table 4.3, Entry 6). These results were somewhat unexpected, as we originally
hypothesized that no regioselective SN Ar would occur in either solvent due primarily to
the sp-hybridization of the nitrile functionality, which directs the nitrogen lone pair
electrons away from the desired six-membered transition state. However, the slight
ortho-selectivity observed in Table 4.3, Entry 4, is most likely due to the “side-on” coordination of the Lewis basic nitrile py and pz orbitals with the alkali metal cations,
rather than the ‘end-on’ -coordination of the nitrogen lone pair. Though not as optimal,
such side-on  coordination would induce a transition state similar to that shown in
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Table 4.3: Variations of the 2,6-dichloropyridine coordinating group. (a) Reaction conditions:
2,6-dichloro-3-X-pyridine (0.5 mmol) was charged into a round-bottom flask and dissolved with
the appropriate solvent (5 mL). Sodium isopropoxide (1.5 mmol) was added and the reaction
stirred at rt for 16 h. (b) Isolated yield after purification by column chromatography. (c)
Determined by 1 H-NMR. (d) Data from Table 1 with sodium isopropoxide generated in situ. (e)
Yield based on recovered starting material.

Figure 4.2, thus promoting ortho-selective attack, albeit slightly weaker than the nitro,
ester, and amide groups (Table 4.3).
For stronger bases that exhibit a low pKb value, their reaction with an acid is more
thermodynamically favorable. With respect to the Lewis definition of acid and bases, a
similar effect is observed where more Lewis basic (electron-pair donating) groups are
more likely to strongly coordinate with a Lewis acidic metal cation. Aside from the data
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with 2,6-dichloronicotinonitrile (Table 4.3, Entry 4), there is a noticeable effect of the
basicity (pKb) of a functional group X (Table 4.3), which is also related to its overall
Lewis basicity, on the regioselectivity of the of the S N Ar reaction in CH3 CN (Entries 3, 9,
12). Increasing amounts of the ortho-substituted product were observed with the nitro <
ester < amide groups, where the order of these three groups shows their increasing
basicities.
Thus, we have concluded that SN Ar reactions of alkali metal alkoxides with 3substituted, 2,6-dichloropyridines may proceed with exceptional ortho-selective attack.
We have surveyed a variety of alkoxides where nearly exclusive (> 98:2) ortho-selective
nucleophilic attack was observed with secondary and tertiary alkoxides in the presence of
a sodium counter-ion. Reaction with the more reactive primary alkoxides however,
required the more Lewis acidic lithium counter ion. From our experiments with varied
solvents, 15-crown-5 ether addition, and varied electron-withdrawing substituents at the
3-position, we have confirmed that coordination of the metal counter-ion to the 3substituent is the primary impetus for ortho-selective nucleophilic attack.

Since 3-

substituted, 2,6-dichloropyridines are featured in a wide variety of small-molecule
inhibitors, we believe that our synthesis work may be of significant benefit to other
synthetic chemists.
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4.2) Spectroscopic Confirmation of Ortho-selective Nucleophilic Aromatic Substitution

H4

H5
methine

Figure 4.3: 1H NMR (5 – 9 ppm) of 4a (from entry 1, Table 1) in CDCl3

methine
H4

H5 (4a)
*

H5 (4b)
*

H5 (4c)
*

4a
4b
*4c
4c
*
*

Figure 4.4: 1H NMR (5 – 9 ppm) of a mixture of 4a/4b/4c (from entry 7, Table 1) in CDCl3
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Figure 4.5: 1H-1 H NOESY NMR Spectrum of the Mixture of 4a/4b (from entry 7, Table 1) in CDCl 3
(top) Aligned with the 1 H NMR Spectrum of the Same Mixture (bottom)

The NOESY spectrum shown was performed with a mixture of 4a (ortho) and 4b
(para) at a mixing time of 2 sec. The NOE interactions between the methyl protons of
the 4a ortho and 4b para isomers and their respective methine protons of the isopropyl
group and the H5 proton of the pyridine heterocycle are depicted. The CH 3 to H5 crosspeak that was detected in the 4b para isomer is 3 times higher in intensity with respect to
the analogous peak observed in the 4a ortho isomer. The differences observed in the
NOESY cross-peak intensities are independent from the concentration difference of the
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two isomers. In fact, the concentration of the para isomer was half of the ortho isomer
sample, as seen in the 1D 1H NMR spectrum of the mixture of 4a and 4b. The stronger
intensity of the CH3 -H5 NOESY cross-peak in the compound, which we have tentatively
referred to as the para isomer, suggests that the CH3 protons are closer in proximity to
the H5 proton in the pyridine heterocycle than in the ortho isomer. This observation is in
agreement with our assignments. Additionally, the CH 3 -H5 cross-peak observed in the
para isomer was detected in a mixing time of 0.5 sec. By comparison, a longer mixing
time of 1 sec was required to detect the CH 3-H5 cross-peak in the ortho isomer.
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Chapter

V:

ProteinProtein

Interactions

of

the

Intrinsically

Disordered

Oncoprotein c-Myc
5.1) Discovery and Significance of c-Myc in Oncogenesis
The cellular myelocytomatosis (c-Myc) protein is a short lived (t1/2 = 20-30 min.)
64 kDa member of the basic helix-loop-helix leucine zipper (bHLH-LZ) protein family of
transcription factors, which includes its obligate binding partner myc activating factor X
(Max), as well as its antagonist protein, Max dimerization protein 1 (Mad). Though
inactive in its monomeric form, c-Myc heterodimerizes with its obligate partner protein,
Max to form transcriptionally active c-MycMax heterodimers (Figure 5.1).90

Figure 5.1: Intrinsically disordered (ID) c-Myc binds Max and forms the ordered helical c-MycMax heterodimer.

The heterodimerization event of c-Myc with Max is required for all known
biological functions of c-Myc.90 These biologically active c-MycMax heterodimers
recognize and bind the conserved double-stranded DNA (dsDNA) palindromic “E-box”
hexanucleotide sequence 5’-CACGTG-3’.91
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Once bound to the E-box sequence, c-Myc recruits transcriptional machinery
leading to the transcription of multiple genes involved in the regulation of cell cycle
progression, cell proliferation, apoptosis, and metabolism.92 Furthermore, the proper
expression of c-Myc is known to be essential for developing cells and embryogenesis. 93
Experiments with c-Myc knockout mice were observed to be embryonically lethal,
confirming the importance of c-Myc’s role in development.93 Similarly, the inactivation
of c-Myc in normal rat fibroblasts resulted in significantly longer cell division times,
further suggesting its importance in cell growth.94 Developing and proliferating cells
normally express c-Myc in the presence of growth factor ligands such as epidermal
growth factor (EGF), while resting quiescent cells generally express very little c-Myc.95
Although c-Myc is necessary for normal cell function and proliferation, its dysregulation
and over-expression has been associated with an extensive number of aggressive human
cancers.96

Though c-Myc dysregulation was first observed in cases of Burkitt’s

lymphoma and leukemia, it is now known that c-Myc over-expression is associated with
lung, neuronal, breast, colon, prostate and gynecological cancers as well.97

Indeed,

nearly one-third of breast and colon cancer cases have been associated with c-Myc
overexpression.98

Further reports have also highlighted an oncogenically synergistic

relationship with the overexpression of anti-apoptotic Bcl-2 proteins as well.99
Depending on the particular tissue and isoform of c-Myc that is expressed, the gross
amplification of the c-myc oncogene has been observed with 20 to 250 fold
overexpression in c-Myc-induced carcinomas.98

With an estimated 100,000 c-Myc

associated cancer deaths yearly in the U.S. alone, there is a clear and urgent need for cMyc inhibitors. Despite this need, there are currently no c-Myc drugs that have reached
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clinical trials. The most potent c-Myc inhibitors reported in literature have exhibited only
double-digit M IC50 values in vitro, suggesting that achieving therapeutically significant
levels with those compounds in vivo is unlikely.95, 100 While such significant potency has
not yet been reported, the accumulated evidence over the past four decades regarding the
role of c-Myc in the initiation and progression of cancer has further expanded our
knowledge on both its structure and activation as an oncogenic transcription factor. 90-91, 95,
100

The importance of c-Myc’s role in initiating cell proliferation and subsequent
transformation was originally discovered by Bishop et al. in the 1980s in cases of
Burkitt’s lymphoma.101 Specifically, chromosomal translocations of the c-myc gene with
immunoglobulin (Ig) gene loci regions were observed to induce the amplification of the
c-myc gene in over 80% of Burkitt’s lymphoma cases. Similar translocations (Figure 5.2)
of the c-myc gene have been also reported in large B-cell lymphoma where in some cases
bcl-2 gene translocations into Ig loci occurred in heterogenous lymphoma populations,
confirming the synergistic oncogenic effect with Bcl-2 anti-apoptotic proteins.6
In vivo murine models have also reported similar chromosomal translocations that
result in amplified c-myc resulting in the induction of various types of cancers as well. 93a,
102

Though chromosomal translocations of the c-myc gene into Ig loci are most

associated with oncogenic activation, in certain rare cases point mutations or deletions
within the c-myc gene have been observed with c-Myc over-expression.102

Such

mutation and deletions however only account for the smaller 20% percentage of c-Myc
activation and are most often observed in HIV infected populations where viral
transformation is the result of such genetic aberrations. 102
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Figure 5.2: Diagram showing the general mechanism of chromosomal
translocation between two hypothetical chromosomes A & B. The coding
region of gene 2 on chromosome B can translocate with gene 1 of
chromosome A. The enhancer region proceeds to transcribe gene 2 on the
fusion chromosome while the reciprocal fragments become defunct.

Since Bishop’s discovery of c-Myc over 30 years ago, understanding the role of cMyc in oncogenesis has led to the identification of other related tissue-specific isoforms
such as L-Myc in lung tissue, and N-Myc in neuronal tissue.96c, 103 Among the three
known isoforms, the dysregulation of c-Myc is of particular interest given that this
particular isoform is ubiquitous in all body tissues as opposed to the more localized LMyc and N-Myc isoforms.102, 104 Indeed, c-Myc is often referred to as a “central switch”
or “central hub” protein of several key cell signaling pathways that are known to
converge upon its activation. One such pathway is the MAP kinase cascade pathway that,
in many cancers, may be hyper-activated in its own right. The hyper-activation of the
MAP kinase pathway is known to converge on c-Myc and ultimately activate its
transcriptional activity.90,

105

The downstream effects of c-Myc activation are the

transcription and eventual translation of proteins responsible for cell cycle progression
such cyclins and cyclin-dependent kinases (CDK).106 Additionally, the activation of c-

245

Myc has also been reported to increase the intracellular levels of the enzyme lactate
dehydrogenase (LDH) which is a major enzyme involved in the glycolytic metabolism
observed in cancer cells as described by the Warburg effect.106 Due to their involvement
with the overproduction and activation of downstream oncogenic factors, the key
upstream signaling pathways that primarily converge on c-Myc activation will be the
focus in the following section.

5.2) Signal Transduction and Regulation of c-Myc
Owing to its role as a regulator of cell growth, cell proliferation, and survival, the
expression of c-Myc is regulated through the activation of upstream mitogenic growth
factors. The binding of growth factor ligands at their cell surface receptors is known to
activate very specific signaling pathways that are known converge on c-Myc and hence
are directly responsible for its regulation and activation.
As introduced previously, one particular pathway that converges on c-Myc
activation is the MAP kinase pathway shown below in Figure 5.3. The binding of EGF
induces the autophosphorylation of the Tyr residues at the cytoplasmic tails of RTKs that
are then recognized and bound by Growth Factor Receptor Bound (Grb2) proteins. Grb2
is bound by adaptor proteins such as the Son of Sevenless (SOS) protein through the SH3
domains of Grb2 that recognize the proline-rich regions of SOS. SOS acts as a guanine
nucleotide exchange factor (GEF) that converts the Rat sarcoma (Ras) protein to an
active GTP-bound form. Formation of active GTP-Ras is coupled with the recruitment of
protein phosphatases that activate the Rapidly Accelerated Fibrosarcoma (Raf) proteins
thus initiating the activation of the MAP kinase cascade.
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Figure 5.3: Diagram of the MAP kinase signaling pathway. Activation of the
pathway is initiated by a growth factor ligand bound to their respective receptor.
Autophosphorylation of Tyr residues is recognized by Grb2 via its SH2 domains.
SOS proteins bind the SH3 domain of Grb and act as an adaptor protein for Ras which
initiates the MAP kinase cascade.

The terminal protein of the MAP kinase cascade, the Extracellular Signal
Regulated Kinase (ERK), has been reported to phosphorylate c-Myc specifically on
Ser62.105a, 105b Previous reports by Sears et al. suggest that the phosphorylation of Ser62
of c-Myc serves to stabilize the protein in vivo, thus allowing it to initiate
transcription.105c Indeed, the activation of the MAP kinase pathway through growth
factor ligands during the G0 -G1 phases of the cell cycle has been observed with the
subsequent accumulation of c-Myc in vivo as the phosphorylation of Ser62 is postulated
to make the protein resistant to degradation (Figure 5.3).105c, 105d Furthermore, a series of
alanine mutation studies by Pulverer and co-workers demonstrated that S62A mutations
abolished the oncogenic activation of c-Myc as well.107
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In addition to the positive regulation of c-Myc by ERK-mediated Ser62
phosphorylation, the PI3K/PKB pathway previously introduced in Chapter 1 contributes
to the stabilization of c-Myc by inhibiting the activity of another Ser/Thr kinase,
glycogen synthase kinase 3  (GSK3) (Figure 5.4).107-108 In contrast to ERK, GSK3
negatively regulates c-Myc by phosphorylating Thr58, which is suggested to be an
essential post-translational modification that leads to the degradation of c-Myc through
ubiquitination.105d During the G0 -G1 phases of the cell cycle, the binding of growth
factors at the cell surface results in the activation of not only the MAP kinase pathway
but also the PI3K/PKB pathway. The activation of the PI3K/PKB pathway increases the
levels of PKB, which in turn sequesters GSK3 Ser/Thr kinase and prevents GSK3-

Figure 5.4: MAP kinase and PI3K/PKB pathways converge on the phosphorylation of
c-Myc on Ser62 and Thr58 respectively. The increased levels of growth factors
upregulate the MAP kinase pathway leading to the stabilization of c-Myc through Ser62
phosphorylation. In contrast, Thr58 phosphorylation which normally leads to the
degradation of c-Myc is inhibited in tandem through crosstalk with the PI3K/PKB
pathway.

mediated phosphorylation of c-Myc residue Thr58. In the absence of phosphorylated
Thr58, ubiquitination enzymes are unable to recognize c-Myc, resulting in its
constituitive activation.105d
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Aside from the MAP kinase and PI3K/PKB kinase pathways, the JAK/STAT
kinase pathway, which was also previously introduced in Chapter 1, has been reported to
induce the expression of c-Myc.109 Unlike the MAP kinase and PI3K/PKB pathways,
however, the induction of c-Myc by JAK/STAT is reportedly the result of direct
transcription of the c-myc gene through STAT dimerization rather than post-translational
modifications of the c-Myc protein.109
Increased levels of c-Myc expression are observed not only during cell
proliferation and growth, but also during embryogenesis. Owing to its role in embryonic
development, the downstream expression of c-Myc has also been observed in the
Wingless-type (Wnt) signaling pathway.110 A recent study by Zhang et al. in 2012
demonstrated that aberrant Wnt signaling results in the upregulation of the c-myc gene in
cases of testicular germ cell cancers.111 In the absence of Wnt glycoprotein, GSK3
phosphorylates -catenin proteins in the cell which results in their ubiquitination and
subsequent degradation.110-111

Overexpression of Wnt signals the activation of the

disheveled (Dsh) protein and inhibits the activity of GSK3 and leads to the increase in
-catenin proteins. -catenin then proceeds to bind T-cell factor lymphoid enhancer
factor (Tcf/lef) transcription factors which regulate the expression of multiple genes,
most notably c-myc.110-111
In addition to the above signaling pathways, c-Myc is also regulated through
direct competition for its dsDNA hexanucleotide binding site by its related bHLH-LZ
proteins Mad and Max.91, 112 Although c-Myc is activated through heterodimerization
with Max, Max and Mad can form MaxMax and MadMax homo- and heterodimers
respectively.91 As c-Myc, Max, and Mad fall under the same category of bHLH-LZ
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proteins, it is perhaps not surprising that the amino acid residues of Arg (i), His (i + 4),
and Glu (i + 8), which are responsible for binding into the major groove of dsDNA, are
conserved. Since Max does not exhibit any N-terminal transactivation domains (TAD) as
observed in c-Myc, the binding of MaxMax homodimers to the 5’-CACGTG-3’
sequences in DNA does not seem to regulate the transcription of any target genes,
suggesting that the binding of MaxMax homodimers to dsDNA regulates the activity of
c-MycMax purely through direct competitive binding.98, 113 In contrast to Max, Mad
proteins harbor their own TAD domains that are responsible for the recruitment of
transcriptional machinery necessary for the transcription of genes that are antagonistic to
the target genes transcribed by c-Myc.91, 114 Indeed, various reports have demonstrated
that MadMax heterodimers transcribe genes involved in cell differentiation and
specialization rather than cell growth.114-115 Though the expression of c-Myc in resting
cells is minimal, the interactions of c-Myc, Mad, and Max suggest that there is a dynamic
equilibrium that occurs amongst these proteins with respect to their DNA binding.
Moreover, the overexpression of c-Myc in cancer cells will especially push this
equilibrium to favor the formation of functional c-MycMax heterodimers, given that
Max proteins are constantly expressed in vivo.116
As seen with the previously introduced Bcl-2 protein family, there is an equally
overwhelming number of signaling pathways that converge on c-Myc activation and
expression. The interplay among the key kinase pathways as well as the equilibrium with
other bHLH-LZ proteins highlights how c-Myc truly functions as a “central hub” of gene
transcription and demonstrates its oncogenic potential. As a result, the development of
small-molecule inhibitors towards c-Myc has been the focus of both academia and the
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pharmaceutical industry for the past decades.

The understanding of the structural

properties of this intrinsically disordered protein is not only tantamount but obligatory for
the successful future development of c-Myc specific small-molecule inhibitors. Thus, the
structural features of c-Myc and their roles in the heterodimerization with Max will be
discussed in detail in the following section.

5.3) Structure & Intrinsic Disorder of c-Myc
In order to initiate transcription, c-Myc must first heterodimerize with its obligate
bHLH-LZ protein partner, Max. In the absence of this heterodimerization event, c-Myc
exists as an intrinsically disordered (ID) protein monomer with no transcriptional activity.
ID proteins are traditionally characterized by either a lack of protein secondary structure
with usually no apparent physiological effects in their monomeric forms. As an ID
protein, the structure of monomeric c-Myc presents itself as long random loop segments,
though small ordered helical fragments are interspersed within the structure. 117

In

general, the tendency for such proteins to exist in their ID monomeric state is entropically
favored given the significant conformational flexibility such structures exhibit.
The necessary a priori heterodimerization event of c-Myc with Max was
previously confirmed and elucidated by X-ray crystallography by Burley et al. where the
authors highlighted the presence of a dimerization domain within the c-MycMax leucine
zipper (LZ) region that spans residues 359-427.91, 114 The dimerization event between cMyc and Max is driven by hydrophobic and polar interactions within the LZ region,
which ultimately induces the ordered left-handed transcriptionally active coiled-coil of cMycMax heterodimers. From their crystal structure of the c-MycMax/DNA ternary
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complex, Burley et al. further observed the formation of even more complex quaternary
structures where two c-MycMax heterodimers may interact with one another by their
LZ domains spanning across the interchromatin distances between dsDNA regions. 114
As shown in Burley’s original crystal structure (Figure 5.5), the authors
elucidated how Max residues Leu88 (i), Gln91 (i + 3), Asn92 (i + 4), and Leu95 (i + 7)
interact with c-Myc residues Leu420 (i), Arg423 (i + 3), Arg424 (i + 4), and Leu427 (i +
7). The hydrophobic (i), (i + 7) leucine heptad repeats and (i + 3/4) polar residues are
canonical structural characteristics of the LZ domain where similar interactions are also
observed in MaxMax homodimers and MadMax heterodimers.114

Figure 5.5: Molecular interactions within the LZ domain of the c-MycMax heterodimer. (Left)
Original crystal structure of Burley et al. with the LZ domain highlighted in yellow. (Right) The
(i) & (i + 7) leucine heptad repeats of c-Myc (red) with Max (blue) are shown flanking the (i +3/4)
polar residues. (PDB: 1NKP).

Figure 5.5 also depicts how the hydrophobic (i), (i + 7), and polar (i +3/4)
interactions of the monomeric ID forms of c-Myc and Max may overcome the significant
entropic penalty that is inherent to most ID proteins. In their ID monomeric forms, cMyc and Max may assume a wide range of conformations, which according to the Gibbs
free energy equation, ∆G = ∆H-T∆S, is generally favored (-∆G). Unless the necessary
hydrophobic and polar interactions (-∆H term) occur, it is unlikely that the ID forms of c-
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Myc and Max will spontaneously form the ordered helices shown in Figure 5.5. While
the dimerization of c-Myc with Max is the definitive rate-limiting step towards its
transcriptional activation, the competition of c-Myc with Max and Mad also contributes
to the overall regulation of c-Myc activation.
The reported crystal structures of homodimeric MaxMax and heterodimeric
MadMax have also further elucidated the energetic favorability of c-MycMax
formation over MaxMax and MadMax dimerization.91, 114 As depicted in Figure 5.5,
residues Arg423 & Arg424 of c-Myc engage in polar interactions with residues Gln91 &
Asn92 of Max. Though these interactions are primarily through hydrogen bonding, the
positively charged guanidinium groups of c-Myc confer a degree of ion-dipole
interactions to facilitate the favorable dimerization of c-Myc with Max.

Polar

interactions are also observed between MadMax heterodimers where the polar residues
Glu125 & Gln126 of Mad (Figure 5.6) participate in hydrogen bonding with Gln91 &
Asn92 of Max. Akin to the positively charged Arg residues of c-Myc, the negatively
charged Glu125 residue of Mad not only forms hydrogen bonds with Asn92, but also
allows for electrostatic ion-dipole interactions. In contrast to the ion-dipole interactions
observed in both c-MycMax and MadMax, the polar interactions between the (i +3) &
(i + 4) residues of MaxMax homodimers consist of solely reciprocal hydrogen bonding
between Gln91 & Asn92. The differences in the nature of the polar interactions of cMycMax, MadMax, and MaxMax suggest that among the three proteins, the
formation of c-MycMax and MadMax heterodimers is favored over MaxMax.
Indeed, a stop-flow kinetic study reported by Goss et al. calculated the experimental
Arrhenius activation energies for c-MycMax (20.4 kJ/mol), MadMax (29 kJ/mol), and
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MaxMax ( kJ/mol).116 The step-wise increments in the activation energies from cMycMax, to MadMax, and to MaxMax dimerization are in agreement with the
previously introduced differences in the (i + 3) & (i + 4) residues. Specifically, the two
ion-dipole interactions of Arg423 & Arg424 of c-Myc with Gln91 & Asn92 of Max
(Figure 5.5) would be the most favorable, followed by the hydrogen bonding interactions
of Glu125 & Gln126 of Mad with Gln91 & Asn92 Max (Figure 5.6), and lastly the
reciprocal hydrogen bonding of the Gln91 & Asn92 residues of homodimeric Max.

Figure 5.6: Crystal structure of the LZ domain of MadMax heterodimers.
Glu125 & Gln126 of Mad (gray) are shown engaging in hydrogen bonding
with Asn92 of Max (blue). (PDB: 1NLW).

Interestingly, although Max is known to form homodimers in solution, the
presence of either c-Mycc-Myc or MadMad homodimers has not been reported in
literature. According to the reported crystal structures of helical forms of c-Myc and
Mad, it is suggested that the Leu heptad (i) & (i + 7) repeats may potentially form
hydrophobic interactions to cause momentary dimerization. Despite this, electrostatic
repulsion between the (i +3) & (i + 4) Arg residues of hypothetical c-Mycc-
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Mychomodimers as well as between the (i + 3) Glu residues of MadMad homodimers
most likely disrupts such dimerization events altogether.
Once monomeric c-Myc dimerizes with Max, the resulting transcriptionally active
c-MycMax heterodimers bind a specific hexanucleotide sequence in the major groove of
dsDNA. This particular nucleotide sequence, known as the E-box element, is comprised
of the palindromic 5’-CACGTG-3’ sequence.114,

118

The recognition of the E-box

element occurs through the binding of the amino terminus basic region of c-MycMax
utilizing the conserved residues of His359 (i), Glu363 (i + 4), and Arg367 (i + 8) for cMyc, and His28 (i), Glu32 (i + 4), and Arg36 (i + 8) for Max (Figure 5.7).

Figure 5.7: DNA binding region of c-MycMax heterodimers. (Left) c-MycMax heterodimers
recognizing the E-box sequence 5’-CACGTG-3’ within dsDNA highlighted in yellow. (Right) The basic
dsDNA binding region at the NH terminus of c-MycMax with the conserved His, Glu and Arg residues
labeled; the dsDNA contacts were omitted for clarity. (PDB: 1NKP)
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The specific interactions between the basic region of c-Myc and the E-box
sequence 5’-CACGTG-3’ consists of the following hydrogen bonds: 1) His359 with N7
of G6’ (where ‘ signifies the complementary strand); 2) Glu363 with the NH2 groups of
both A2 and C3; and 3) a strong hydrogen bond interaction between Arg367 and G4’ (1)
(Figure 5.8).114 Due to the palindromic nature of the E-box hexanucleotide sequence,
analagous hydrogen bond interactions are observed with Max residues His28, Glu32, and
Arg36 as well.

Figure 5.8: Hydrogen bonding interactions between c-Myc and the E-box 5’-CACGTG-3’
sequence in dsDNA. The ‘ denotes the complimentary nucleoside with respect to the
palindromic sequence. Extraneous nucleosides have been removed for purpose of clarity.
(PDB: 1NKP)

The binding of c-MycMax at the E-box is followed by the recruitment of
transcriptional machinery through a TAD domain comprised of c-Myc residues 1-167
that are located further upstream from the DNA binding site. Within the TAD domain
are several oligopeptide segments referred to as the Myc Homology Box (MB) domains,
that are known to interact with and recruit additional proteins involved in DNA
transcription such as TATA box binding protein (TBP), Myc modulator 1 (MM1) protein,

256

and, more importantly, the Transformation/Transcription domain association protein or
TRRAP. TRRAP is an adaptor protein that binds the MBII region of c-Myc’s TAD and
is known to exist as a complex comprised of other transcriptional proteins. 117, 119 TRRAP
recruitment is essential for the activation of histone acetyltransferases (HATs), which
catalyze the addition of acetyl groups at the basic lysine and arginine residues found
within histone proteins. The acetylation of these basic residues effectively loosens the
DNA-histone contacts through a loss of electrostatic interactions and facilitates access of
transcription factor proteins to dsDNA.119
The structural information elucidated from the X-ray crystal structures of Burley
et al. has provided us with significant insight on not only the proteinprotein interactions
(PPIs) between c-Myc and Max, but also on the protein-DNA interactions (PDIs)
between c-MycMax and DNA. Owing to their conserved functionalities and structural
contributions, the PPIs and PDIs of c-MycMax present themselves as two potential
avenues towards achieving successful antagonism through rational drug design. Though
there has been much effort directed towards identifying potent inhibitors of c-Myc, the
discovery of sufficiently potent nanomolar inhibitors has proven elusive. Regardless,
several low micromolar small-molecule inhibitors of c-Myc and/or of c-MycMax
dimerization have been identified. These synthetic ligands are the focus of the next
section.
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5.4) Targeting c-Myc with Small-molecule Inhibitors
As introduced above, the monomeric ID form of c-Myc in vivo does not exhibit
any recognizable binding clefts for small-molecules to bind, or that can be utilized to
dock agents through computational modeling. Although monomeric c-Myc exhibits a
degree of sparse helical as well as -turn regions, these are transiently occurring
oligopeptide segments that do not contribute overall to the stabilization of a definitive
structure. Indeed, Fladvad et al. and Fieber et al. have reported that both the amino
terminus TAD and carboxy terminus LZ regions of c-Myc exhibit very little ordered
structure with the exception of the previously mentioned  and  segments.117,
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Owing to the absence of significant secondary and tertiary structure, the rational design
of c-Myc specific inhibitors remains a formidable and daunting task. For ID proteins on
the whole, their lack of stabilized structure coupled with their essential roles in signal
transduction, cell development, and gene expression has earned them the reputation as
being “undruggable” protein targets. Despite such a reputation, specific “druggable”
regions on an otherwise “undruggable” c-Myc protein are amenable to small-molecule
binding and inhibition through two proposed modes of inhibition.
While targeting ID proteins in their monomeric form is traditionally known to be
difficult given the lack of secondary structure, the organization of c-Myc in its ordered
helical form of c-MycMax may provide a momentary PPI binding site for smallmolecule inhibitors. Several reports on the inhibition of PPIs allude to the existence of
short oligopeptide segments or “molecular recognition elements” (MoREs) within ID
proteins that function to recognize their obligatory binding partners. 121

Given the

presence of MoREs within c-MycMax, its ordered helical form may lend itself to
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rational drug design where small-molecule inhibitors can be engineered to mimic the
molecular interactions of MoREs and ultimately disrupt the active protein dimers. 121
Furthermore, conserved residues in the MoREs of c-MycMax may also allow for the
necessary molecular interactions for a small-molecule inhibitor to recognize the ordered
structure.121-122 Since cancer cells are observed to overexpress c-Myc, it is reasonable to
assume that the proposed equilibrium is tipped in favor of the heterodimerized form of cMycMax, exposing the MoREs of the ordered form of c-Myc for small-molecule
inhibition.121 The potential to disrupt c-MycMax heterodimers by this approach was
validated by Boger and Vogt utilizing high-throughput screening (HTS) methods which
demonstrated the successful disruption of c-MycMax from dsDNA.123
The second proposed method of inhibition is through direct binding of monomeric
c-Myc with small-molecules.121 Specifically, the functional groups of a small-molecule
may facilitate binding to c-Myc monomers and induce localized helicity within a short (~
20 residue) oligopeptide segment. The localized helicity of monomeric c-Myc renders it
unrecognizable by Max and prevents the formation of active c-MycMax heterodimers.
Metallo and Prochownik et al. recently demonstrated through CD spectroscopy,
truncation experiments, and 2D NOESY NMR, that the small-molecule inhibitors 10058F4 and 10074-G5 can recognize c-Myc in its ID monomeric form and prevent the
dimerization of c-Myc with Max.122 Similarly, we have also demonstrated the successful
c-Myc specific targeting of a library of 10074-G5 analogs by in vitro electrophoretic
mobility shift assays (EMSA). 124
An alternative, albeit indirect, third method of inhibiting c-Myc is to sequester its
obligatory protein partner Max. As the heterodimerization of c-Myc with Max is a

259

necessary step prior to gene transcription, the sequestration of free Max with small
molecules may antagonize the transcriptional activity of c-Myc. The indirect inhibition
of c-Myc though Max sequestration was reported by Vogt et al. in a pioneering study
where they identified small-molecule inhibitors capable of binding to and stabilizing
MaxMax homodimers though a virtual screen of a 1,668 member NCI chemical
library.125 Vogt et al. uncovered three distinct binding sites on MaxMax homodimers in
silico that were bound by small-molecule inhibitors: 1) the DNA binding region of
MaxMax; 2) between the amino terminus basic and HLH regions; and, 3) between the
LZ and HLH regions.125 Since the DNA binding regions of Myc, Mad, and Max are
conserved, this particular region was discarded as a potential MaxMax specific binding
site. Structural similarities between c-MycMax and MaxMax were also observed at
the second proposed binding site between the basic DNA binding region and HLH region.
Vogt et al. selected the third site between the LZ and HLH region since among c-Myc,
Mad, and Max, there exist slight differences in structure that may allow for a greater
degree of selectivity for MaxMax homodimers.125

From their studies, Vogt et al.

identified a group of compounds that inhibited the activation of c-Myc through
MaxMax stabilization and sequestration. These compounds will be discussed in greater
detail in the following section.
Despite c-Myc’s reputation as an “undruggable” target, there has been much
evidence reported in the recent decade that suggests otherwise.

Moreover, the

identification of small-molecule inhibitors capable of binding c-Myc in its monomeric ID
form has brightened the future prospects of drug design towards achieving inhibition of
not only c-Myc, but also of other ID proteins such as p53 and BRCA1. 126 The overall
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abundance of structural information reported has set the stage for attempts at c-Myc
focused rational drug design. Towards achieving this, a number of lead compounds
identified through several pioneering HTS screening assays have been reported and these
compounds will be discussed in detail.

5.5) Discovery of c-Myc Specific Inhibitors by High-Throughput Screening
Among the handful of inhibitors currently known in literature, the first reported
small-molecule inhibitors of c-Myc, IIA4B20 and IIA6B17, were reported by Vogt and
Boger in 2002.123 Both IIA4B20 and IIA6B17 are similar as they are based on an
isoindoline central scaffold with varied substitutions at both the heterocyclic nitrogen and
its chiral center (Figure 5.9). Specifically, IIA4B20 is functionalized with a tert-butyl 4carbamoylpiperidine-1-carboxylate group on the isoindoline nitrogen, while a N,Ndimethylnaphthalen-1-amine group is tethered to its (S)-stereogenic center by a
sulfonamide linkage. In contrast, the isoindoline nitrogen of IIA6B17 is functionalized
with a chain-extended tert-butyl 4-(3-amino-3-oxopropyl)-piperidine-1-carboxylate while
a 4-bromo 2,5-dichlorothiophene ring is joined by a sulfonamide linkage to the (S)stereogenic center (Figure 5.9).123

Figure 5.9: Structures of c-Myc inhibitors IIA6B20 and IIA4B17.
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In their initial evaluation of IIA4B20 and IIA6B17, both compounds were observed to
inhibit the dimerization of c-Myc with Max by 26% and 38% respectively through an in
vitro Forster Resonance Energy Transfer (FRET) assay using CFP-c-Myc and YFP-Max
fusion proteins. Although IIA4B20 did not show the disruption of the c-MycMax/DNA
ternary complex in an electrophoretic mobility shift assay (EMSA) assay, the analog
compound IIA6B17 inhibited the formation of the c-MycMax/DNA ternary complex
with an IC50 of 50 M.

Further biological evaluation of IIA6B17 with c-Myc

transformed chicken embryo fibroblasts (CEF) showed an inhibition of focus formation
with an IC50 of 20 M.123 These lead compounds were later observed to inhibit the
activity of a different but related bHLH-LZ protein c-Jun as well, suggesting that these
compounds bind somewhat promiscuously at the LZ region which is ubiquitous in
bHLH-LZ proteins.
In conjunction, Vogt and Boger also evaluated a library of 240 compounds that
was synthesized along with IIA4B20 and IIA6B17. 98

Among the 240 compounds

additionally screened through CEF foci inhibition studies, two particular compounds,
Mycmycin-1 and Mycmycin-2, exhibited potent oncogenic CEF foci inhibition (IC 95 =20
M) with no exhibited effect on c-Jun induced transformation.

Rather than the

isoindoline core of IIA4B20 and IIA4B17, Mycmycin-1 and Mycmycin-2 were
synthesized around a pyrrolidine-3,4-dicarboxylic acid-functionalized ring (Figure 5.10).
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Figure 5.10: c-Myc inhibitors Mycmycin-1 and Mycmycin-2. The isoindoline-5,6-dicarboxylic
acid core has been substituted with a pyrrolidine-3,4-dicarboxylic acid-functionalized ring.

Curiously, though both Mycmycin-1 and Mycmycin-2 demonstrated potent inhibition of
CEF foci, only Mycmycin-1 significantly disrupted c-MycMax heterodimers (66%
FRET reduction at 20 M) in comparison to Mycmycin-2 (18% FRET reduction at 20
M).98
Since PPIs generally exhibit large, featureless, planar protein interfaces, Xu et al.
rationalized that a series of planar aromatic scaffolds may function as c-Myc inhibitors by
directly disrupting the c-MycMax PPI.127 Synthesizing the series of naphthalene-based
“credit-card” compounds shown in Figure 5.11, Xu et al. investigated their activity
towards c-MycMax using a similar FRET assay to that reported by Vogt and Boger. 98,
127

From their FRET assay, the initial library of 285 compounds was narrowed to a 40

naphthalene compound subset with activity towards c-MycMax.

Among the 40

compounds assayed, NY2276 and NY2267 were further examined by EMSA and
demonstrated antagonism of the c-MycMax/DNA ternary complex with IC50 values of
17-36 M.127
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Figure 5.11: Structures of the planar naphthalene “credit card” compounds.

Between the two compounds, NY2276 (IC 50 = 17.3 M (EMSA)) is regarded as one of
the most potent c-Myc specific inhibitors reported in literature. In contrast to its in vitro
activity, no activity was observed when NY2276 was evaluated through the previously
described foci inhibition assay with CEFs. While NY2276 did not exhibit any activity in
cells, its related analog, NY2267 inhibited the formation of oncogenic CEF foci with an
IC50 of 20 M.127 Though NY2267 was active in cells, it also exhibited non-specific
interactions by binding with c-Jun similar to IIA6B17 and IIA4B20.127 The non-specific
binding of NY2267 with c-Jun may potentially be attributed to how the LZ region is a
common motif among other bHLH-LZ proteins.

Moreover, the significant

hydrophobicity and planarity of Xu’s “credit-card” compounds may allow them to
essentially “slide” into other PPIs in a non-specific mode of binding.
In 2003, Prochownik et al. identified a series of small molecule inhibitors using a
yeast two-hybrid assay that allowed them to screen an extensive compound library of
10,000 small-molecules for c-Myc activity.128 One of their most potent compounds
identified by this assay was the rhodanine-based 10058-F4 (Figure 5.12), which
demonstrated > 75% specific inhibition of c-MycMax heterodimers at an initial
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concentration of 7 M.128 In vitro FPCA studies of 10058-F4 with c-Myc353-437 revealed
its specificity towards c-Myc with a Kd of 5.3 M, while further evaluation of 10058-F4
in a c-Myc over-expressing human promyelocytic leukemia (HL60) cell line showed
modest cytotoxicity with an IC50 of 49 M.122, 129

Figure 5.12: c-Myc specific small-molecule inhibitor 10058-F4 and its subsequent
N-methylpiperidine functionalized analog, 28RH-NCN-1.

A follow-up SAR study of 10058-F4 was subsequently reported that resulted in the
discovery of the N-methylpiperidine functionalized derivative, 28RH-NCN-1, which
demonstrated slightly improved affinity for c-Myc by FPCA (Kd = 1.8 M).129 Cell
viability assays of 28RH-NCN-1 in HL60 cells, however, showed a two-fold increase in
potency (IC50 = 29 M) over 10058-F4 (IC50 = 49M), suggesting possible off-target
effects.129
A potent series of c-Myc inhibitors is the “Mycro” pyrazolopyrimidines (Figure
5.13) reported by Berg et al. in 2006 through an extensive FP assay of over 17,200
compounds for c-MycMax antagonism.130 FP assay evaluation of Mycro1 demonstrated
two-fold selectively for c-MycMax (IC50 = 30 M) over MaxMax (IC50 = 72 M). An
even higher three to four-fold selectivity for c-MycMax was also observed with Mycro1
over the bHLH-LZ proteins c-Jun and CEPa as well.130 Further EMSA analysis of
Mycro1 showcased its ability to disrupt the c-MycMax/DNA ternary complex with
selectivity for c-MycMax (IC50 ~ 25M) over c-JunFos (IC 50 > 50 M).
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Figure 5.13: Structures of pyrazolopyrimidines Mycro1 and
Mycro3.

Cell proliferation assays with Mycro1 administered at concentrations of 10 M –
20 M to c-Myc overexpressing Burkitt’s lymphoma cells and MCF-7 breast cancer cells
showed a 50% decrease in cancerous cell growth through a period of 6-days. Luciferasereporter assays of Mycro1 with HEK293 T cells transfected with a vector containing cMyc and luciferase reporter gene confirmed the antagonism of c-Myc dependent gene
transcription as well. Despite the gene repression observed with Mycro1, the AP-1
family of transcription factors, which also includes c-Jun, was also inhibited along with
c-Myc. Berg et al. reported another series of HTS assays in 2007 with a smaller 1,400
compound library consisting of similar pyrazolopyrimidine-based compounds. In this
subsequent activity screen, Berg et al. discovered a new inhibitor which they named
“Mycro3”, with a similar inhibition profile to Mycro1. 131 Specifically, Mycro3 disrupted
the c-MycMax/DNA complex with an IC50 of 40 M by FPCA, and also exhibited twofold selectivity over the Max Max/DNA complex with an IC 50 of 88 M.

In

comparison to Mycro1, Mycro3 was not only found to be equipotent, but also
demonstrated significantly greater selectively over AP-1.131
In 2006, Henriksson et al. reported their own HTS screening using a cell viabilitybased method towards the discovery of novel c-Myc inhibitors.132 Their cell viability
assays resulted in the discovery of the potent compound MYRA-A (Figure 5.14) which

266

showed the induction of apoptosis in a c-Myc-dependent manner in the low micromolar
range (IC50 = 3 M) in c-Myc overexpressing Rat-1 cells. EMSA evaluation of MYRAA showed its capability to also disrupt c-MycMax/DNA complexes in a dose dependant
manner across a range of concentration from 12.5, 25, 50, and 100 M.132

Figure 5.14: Structure of MYRA-A

However, despite the promising activity of MYRA-A, another related bHLH-LZ
protein, Mnt was also observed to be disrupted from Max, suggesting that MYRA-A may
not necessarily be c-Myc specific.
Aside from small-molecule inhibitors capable of c-Myc specificity, Vogt et al.
reported on the identification of a small-molecule inhibitor observed to stabilize
MaxMax homodimers, effectively depleting the natural reserves of monomeric Max
necessary for active c-MycMax formation. Vogt et al. conducted a virtual screen of
1,668 molecules that were later identified to bind a specific region of MaxMax
homodimers resulting in the stabilization of the MaxMax/DNA ternary complex. The
1,668 compound library was narrowed down to a series of eight potent compounds that
was observed to specifically bind at the bHLH-LZ site of MaxMax homodimers. Of
these eight molecules, Vogt et al. focused their attention on their most potent molecule,
NSC13728 (Figure 5.15), which demonstrated an increase in FRET energy transfer
between CFP-Max and YFP-Max signifying the increased stabilization of the Max
homodimers.125
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Figure 5.15: Structure of NSC13728

NSC13728 was also observed to bind disrupt c-MycMax heterodimers in surface
plasmon resonance (SPR) experiments where 50 M administration of NSC13728
showed a 30% decrease in the SPR signal.

Cell viability assays of NSC13728

demonstrated the inhibition of CEF cell foci (IC 50 = 3 M) with no observed toxicity.125
Despite how a wealth of antagonists towards the oncogenic activity of c-Myc was
discovered through HTS assays, there were very little in-depth structural studies on the
overall binding mode of c-Myc specific small-molecule inhibitors, leaving their true
mechanism of action largely unknown. In 2008 however, Metallo and Prochownik
reported their discovery of highly specific inducible binding sites within the bHLH-LZ
region of c-Myc.122

Focusing their studies on their two previously reported small-

molecule inhibitors 10058-F4 and 10074-G5 (Figure 5.16), Metallo and Prochownik
investigated their potential binding mechanism using a combination of c-Myc
oligopeptide truncations, FPCA, and CD spectroscopy. Initial FPCAs of 10058-F4 and
10074-G5 gave direct binding affinities of 5.3 M and 2.8 M with c-Myc353-437 .
Oligopeptide truncations and mutational studies of c-Myc353-437 with 10058-F4 and
10074-G5 uncovered the specific residues of c-Myc responsible for binding these
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Figure 5.16: Structures of c-Myc specific inhibitors 10058-F4 and 10074-G5.

small-molecule compounds. Specifically, the oligopeptide fragments c-Myc402-412 and cMyc363-381 were discovered to bind 10058-F4 and 10074-G5 respectively with similar
affinities to the initial FPCA with the full length bHLH-LZ region of c-Myc353-437.
Further studies by CD spectroscopy with both c-Myc402-412 and c-Myc363-381 in the
presence of the compounds showed increased helicity within both fragments despite how
such changes were not easily observed with the full length c-Myc353-437. The CD spectra
reported by Metallo and Prochownik suggest that the induced helicity is highly localized
and limited only to the respective oligopeptide fragments of c-Myc which 10058-F4 and
10074-G5 are known to bind. 1H &

13

C-NMR spectroscopic analysis of c-Myc402-412 in

the presence of 10058-F4 identified the presence of an induced hydrophobic pocket
consisting of the residues Tyr402, Ile403, Leu404, Val406, and Ala408. Likewise, a
similar hydrophobic region was identified between c-Myc363-381 and 10074-G5.
Supplemental 2D-NMR NOESY experiments agreed with the 1D NMR data and further
supported Metallo and Prochownik’s hypothesis that the molecular interactions between
the small-molecule compounds 10058-F4 and 10074-G5 and their respective c-Myc
fragments drives the formation of an induced binding pocket, essentially allowing
monomeric ID c-Myc to “wrap” about the molecules and prevent its necessary
dimerization with Max.
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While there have been a number of successfully potent c-Myc specific smallmolecule inhibitors reported, in the bigger picture they represent the significant
difficulties associated with ID protein targets. Indeed, the reported c-Myc active smallmolecules represent but an alarmingly low percentage of the sheer number of compounds
tested in the aforementioned HTS assays. Regardless, the previously reported study by
Metallo and Prochownik had inspired our own ligand-based SAR study centered on the cMyc specific compound 10074-G5. From their work with 10074-G5, we conducted a
series of ligand-based SAR studies towards identifying its pharmacophore. Prior to our
SAR study, the identification of the pharmacophore of 10074-G5 had not yet been
reported in literature.

Thus, we managed to not only successfully identify the

pharmacophore of 10074-G5, but also succeeded in synthesizing a more potent analog of
10074-G5, namely JY-3-094.124a Our ligand-based SAR work resulting in the discovery
of the novel c-Myc specific inhibitor JY-3-094, along with its subsequent 2 nd and 3rd
generation prodrug analogs will be introduced and discussed in detail in the following
final chapter.124

5.6) Small-molecule Inhibitors of the BET Bromodomain Proteins
Owing to the significant difficulties inherent in antagonizing the PPI between cMyc and Max, a novel focus for both academics as well as the pharmaceutical industry
has been investigating the interplay between c-Myc and bromodomain (BRD) proteins,
specifically the bromodomain and extraterminal (BET) subfamily members BRD2,
BRD3, and BRD4.133 Originally identified from the Drosophila gene “brahma”, BRDs
are specific protein regions of approximately 110 amino acids commonly observed in
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chromatin-dependent transcriptional machinery (such as HATs).

Such proteins are

known to recognize acetylated lysine (Ac-K) residues of histone proteins tails through a
conserved Z, A, B, and C four helix bundle.133 The acetylation of histone proteins
results in the loss of electrostatic interactions between negatively charged DNA and
positively charged histones, resulting in a more relaxed chromatin structure followed by
transcriptional activation and gene expression. Notably, BRD proteins are not only
involved in the transcription of c-Myc target genes, but also assist in the transcription of
c-myc itself.133-134 Since c-Myc is known to recruit HAT through the TRRAP protein
complex via its amino terminus TAD domain, the design of small-molecule inhibitors
specific to BRD has emerged as a hot area of research. Indeed, small-molecule inhibitors
specific towards certain BRD isoforms have entered phase II clinical trials with a select
few demonstrating the down-regulation of c-myc oncogene.134 Of the 61 human BRD
proteins identified so far, the amino acid residues within the four helix bundle that are
responsible for the recognition of Ac-K are reportedly conserved.133-134 Within the four
helix bundle there are three specific regions that exhibit targetable conserved residues:
the hydrophobic WPF shelf, the Ac-K pocket, and the ZA channel.133-134 Currently there
exist 4 classes of small-molecule inhibitors that have been reported as inhibitors of the
BET BRD proteins: the triazolodiazepines (Class I), 3,5-dimethylisoxazoles (Class II),
benzimidazoles (Class III), and the acyltetrahydroquinolines (Class IV) (Figure 5.17).
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Figure 5.17: Structures of the 4 previously reported classes of BRD inhibitors.

Though these small-molecule inhibitors exhibit different unique core scaffolds,
their general modes of inhibition are centered on molecular interactions at the three
previously introduced conserved regions of the BRD proteins, namely, the WPF shelf, the
Ac-K pocket, and the ZA channel. X-ray co-crystal experiments by Filippakopolous et al.
with compound (+)-JQ1 and the known c-Myc associated human BRD4 protein
elucidated the general binding modes of the Class I-IV compounds (Figure 5.18).135 For
the Class I BRD inhibitors specifically, the 3-methyl-1,2,4-triazole rings act as a Ac-K
mimic which bind into the Ac-K recognition pocket of BRD4 to engage in hydrogen
bonding interactions with Y97 and N140 (Figure 5.18). Several hydrogen bonded waters
cooperatively bind in an intricate network through the triazole, Y97 residue, and the
peptide backbone of the ZA channel (Figure 5.18). These polar interactions are further
supplemented by hydrophobic interactions from the 4-chlorophenyl substituent of the
diazepine ring projecting into the WPF shelf of BRD4 as well (Figure 5.18).
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Figure 5.18: X-ray co-crystal structure of the 3 conserved regions of the BET BRD4
protein with the bromodomain inhibitor (+)-JQ1. (PDB: 3MXF)

The Class I triazole (+)-JQ1 was synthesized by Filippakopolous et al. and is the first
reported selective small-molecule inhibitor of BRD4 with a Kd of 49 nM (ITC).135 The
evaluation of (+)-JQ1 led to the development of the two novel triazole analogs I-BET762
and (R)-GW841819X (Figure 5.17).135-136 I-BET762 was synthesized and reported by
GlaxoSmithKline in 2011 and is currently in phase II clinical trials to treat midline
carcinoma.136b I-BET762 exhibited equipotent binding with (+)-JQ1 to BRD4 (Kd = 55
nM (ITC)) and demonstrated the displacement of an acetylated H4 histone peptide with
an IC 50 of 36 nM by FRET.136 (R)-GW841819X was later identified by Chung et al. in
2011 through a luciferase reporter assay originally designed to examine the up-regulation
of apolipoprotein G1(ApoG1) as a treatment for inflammation. (R)-GW841819X was
evaluated as a potent pan-BET BRD inhibitor with a Kd range of 19-80 nM.136b
The Class II 3,5-dimethylisoxazole I-BET151 was also synthesized and reported
by GlaxoSmithKline in 2011 and shares a degree of similarity with GW841819X as it
was originally identified through a similar luciferase reporter assay for apolipoprotein A1
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up-regulation.133, 137 The structure of I-BET151 binds the Ac-K binding region of BRD4
in a similar fashion as the Class I compounds and with a potent Kd of 100 nM, as
evaluated by SPR.137 The isoxazole ring of I-BET151 faces into the Ac-K binding region
for hydrogen bond interactions with Y97 and N140, while the pyridinyl ring binds into
the WPF shelf to engage in hydrophobic interactions. 138 The heterocyclic quinoline
nitrogen is directed into the ZA channel where it makes a unique hydrogen bonding
contact with the amide backbone of D88 which is unique to BRD4. 138b Though the urea
functionality of I-BET151 resulted in unacceptable CYP450 inhibition, the incorporation
of both an O-methoxy group on the quinoline ring and an N-(1-pyridin-2-yl) group on the
amine functionality abolished this undesired side-effect. The benzimidazole Class III
inhibitor BIC1 (Figure 5.17) was reported by Ito et al. as a BRD2 specific inhibitor with
a modest Kd of 28 M (SPR).139 X-ray crystallography studies of BIC1 bound to BRD2
elucidated that while the benzimidazole and benzimidazole-2-thione rings of BIC1 both
bound the Ac-K pocket and the WPF shelf respectively, the compound does not form any
hydrogen bonding interactions within either the ZA channel or in the Ac-K pocket.133, 139
The lack of such hydrogen bonding interactions is likely to explain both the lower affinity
of BIC1 towards BRD2. Furthermore, there have been no data reported on the pan-BRD
activity of BIC1 towards other BET BRD proteins.
The Class IV compounds are based on an aryltetrahydroquinoline (ATHQ)
scaffold designed by GlaxoSmithKline as an Ac-K mimetic group and recently disclosed
in a patent in 2011 (Figure 5.17). The discovery of the Class IV compounds was
originally based on their activities as mediatiors of TNF inflammation.

Several

variations of the ATHQ scaffold exist where the 4-amino group is functionalized as a
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carbamate, aniline, or other type of amino heterocycle. Preliminary cell activities of this
class of compounds are promising where a 4-chloroaniline substituted ATHQ compounds
demonstrated potencies in the low-nM to high-M range for a variety of breast cancer
cell lines. The full details of the synthesis and biological evaluation of the Class IV
compounds are likely to be disclosed in the near future, though, the original patent by
GlaxoSmithKline may also be accessed as well.140
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Chapter VI: Antagonism of the Intrinsically Disordered Oncoprotein c-Myc
6.1) Pharmacophore Identification of c-Myc Inhibitor 10074-G5
Within the past decade, multiple reported HTS assays have identified a number of
small-molecule inhibitors of c-MycMax heterodimerization.95, 100 The antagonism of cMycMax heterodimerization is coupled with the subsequent repression of not only cMyc dependent transcriptional regulation, but also c-Myc target gene expression.
Though such a mode of antagonism is highly attractive towards c-Myc dependent cancers,
the ID properties of monomeric c-Myc and Max translate to the inherent difficulties in
identifying a reliable pharmacophore for c-Myc specific drug design. Indeed, the vast
majority of c-Myc antagonists have been identified primarily through a number of HTS
assays and experiments yielding only a handful of potent lead compounds. Furthermore,
many of these c-Myc inhibitors suffer from similar shortcomings such as low potency
and unsatisfactory activity in c-Myc overexpressing tumor cells. In 2003, Prochownik et
al. identified two moderately potent c-Myc specific inhibitors using a two-yeast hybrid
assay: the thiazolidine 10058-F4, and the nitrobenzofurazan 10074-G5.128 Additional in
vitro protein truncation coupled with CD spectroscopic experiments reported by Follis et
al. have identified that both 10058-F4 as well as 10074-G5 bind very particular regions
of monomeric ID c-Myc.122 Specifically, 10058-F4 binds c-Myc402-410 while 10074-G5
binds c-Myc363-381.

In the latter case, 10074-G5 induced helicity in an otherwise

disordered c-Myc monomer within the localized 18-mer polypeptide segment.122 An
SAR study focused on 10058-F4 was previously reported by Wang et al. with the analog
28RH-NCN-1 showing a two-fold increase in potency (IC50 = 29 M) over 10058-F4
(IC50 = 49M) in HL60 cells.129 Despite the SAR study on 10058-F4, no similar SAR
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study had been conducted on the structure of 10074-G5. As shown in Figure 6.1, the
structure of 10074-G5 is very amenable to an SAR study through ligand-based drug
design given that the commercially available precursor of 10074-G5 is readily available
and can be directly modified through SN Ar.

Figure 6.1: Structure of 10074-G5 indicated with the three specific groups
that are readily modified in a ligand-based SAR study.

There are three functional groups on the structure of 10074-G5 in particular that
present themselves for structural modification and substitution: the 2-aminobiphenyl ring,
the benzofurazan core moiety, and the nitro group. Utilizing a ligand-based approach, we
conducted an SAR analysis to not only determine the pharmacophore of 10074-G5, but
also to synthesize analogs with improved potency towards c-Myc. As elucidated by
Metallo and Prochownik, 10074-G5 specifically binds the oligopeptide fragment of
monomeric c-Myc363-381 within its bHLH-LZ region (Kd = 2.8 M (FPCA)). Additional
2D NMR experiments with subsequent in silico docking by Follis et al. suggested that the
2-aminobiphenyl ring of 10074-G5 binds through hydrophobic interactions with Phe375,
Ile381, and the methylene groups of Arg378. The furazan core ring of 10074-G5 as well
as the nitro group was observed to interact with the charged residues Arg366 and Arg367
through electrostatic interactions.
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In order to probe these molecular interactions through SAR analysis, the step-wise
substitution and synthetic modification of these three functional groups were conducted.
Substitutions at the 2-aminobiphenyl group were easily achieved through routine S N Ar
reactions with commercially available 4-chloro-7-nitrobenzofurazan and a range of
nucleophilic amines to furnish the analog series 3a-3q (Figure 6.2).

Figure 6.2: Syntheses of the 2-aminobiphenyl and nitro group substituted derivatives of 10074-G5 a)
RNH2, CH3CN, DIPEA, reflux 16 h, 35-99%; b) H2, 10% Pd/C, MeOH, rt 16 h, 76%; c) R2COX,
CH2Cl2, Et3N, 0oC to rt (or 40oC) 16 h, 38-95%.

The nitro group of 10074-G5 was reduced using standard conditions of H 2 and
Pd/C in MeOH to afford the respective aniline (4) which was subsequently reacted with a
range of acylating reagents to afford the analog series 5a-5e. The significance of the
furazan ring was investigated by synthesizing a similar analog to 10074-G5 by reacting
2-aminobiphenyl with 4-fluoronitrobenzene to give the non-furazan functionalized
compound 6 (Figure 6.3).

Figure 6.3: Synthesis of the non-furazan functionalized analog of 10074-G5
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The initial activity screening of the synthesized analogs 3a-3q, 5a-5e, and 6 in Figures
6.2 & 6.3 was conducted by Dr. Huabo Wang of the Prochownik lab using a previously
reported in vitro EMSA gel-shift assay.129

The synthesized analogs were tested at

concentrations of 100 M against the bHLH-LZ region of c-Myc (30 nM), full-length
Max (30 nM), and a fluorescently labeled E-box-containing dsDNA oligonucleotide
fragment (30 nM). It was anticipated that c-Myc active analogs will bind at the bHLHLZ region of c-Myc, effectively disrupting the c-MycMax/DNA ternary complex by
displacing the Max proteins from their c-Myc binding partners. The presence of the
disrupted c-MycMax/DNA ternary complex is indicated by a gel-shift which can be
readily observed through EMSA. The initial EMSA screening as well as supplemental
biological evaluation of our 10074-G5 analogs identified the novel c-Myc specific
inhibitor, JY-3-094 which will be discussed in the following section.

6.2) Biological Evaluation of 2-Aminobiphenyl Substituted Analogs of 10074-G5
The percent inhibition values shown in (Table 6.1) were determined by
comparing the band intensities observed in the presence of inhibitor with the band
intensities observed in the absence of inhibitor. The original lead compound 10074-G5
exhibited 38% inhibition of the c-MycMax/DNA ternary complex at the indicated 100
M concentration through EMSA.

Substitution of the ortho-biphenyl ring with the

aniline analog 3a did not exhibit any significant inhibition (2%), suggesting that a bulky
hydrophobic group, such as the ortho-biphenyl of 10074-G5, is essential for c-Myc
activity. The ortho-toluidine 3e and the 2-aminophenol analog 3g demonstrated only
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minimal activities of 11% and 13% respectively. Owing to its usage as an isosteric
replacement for large hydrophobic groups such as phenyl rings, the ortho-bromo analog
3f disrupted the ternary complex with an equipotent result of 39% inhibition in
comparison to 10074-G5 (38%), confirming our previous assertion that large
hydrophobic groups are favored at this ortho position.

Table 6.1: EMSA-Based SAR analysis of substitutions at the 2-aminobiphenyl position of 10074-G5.

According to the NMR structure of monomeric c-Myc reported by Follis et al., the bulky
hydrophobic biphenyl ring of 10074-G5 is directed into a hydrophobic region of c-Myc
constituted of residues Phe375 and Ile381. Shifting the ortho-phenyl ring to the meta (3l)
and para (3n) positions reduced the overall activity to 20% and 28% respectively. These
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observations suggest that while hydrophobic groups are essential, the ortho position is
particularly crucial for activity given the differences in c-Myc inhibition among 10074G5, 3l, and 3n. Substitutions of the biphenyl ring with polar carboxylic acids at the ortho
(3i) and meta (3m) positions abolished c-Myc activity and resulted in poor inhibition
profiles of 8% and 0% respectively. This drop in inhibition is presumably due to the
unfavorable electrostatic repulsion of the carboxylate anions of 3i and 3m against Phe375
and Ile381, where normally the biphenyl group normally binds. A dramatic increase in
potency (93% inhibition at 100 M) was observed when the 2-aminobiphenyl ring was
substituted with para-aminobenzoic acid affording compound 3q, hereafter named JY-3094. Though the presence of the carboxylic acid imparts a degree of greater solubility,
since the corresponding ortho (3i) and meta (3m) analogs of JY-3-094 did not exhibit any
significant disruption of the c-MycMax/DNA ternary complex, the observed increase in
potency of JY-3-094 was deemed to be independent of its improved solubility. Since the
NMR structure of c-Myc bound to 10074-G5 suggests that Arg378 is in close proximity
to the para-position of the biphenyl group, it is likely that the carboxylate anion of JY-3094 binds through ionic interactions with Arg378. The isosteric substitution of the amine
of 10074-G5 with its oxygen analog (3j) exhibited equipotent inhibition (38%) with
10074-G5, suggesting that the potential hydrogen bond donation of the biphenyl NH is
not a necessary part of the pharmacophore.
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6.3) Biological Evaluation of 7-Nitro Substituted and Benzene Analogs of 10074-G5
Reduction of the nitro group of 10074-G5 to afford the aniline derivative 4
severely impacted its inhibition by reducing it from 38% to 2% (Table 6.2). The drop in
activity may be attributed to how the nitro group of 10074-G5 is suggested to participate
in ionic interactions with Arg 366 and Arg367 of c-Myc.

Table 6.2: EMSA-Based SAR analysis of substitutions at the nitro position of 10074-G5.

Although acetylation of aniline 4 to the N-acetamide 5a did not recover any c-Myc
inhibition, the more electron-rich trifluoroacetamide analog 5b exhibited 25% inhibition
at 100 M. In contrast, the methyl carbamate 5c had no observable significant effect on
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c-Myc (0% inhibition). The addition of more polar groups at the amino group of 4
resulted in similar and more predictable increases in inhibition. Specifically, the 4amino-4-oxobutanoic acid derivative 5d showed a slight recovery in c-Myc inhibition
(17%) while the glycolic acid functionalized compound 5e demonstrated near equipotent
inhibition (33%) to 10074-G5. Since the increasing trend in inhibition coincided with the
coupling of increasingly polar acyl groups, the data suggest that having an electron dense
group such as the original nitro group of 10074-G5 is forming favorable electrostatic
contacts with Arg366 and Arg367 of c-Myc. The significance of the furazan ring of 10074G5 was investigated by synthesizing the para-aminobiphenyl nitrobenzene 6 (Figure 6.3).
The lack of the furazan ring on 6 completely abolished inhibition (0%) of c-Myc,
emphasizing the importance of this heterocyclic ring and its potential to also engage
Arg366 and Arg367 through ionic interactions similar to the nitro group of 10074-G5.

6.4) Extended Biological Evaluation of Novel c-Myc Inhibitor JY-3-094
Owing to its dramatically improved inhibition of the c-MycMax heterodimer by
EMSA, JY-3-094 was selected for further evaluation in order to determine both its
specificity towards monomeric c-Myc as well as its potential cytotoxicity in cell assays.
Further investigation of the inhibition of JY-3-094 by EMSA showed a dose-response
effect (Figure 6.4 & Figure 6.5.) towards c-MycMax with an IC50 of 33 M, nearly 5fold greater potency compared to 10074-G5 (IC50 = 146 M). While JY-3-094 inhibited
the formation of the c-MycMax/DNA ternary complex (93%), its precise mode of
binding was unknown. Given their structural similarities as bHLH-LZ proteins, either cMyc or Max may be bound and sequestered by JY-3-094. To determine the specificity of
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JY-3-094, an identical EMSA assay was performed with MaxMax homodimers (Figure
6.4 & Figure 6.5). Administration of JY-3-094 at a dosage of 100 M did not show any
disruption of MaxMax homodimers, signifying a three-fold selectivity for c-MycMax
heterodimers. The data from these two EMSA experiments suggest that JY-3-094 is truly
specific towards monomeric c-Myc.

Figure 6.4: Disruption of c-MycMax heterodimers with JY-3-094 by EMSA analysis. A)
Dose-dependent inhibition of Myc-Max/DNA interaction by JY-3-094. B) EMSA showing
no interaction with Max-Max/DNA complex as evidence of the selectivity of JY-3-094 for
Myc. Figure reproduced with full permission from Elsevier.

Figure 6.5: Linear dose-response relationship of JY-3-094 toward c-MycMax (solid
line). JY-3-094 does not exhibit MaxMax binding as indicated by the dashed line.
Figure reproduced with full permission from Elsevier.
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An additional control experiment was performed where the E-box bearing dsDNA
oligonucleotides were incubated in the presence of JY-3-094 (100 M) and then resolved
by gel electrophoresis which showed no binding of compound to the oligonucleotides.
Upon confirmation of the c-Myc specificity of JY-3-094, its activity was investigated
using cell-viability assays with c-Myc overexpressing Daudi Burkitt lymphoma cells and
HL60 leukemia cells. While the lead compound 10074-G5 exhibits reasonable potency
towards these cell lines (IC50 = 10 M (Daudi); IC50 = 30 M (HL60)), JY-3-094 showed
significantly limited cytotoxicity in these viability assays (IC 50 = 56 M (Daudi); IC 50 =
184 M (HL60)). Although JY-3-094 did not show improved cytotoxicity compared to
10074-G5, this was not entirely unexpected since the polar carboxylic acid group of JY3-094 would be ionized in pH 7 buffer. The ionized carboxylate anion of JY -3-094
hinders its cell penetration through electrostatic repulsion at the cell membrane
phospholipid bilayer.

In order to address the poor cell penetration of JY-3-094, a

classical ester-based prodrug approach was invoked and a number of ester analogs of JY3-094 were synthesized in collaboration with Prof. Steven Fletcher and Dr. Jay Chauhan.
The ester prodrug analogs of JY-3-094 and their biological evaluation will be discussed
in detail in the following section.

6.5) Synthesis of Ester Prodrugs of JY-3-094
Despite how JY-3-094 exhibited a 5-fold increase in potency, its poor cellular
uptake limits its effectiveness as demonstrated through cell viability assays with c-Myc
overexpressing Daudi Burkitt lymphoma and HL60 cells. Based on the in vitro EMSA
data of JY-3-094 and in conjunction with the NMR derived structure reported by Follis et
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al., it was hypothesized that the carboxylic acid group of JY-3-094 formed an ionic saltbridge interaction with Arg 378 of c-Myc. Using the structure of JY-3-094 as a starting
point, we rationalized that modification of this critical carboxylic acid functionality via a
classical ester prodrug approach would increase its cell permeability and cytotoxicity in
c-Myc overexpressing cells. Ester prodrugs of JY-3-094 would theoretically exhibit
increased cell permeability properties as their ionizable group is now essentially
“masked” preventing electrostatic repulsion at the phospholipid membrane.

Upon

crossing through the cell membrane however, esterase catalyzed hydrolysis within the
cell will convert the prodrugs into the active drug JY-3-094 which specifically binds cMyc oncoprotein. The esterification of the carboxylic acid group of JY-3-094 is shown
in Figure 6.6.

Figure 6.6: Synthesis of ester prodrugs of JY-3-094. a) para-aminobenzoic acid, DIPEA,
CH3CN, rt 16 h, 15%; b) RBr or RI, K2CO3, DMF, rt 6 h, 64-82%; c) PhOH, HBTU,
DIPEA, DMF, rt 16 h, 68%

Starting with commercially available 4-chloro-7-nitrobenzofurazan (2), an SN Ar
reaction with para-aminobenzoic acid in CH3CN in the presence of DIPEA afforded JY3-094. Esterification of JY-3-094 was performed by either SN2 reaction with various
alkyl bromides and alkyl iodides in the presence of K2CO 3 in DMF, or, through HBTU
catalyzed coupling with phenol in the presence of DIPEA in DMF to yield the prodrugs
below in Figure 6.7.
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Figure 6.7: Synthesized prodrugs of JY-3-094

6.6) Biological Evaluation of Ester Prodrugs of JY-3-094
In collaboration with Prof. Edward V. Prochownik, the synthesized prodrugs of
JY-3-094 (Figure 6.7) were first evaluated by EMSA followed by cell-viability assays
with Daudi Burkitt lymphoma and HL60 cells. In the initial EMSA screening, the
prodrugs of JY-3-094 did not disrupt the c-MycMax/DNA ternary complex with the
exception of the prodrug SF-4-017 (Figure 6.8).

Figure 6.8: EMSA screening of prodrugs in the presence of c-Myc and Max (30 nM).
Among the synthesized prodrugs only SF-4-017 showed in vitro activity (39 M).
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These observations were expected as it is believed the ionized carboxylate group of JY-3094 forms a salt-bridge interaction with Arg 378 of c-Myc. The esterification of JY-3-094
into its prodrug analogs prevents such ionic interaction with c-Myc as evidence by the
negative results in the EMSA assays (Figure 6.8). The unexpected positive EMSA result
of SF-4-017 is likely attributed to the phenyl ring’s potential for  stacking
interactions with the adjacent Phe375, although more detailed structure-based studies are
required to confirm this. While most of the prodrugs were EMSA-negative, we expected
hydrolysis of the esters to occur intracellularly.

Indeed, in contrast to the EMSA-

negative results in Figure 6.8, the synthesized prodrugs exhibited improved cytotoxicity
towards Daudi and HL60 cells depending on the particular type of ester functionality
(Table 6.3).

Table 6.3: Cell-viability assay IC50 values of JY-3-094 prodrugs. Daudi Burkitt lymphoma
and HL60 leukemia cells (3 x 103) were seeded in 96 well plates and exposed to serial
dilutions of prodrug (0.1 to 50 M). MTT assay was performed 3 days afterwards. Results
are reported as the mean values of n = 4 +/- 1 S.D.
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Among the synthesized prodrugs, the three analogs SF-4-017, 3JC-91-2, and 3JC-91-7
demonstrated improved activity where their IC 50 values reached the low M range in
Daudi cells (Table 6.3). 3JC-91-7 was particularly potent with a near nM-range IC50
value (IC 50 = 1.9 M) in Daudi cells. Despite the overall improved inhibition of the
prodrugs, 3JC-91-5 exhibited the least overall cytotoxicity with a 1 order of magnitude
difference in comparison to the more potent analogs SF-4017, 3JC-91-2, and 3JC-91-7.
The decreased inhibition profile of 3JC-91-5 was attributed to the cleavage of the
acetoxymethyl ester occurring extra-cellularly in the presence of bovine serum prior to
cell entry. The premature hydrolysis of 3JC-91-5 outside the cell releases JY-3-094
which is then ionized at pH 7 resulting in impeded cell penetration. To confirm this, 3JC91-5 was incubated in cell-free serum media over 6 hours and subsequently purified and
quantified by liquid chromatography with tandem mass spectrometry (LC-MS/MS) by Dr.
Jace Jones in the laboratory of Prof. Maureen Kane of the University of Maryland, Dept.
of Pharmaceutical Science. The LC-MS/MS data showed that over 80% of 3JC-91-5 was
hydrolyzed to JY-3-094 solely in the presence of bovine serum, confirming that 3JC-91-5
is susceptible to ester cleavage extra-cellularly.
With the improved cytotoxicity of the synthesized prodrugs now demonstrated
through cell-viability assays, we then investigated if the observed cytotoxicity was due to
disruption of the c-MycMax proteinprotein interaction as opposed to non-specific
interactions. The three most potent prodrugs 3JC-91-2, 3JC-91-7, and SF-4-017, were
administered to HL60 cells and allowed to incubate for 4-6 hours. Afterwards, the HL60
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total cell lysates were subjected to Co-IP with Western blotting to probe for the
proteinprotein interaction of c-Myc with Max (Figure 6.9).

Figure 6.9: Confirmation of the disruption of the c-MycMax proteinprotein interaction
through Co-IP with Western blot using whole cell lysates of HL60 cells.

The data from the Co-IP and Western blotting experiments exhibit similar IC 50 values
that are in close agreement with the cell-viability derived IC50 values shown in Table 6.3.
Upon confirming the in vitro and cellular activity and the c-Myc specificity of our
prodrugs, we investigated the degree to which they were hydrolyzed to the free acid form
in cells and whether concentrations of JY-3-094 could be detected. To determine this,
HL60 leukemia cells were incubated with 10 M concentrations of each of the prodrugs
for a period of 72 h. After the incubation period, the intracellular concentrations of the
administered prodrugs as well as JY-3-094 were quantified using LC-MS/MS. As the
focus of this experiment was to evaluate specifically whether concentrations of JY-3-094
could be detected from its hydrolyzed prodrug form(s), the identification of other
metabolites was not explicitly performed. Owing to the different ester prodrugs that were
synthesized, each would be consequently internalized and metabolized at varying rates,
suggesting that the overall total amounts of prodrug detected by LC-MS/MS may not
necessarily correlate with the total amount that was administered. Moreover, further
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metabolism of either prodrug or JY-3-094 free acid may also correlate to unequal
concentrations of detected prodrug and JY-3-094 by LC-MS/MS. The administration of
3JC-91-5 (10 M) to HL60 cells resulted in the 9.5 M detection of JY-3-094 with no
3JC-91-5 detectable with respect to the internal standard of the previously reported lead
compound 10074-G5 (Figure 6.10). These data suggest that 95% of the concentration of
3JC-91-5 was subjected to cellular uptake, subsequently hydrolyzed to JY-3-094, and
allowed to remain as an intracellular reservoir of JY-3-094. Similar near-total metabolic
conversion was also observed with the methyl as well as ethyl esters of 3JC-91-1 and
3JC-91-3 respectively (Figure 6.10). The phenol ester SF-4-017 and the trifluoromethyl
ester 3JC-91-7 both demonstrated significant hydrolysis to JY-3-094 with 1-2 M of
prodrug detected.

Figure 6.10: Comparison and quantification of prodrug esters to JY-3-094 as
determined by LC-MS/MS with HL60 cells. HL60 cells were incubated with 10
M of each prodrug over a period of 72 h before LC-MS/MS analysis. Data
shown are the averages of n = 3 with S.D.

. A supplementary LC-MS/MS experiment (Figure 6.11) was also performed where the
prodrugs were administered at the previous concentration of 10 M to MDA-MD-231 cMyc overexpressing breast cancer cell where significant hydrolysis of the ester prodrugs
to the free acid of JY-3-094 was observed in a markedly similar trend with the data in
Figure 6.10.
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Figure 6.11: Comparison and quantification of prodrug esters to JY-3-094 as
determined by LC-MS/MS with MDA-MB-231 cells. MDA-MB-231 cells were
incubated with 10 M of each prodrug over a period of 72 h before LC-MS/MS
analysis. Data shown are the averages of n = 3 with S.D.

While each prodrug was hydrolyzed to JY-3-094 to varying degrees, the overall
turnover rate to free acid remains largely dependent on the prodrug’s respective structure.
Specific esters may not necessarily be as well-accomodated in the active sites of esterases
which will translate to slower rates of hydrolysis and poor turnover to the active drug
form. Likewise, an ester which is too readily accommodated at the esterase active site
may prove to be too labile towards hydrolysis. An example of this is the exceptionally
labile acetoxymethyl ester 3JC-91-5, which is hydrolyzed extra-cellularly prior to cell
entry. 3JC-91-5 is not only easily hydrolyzed at the acetyl group, but the unstable
hemiacetal by-product ultimately breaks down to the active drug (JY-3-094) coupled with
the release of formaldehyde through an entropically favored spontaneous reaction shown
in Figure 6.12.
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Figure 6.12: Mechanism of acetoxymethyl ester cleavage and release of unmasked drug and
formaldehyde.

Through esterification of the lead compound JY-3-094, we have generated a small
library of prodrug esters with greater cell penetration, 5-fold improved in vitro potency,
and 10-fold improved activity in c-Myc over-expressing Daudi and HL60 cells.

Since

the esters are likely to have similar cell penetration capabilities, their overall improved
cell activities were as expected. However, the unexpected EMSA positive result of SF-4017 suggests that its improved cytotoxicity may be attributed to either the prodrug form
binding to c-Myc, or its intracellular hydrolysis to active JY-3-094, or a combination of
both forms.
The structures of both our novel lead SF-4-017 and our original compound JY-3094 are both excellent candidates for the synthesis of future generations of analogs.
Specifically, both SF-4-017 and JY-3-094 have demonstrated not only specificity for ID
monomeric c-Myc in vitro, but their prodrug analogs further confirmed how modular
their structures are towards future drug design. Though the previously reported smallmolecule 10058-F4 has also shown specificity for c-Myc as well, it presents several nontrivial issues such as its rhodanine moiety and its -unsaturated ketone (Figure 6.13).
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Figure 6.13: Structure of 10058-F4 highlighting both the rhodanine
and -unsaturated ketone.

Although 10058-F4 has been shown to specifically bind at c-Myc402-412, its rhodanine
ring is well-known as a “pan-assay interference” (PAIN) moiety and has been reported to
non-specifically bind other protein targets such as ERK. 141

Similarly, the -

unsaturated ketone of 10058-F4 may non-specifically react with nucleophilic residues in
other proteins via the Michael reaction shown in Figure 6.14.

Figure 6.14: Fundamental mechanism of the Michael reaction.

In contrast to the issues with 10058-F4, both JY-3-094 and SF-4-017 do not present such
“problem” moieties on their pharmacophores aside from the nitro group at the benzene
ring. While this nitro group may present an issue in terms of metabolic stability, our
initial ligand-based SAR study on 10074-G5 identified promising equipotent
substitutions that can be made at this position such as derivatives of diglycolic anhydride
or trifluoroacetate (Figure 6.15).
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Figure 6.15: Proposed substitutions for the nitro group of JY-3-094/SF-4-017. As indicated above,
the nitro group of JY-3-094/SF-4-017 is reduced to the aniline with standard conditions of Pd/C and
H2 in MeOH. The aniline is shown reacting with diglycolic anhydride, trifluoroacetic anhydride,
and triflic anhydride to furnish the proposed derivatives at right.

While there are no “true” bioisosteric replacements for a nitro group currently known,
since the usage of the triflate (-SO2 CF3) group has been reported as a substitute for nitro
groups, this information may be employed as shown in Figure 6.15.142
Another approach towards a 2 nd generation of JY-3-094 based inhibitors is to
reinstate phenyl rings onto its para-aminobenzoic acid ring, facilitating a series of hybrid
compounds of 10074-G5 and JY-3-094. Also, the in-vitro c-Myc inhibition of SF-4-017
as observed through EMSA, warrants further investigation of its phenoxy prodrug
structure as a novel lead for the design of future c-Myc specific inhibitors.

The

conclusions of our design and syntheses of c-Myc specific inhibitors along with our
future modifications shall be discussed in greater detail within the following final section.
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6.7) Conclusions & Future Directions
Our ligand-based SAR study with the reported c-Myc specific inhibitor 10074-G5
identified not only its pharmacophore, but also led to the discovery of the novel c-Myc
inhibitor JY-3-094. The outright deletion of either the nitro group at the 7-position or the
furazan ring of 10074-G5 abolished all c-Myc inhibition, confirming the significance of
polar groups at these positions (Figure 6.16).

Figure 6.16: SAR summary of the solved pharmacophore of 10074-G5

SN Ar substitutions of the 2-aminobiphenyl of 10074-G5 with various arylamines have
elucidated that a substituted aniline (or phenol derivative) ring facilitates c-Myc
inhibition (Table 6.1). Using the structure of our novel lead compound JY-3-094 as a
starting point, the esterification of its carboxylic acid group (Figure 6.7 & Table 6.3)
improved the overall in vitro and cellular activities of the resulting prodrugs by 5-fold
and 10-fold respectively. Although the prodrugs demonstrated improved activity, the
degree to which their activity was increased is largely dependent on the type of ester
functionality present. The rapid hydrolysis observed with 3JC-91-5 in particular, served
as an example where exceptionally labile ester functionalities may be degraded prior to
their desired localization within the cell. While the ester prodrugs were active both in
vitro and in cells, the activity of the prodrugs is ultimately limited to that of JY-3-094’s
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upon hydrolysis.

Thus, we began to explore amides as a viable approach towards

achieving c-Myc specific inhibitors where their activity may not be limited to that of the
original lead compound JY-3-094 (Figure 6.17). An amide functionality is significantly

Figure 6.17: Proposed amide analogs of SF-4-017 as c-Myc inhibitors.

more stable and, due to its partial double bond character, may emulate the conformation
of SF-4-017, which disrupted c-MycMax heterodimers in its ester form with an IC 50
value comparable to JY-3-094 as observed by in vitro EMSA (IC50 = 39 M (SF-4-017)
vs. IC50 = 33 M (JY-3-094)). Furthermore, as SF-4-017 was the only prodrug observed
to disrupt c-MycMax in EMSA, this suggests that its ester form may be used as a novel
scaffold for rational drug design. Thus, using SF-4-017 as a novel lead, two preliminary
amide analogs were synthesized and their in vitro and cellular activities were investigated.
As shown in Figure 6.18, the in vitro activities of the amide analogs JY-5-195 and JY-5261, were comparable to SF-4-017. Additionally, the cell viability data with Daudi
Burkitt lymphoma and HL60 cells demonstrated the equipotency of JY-5-195 and JY-5261 with SF-4-017 in the single-digit M range (Figure 6.18). However, given the 10to 20-fold improvement of their potencies in cells (Figure 6.18), the possibility of other
off-target effects should be prudently considered. Indeed, similar issues of c-Myc active
small-molecules exhibiting non-specific binding to other bHLH-LZ PPIs, such as c-Jun
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and c-Fos, have been reported in literature.123, 127 Regardless, based on the initial promise
of JY-5-195 and JY-5-261, the synthesis of a library of amide analogs of SF-4-017 is a
viable approach towards achieving c-Myc specific small-molecule inhibitors and is
currently underway in the Fletcher lab.

Figure 6.18: In vitro & in cellulo data of the preliminary amide analogs of the
novel lead compound SF-4-017.

In addition to the amide analogs, another approach is to combine the structural
features of 10074-G5 and JY-3-094, thus affording a series of hybrid compounds as cMyc inhibitors (Figure 6.19).

Specifically, an ortho-substituted bulky hydrophobic

group and a para-substituted carboxylic acid on the structure of 10074-G5 may allow for
improved binding to monomeric c-Myc. Ortho hydrophobic groups may interact with
Phe375 and Ile381, while the para-carboxylic acid may form ionic interactions with
Arg378 (Figure 6.16).
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Figure 6.19: Combination of the structural features of 10074-G5 and JY-3-094
towards synthesizing a series of hybrid compounds with the fundamental
structure shown at right.

Thus, the installment of hydrophobic groups at the ortho position as well the
incorporation of the carboxylic acid at the para position may afford novel hybrid
compounds (Figure 6.19). Owing to these molecular interactions, we anticipate that such
hybrid inhibitors may directly disrupt c-Myc from Max with improved binding in
comparison to both 10074-G5 and JY-3-094.
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6.8) Materials & Methods
Synthetic Chemistry:
Unless otherwise noted, all reagents and solvents were purchased from the
commercial sources Sigma-Aldrich and Tokyo Chemical Industries (TCI). 10074-G5
was purchased directly from Santa Cruz Biotechnologies. Laboratory hood equipment
was supplied through Fisher Scientific and VWR. Compounds were concentrated in
vacuo with Buchi rotary evaporators.

1

H and

13

C-NMR spectra were recorded on a

Varian 400 MHz instrument. Mass spectrometry analysis was performed using a Bruker
Amazon-X Ion Trap with either electrospray ionization (ESI) mode or atmospheric
pressure chemical ionization (APCI) mode.

Biological Assays:
All EMSA gel-shift assays, cell viability assays, and Co-IP with Western blotting
were performed by Dr. Xiaobo Cao in the laboratory of Prof. Edward V. Prochownik of
the University of Pittsburgh as through the following procedures detailed below in each
subsection.

EMSA Gel-shift Assay:
Control EMSA experiments with Max homodimers were performed using a His 6 tagged 160 residue isoform Max(L) which dimerizes and binds DNA. Test EMSA
experiments with c-Myc and Max were performed with a Ni+-agarose-purified bacterially
expressed His6 -tagged c-Myc bHLH-ZIP domain (residues 353-437) along with a His6 tagged 151 residue isoform of Max, Max(S) (residues 2-151) which will heterodimerize

300

with c-Myc and does not homodimerize with itself. c-Myc protein was expressed using
the pET151 vector with a His6 -TEV protease substrate tagged 85 residue bHLH-ZIP
domain of c-Myc. His tags were removed by TEV protease cleavage and both c-Myc and
Max were re-purified with Ni-agarose chromatography. For each EMSA assay, the cMyc and Max were allowed to heterodimerize at a concentration of 30 nM each in the
presence of 30 nM of a 5’-hexachlorofluorescein-tagged double-stranded 22-base pair
oligonucleotide

(5’-hexachlorofluoresceine-CACCCGGTCACGTGGCCTACAC-3’)

with the consensus c-Myc binding site 5’-CACGTG-3’. The control EMSAs with Max
homodimers utilized the same oligonucleotide in the presence of 60 nM of the 160
residue isoform of Max referred to as Max(L). All binding reactions of compounds were
prepared in a buffer consisting of PBS (pH 7.3), 1 mmol/L EDTA, 0.1% NP40, 5%
glycerol, 1 mmol/L DTT, and 0.4 mg/mL bovine serum albumin. Electrophoresis was
performed on 8% polyacrylamide/bisacrylamide (80:1) gels in 0.5 M Tris-borate EDTA.
Each reaction was run on at least three separate occasions.

Cell Viability Assay:
Cell viability assays with the synthesized c-Myc inhibitors were performed using
HL60 human promyelocytic leukemia cells and Daudi Burkitt lymphoma cells. The
respective cell lines were seeded into 96 well dishes at 3 x 10 3 cells per well. Growth
medium consisted of RPMI medium supplemented with Penicillin/Streptomycin,
glutamine and 10% fetal bovine serum (FBS). Serial dilutions ranging from 0.1 M to 50
M of compounds were then added and 10-point growth inhibition assays were
performed 3-5 days later using the MTT assay.
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Each point was performed in

quadruplicate (n = 4).

Co-Immunoprecipitation with Western Blotting:
5 x 106 HL60 cells in the logarithmic phase of growth were incubated for a period
of 4-6 hours with compound at the concentrations of 5 M to 12.5 M. As negative
controls, the same experiment was run with only DMSO vehicle treatment. The cells
were then centrifuged and washed with cold PBS (2x) and then lysed with IP Buffer. 300
g of whole cell lysate was precipitated with a 1:200 serial dilution of anti-Max
antibodies and protein G-Sepharose beads as per the conditions indicated by the supplier
(Santa Cruz Biotechnologies). The precipitate was washed with IP buffer (3x), boiled in
running buffer, and resolved with 10% SDS-PAGE.
Western blotting was performed by transferring the proteins from SDS-PAGE to a
PVDF membrane and then probed with a 1:1000 serial dilution of an anti-Myc antibody.
The blots were then developed through enhanced chemiluminescence as per the
supplier’s instructions (Thermo-Fisher).

LC-MS/MS Analysis:
LC-MS/MS quantitation of prodrug hydrolysis to JY-3-094 was performed by Dr.
Jace Jones in the laboratory of Prof. Maureen Kane of the University of Maryland, Dept.
of Pharmaceutical Sciences. For all LC-MS/MS analyses, HL60 cells were grown to a
concentration of 1 x 10 6 and MDA-MB231 breast cancer cells were grown to 70-80%
confluency in 6 welled plates.

The culture media was changed with a 10 M

concentration of compounds and the cells allowed to incubate over 72 hours. After 72
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hours, the cells were harvested with cold phosphate-buffered saline (PBS) and suspended
in RIPA lysis buffer (Sigma-Aldrich) with 1% Na 3PO4 , 0.5% Na-deoxycholate, 0.1%
SDS, and a mixture of protease inhibitor (Sigma-Aldrich). After a 10 minute cooling
period on ice, the whole cell lysates were flash-frozen in liquid nitrogen and stored at 80C.
Prior to LC-MS analysis, 10 L of 10074-G5 was added to each 100 L of cell
lysate and allowed to incubate for 30 seconds. 500 L of CH3CN was added and the
lysates allowed to incubate for another 30 seconds. The lysates were centrifugated at
10,000 g for a period of 5 minutes and the supernatant was evaporated under nitrogen at
30oC. The residue was solvated with 100 L of a standard MS solvent cocktail of MS
grade water and CH3CN in a 1:1 ratio with 0.1% formic acid. LC-MS analysis was
performed using a TSQ Quantum Ultra Triple Stage Quadrupole Mass Spectrometer
coupled with an Ultimate 3000 RS Liquid Chromatograph system (Thermo Scientific).
The LC Separation was performed on an Acclaim 120 C18 column with dimensions of
2.1 x 50mm and 5 m (Thermo Scientific) at 30 oC.
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Chapter VII: Characterization and General Procedures of c-Myc Inhibitors
7.1) Supplementary Data for 2-Aminobiphenyl Substitutions of 10074-G5

General SNAr Procedure to Prepare Compounds 10074-G5 and 3a – 3q
To a solution of 4-chloro-7-nitrobenzofurazan (NBD-Cl, 2; 1 eq.) in acetonitrile (0.1 M)
was added the requisite amine (1.1 eq.) followed by triethylamine (2 eq.). The reaction
mixture was then stirred at reflux under an inert atmosphere (N 2) for 16 h. The solvent
was removed in vacuo, then the residue was re-dissolved in EtOAc, washed with 1 M
HCl, water, brine, dried (Na 2SO4), filtered and concentrated. The crude material was
purified over silica gel, eluting with a gradient of EtOAc in Hexanes.

N-([1,1'-Biphenyl]-2-yl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine (10074-G5): yield =
300 mg, 90%; brick-red solid; 1H NMR (400 MHz; DMSO) H 11.01 (1H, s, Ar-H), 8.38
(1H, d, Ar-H, J = 9 Hz), 7.55-7.23 (9H, m, Ar-H), 6.06 (1H, d, Ar-H, J = 9 Hz); 13C
NMR (100 MHz; DMSO) C 144.6, 144.4, 139.2, 138.5, 137.9, 134.9, 131.7, 129.4,
129.1, 128.9, 128.8, 128.5, 127.9, 122.4, 102.2; m/z (ESI) 333.0 (M + H) +.
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7-Nitro-N-phenylbenzo[c][1,2,5]oxadiazol-4-amine (3a): yield = 223 mg, 87%; red
solid; 1H NMR (400 MHz; DMSO, TMS) H 11.05 (1H, s, Ar-NH), 8.54 (1H, d, Ar-H, J
= 9 Hz), 7.54-7.5 (4H, m, Ar-H), 7.33 (1H, t, Ar-H, J = 6 Hz), 6.72 (1H, d, Ar-H, J = 9
Hz); 13C NMR (100 MHz; CDCl3 ) C 144.7, 143.8, 141.1, 136.6, 136, 130.1, 127.3, 125.6,
123.6, 100.9; m/z (ESI) 257.0 (M + H) +.

N-Cyclohexyl-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine (3b): yield = 142 mg, 43%; red
solid; 1H NMR (500 MHz; CDCl3) H 8.42 (1H, d, Ar-H, J = 8.8 Hz), 6.25 (1H, d. ArNH, J = 5.6 Hz), 6.17 (1H, d, Ar-H, J = 8.8 Hz), 3.66 (1H, s, CH 2), 2.14 (2H, s, CH2),
1.84 (2H, s, CH2), 1.70 (1H, d, CH, J = 6.0 Hz), 1.43 (4H, m, (CH 2)2), 1.29 (1H, s, CH);
13

C NMR (100 MHz; CDCl3 ) C 144.3 143.9, 143, 136.6, 123.2, 98.6, 52.9, 32.1, 25.1,

24.5 m/z (ESI) 263.0 (M + H) +.
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N-Benzyl-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine (3c): yield = 217 mg, 64%; red solid;
H NMR (400 MHz; DMSO) H 9.98 (1H, s, Ar-NH), 8.48 (1H, d, Ar-H, J = 7.8 Hz),

1

7.42-7.25 (5H, m, Ph), 6.36 (1H, d, Ar-H, J = 7.8 Hz), 4.72 (2H, s, CH2); 13 C NMR (100
MHz; CDCl3) C 145.8, 145.4, 145, 138.7, 137.8, 129.5, 128.3, 128.2, 128, 122.2, 100.6,
47.2; m/z (ESI) 271 (M + H)+.

4-Nitro-7-(piperidin-1-yl)benzo[c][1,2,5]oxadiazole (3d): yield = 307 mg, 99%; red
solid; 1H NMR (500 MHz; DMSO) H 8.45 (1H, d, Ar-H, J = 8.7 Hz), 6.65 (1H, d, Ar-H,
J = 8.7 Hz), 4.14 (4H, s, 2(CH2)), 1.74 (6H, s, 3 x CH2); 13C NMR (100 MHz; CDCl3) C
145.1, 144.9, 144.7, 135.4, 101.9, 51.2, 26, 23.9; m/z (ESI) 249.0 (M + H)+.
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7-Nitro-N-(o-tolyl)benzo[c][1,2,5]oxadiazol-4-amine (3e): yield = 100 mg, 60%; red
crystals; 1H NMR (400 MHz; DMSO) H 8.39 (1H, d, Ar-H, J = 8.8 Hz), 7.58 (1H, s, ArNH), 7.35 (4H, m, Ar-H), 6.23 (1H, d, Ar-H, J = 8.8 Hz), 2.32 (3H, s, CH3); 13C-NMR
(100 MHz; CDCl3 ) 144.4, 143.9, 142, 136, 134.6, 134.2, 131.9, 128.4, 127.6, 125.9,
100.8, 29.6; m/z (ESI) 271.0 (M + H) +.

N-(2-Bromophenyl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine (3f): yield = 44 mg, 13%;
red solid; 1H NMR (400 MHz; DMSO) H 10.97 (1H, s, Ar-H), 8.50 (1H, d, Ar-H, J = 8.6
Hz), 7.83 (1H, d, Ar-H, J = 8 Hz), 7.53 (2H, d, Ar-H, J = 4 Hz), 7.40-7.30 (1H, m, Ar-H),
6.05 (1H, d, Ar-H, J = 8.6 Hz); 13 C-NMR (100 MHz; DMSO) C 144.7, 144.5, 143.7,
137.8, 136.7, 134.2, 130.4, 129.9, 129.7, 123.6, 121.8, 102.7; m/z (ESI) found 358.9 (M +
Na)+.
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2-((7-Nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)phenol (3g): yield = 122 mg, 44%; dark
red solid; 1H NMR (400 MHz; DMSO) H 10.7 (1H, s, Ar-OH), 10.0 (1H, s, Ar-NH),
8.56 (1H, d, Ar-H, J = 9 Hz), 7.33-7.27 (2H, m, Ar-H), 7.07 (1H, d, Ar-H, J = 8 Hz), 6.97
(1H, t, Ar-H, J = 7.2 Hz), 6.13 (1H, d, Ar-H, J = 9 Hz); 13C NMR (100 MHz; DMSO) C
152.7, 144.8, 144.5, 144.1, 138, 129.3, 127.8, 124.5, 122.3, 120, 117.3, 102.6; m/z (ESI)
295.2 (M + Na)+.

N-(2-Methoxyphenyl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine (3h): yield = 205 mg,
70%; red crystals; 1H NMR (500 MHz; CDCl3) H 10.8 (1H, s, Ar-NH),8.54 (1H, d, Ar-H,
J = 8.8 Hz), 7.48-7.41 (2H, m, Ar-H), 7.28 (1H, d, Ar-H, J = 8.8 Hz), 7.12 (1H, t, Ar-H, J
= 7.4 Hz), 6.15 (1H, d, Ar-H, J = 8.8 Hz), 3.83 (3H, s, OCH 3); 13C NMR (100 MHz;
CDCl3) C 151.7, 145.3, 144.1, 140.4, 136.2, 127.4, 126.1, 122.1, 121.1, 111.9 101.2,
56.0; m/z (ESI): 309.0 (M + Na)+.
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2-((7-Nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)benzoic acid (3i): yield = 466 mg, 99%;
red solid; 1H NMR (400 MHz; DMSO) H 8.56 (1H, d, Ar-H, J = 8.6 Hz), 8.07 ( 1H, d,
Ar-H, J = 7.7 Hz), 7.77 (1H, d, Ar-H, J = 7.8 Hz), 7.71 (1H, t, Ar-H, J = 7.7 Hz), 7.36
(1H, t, Ar-H, J = 7.8 Hz), 6.95 (1H, d, Ar-H, J = 8.6 Hz); 13C NMR (100 MHz; DMSO)
C 168.7, 145.9, 144.3, 140.8, 139.4, 137.8, 134.4, 132.3, 125.8, 124.9, 123.2, 122.6,
103.7; m/z (ESI) 323.0 (M + Na) +.

4-([1,1'-Biphenyl]-2-yloxy)-7-nitrobenzo[c][1,2,5]oxadiazole (3j): yield = 139 mg, 33%;
yellow solid; 1H NMR (400 MHz; DMSO) H 8.55 (1H, d, Ar-H, J = 8.6 Hz), 7.66-7.47
(6H, m, Ar-H), 7.34-7.24 (3H, m, Ar-H), 6.66 (1H, d, Ar-H, J = 8.6 Hz); 13C-NMR (100
MHz; CDCl3); C 153.6, 149.6, 144.7, 143.9, 135.7, 134.5, 133.2, 131.9, 130.2, 129.6,
128.62, 128.6, 128.1, 127.8, 121.9, 107.6; m/z found 356.0 (M + Na)+.
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N-(Naphthalen-1-yl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine (3k): yield = 109 mg,
35%; red solid; 1H NMR (400 MHz; DMSO) H 11.3 (1H, s, Ar-NH), 8.48 (1H, d, Ar-H,
J = 9 Hz), 8.13-8.08 (2H, m, Ar-H), 7.98 (1H, d, Ar-H, J = 8.4 Hz), 7.73-7.58 (4H, m,
Ar-H), 6.01 (1H, d, Ar-H, J = 9 Hz); 13C NMR (100 MHz; CDCl3) C 144.9, 144.6, 144.3,
137.6, 134.2, 133.5, 128.9, 128.5, 128.3, 127, 126.8, 126.1, 124.7, 122.8, 122.6, 101.9;
m/z (ESI) 329.0 (M + Na)+.

N-([1,1'-Biphenyl]-4-yl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine (3l): yield = 261 mg,
78%; red crystals; 1H NMR (500 MHz; DMSO) H 11.1 (1H, s, Ar-NH), 8.56 (1H, d, ArH, J = 8.8 Hz), 7.77 (1H, s, Ar-H), 7.71 (2H, d, Ar-H, J = 6.8 Hz), 7.62-7.58 (2H, app. t,
Ar-H), 7.51-7.48 (3H, app. t, Ar-H), 7.41 (1H, t, Ar-H, J = 7.6 Hz), 6.85 (1H, d, Ar-H, J
= 8.8 Hz); 13C NMR (100 MHz; DMSO) C 146.1, 145.2, 143.3, 142.7, 140.3, 139.5,
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138.8, 131.3, 130.1, 129, 127.8, 125.7, 124.2, 123.7, 123, 103.1; m/z (ESI) 333.0 (M +
H)+.

3-((7-Nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)benzoic acid (3m): yield = 145 mg,
48%; red solid; 1H NMR (400 MHz; DMSO) H 13.2 (1H, s, CO2H), 11.1 (1H, s, Ar-NH),
8.60 (1H, d, Ar-H, J = 8.6 Hz), 8.06 (1H, s, Ar-H), 7.91 (1H, d, Ar-H, J = 7.4 Hz), 7.78
(1H, d, Ar-H, J = 7.4 Hz), 7.68 (1H, t, Ar-H, J = 7.4 Hz), 6.81 (1H, d, Ar-H, J = 8.6 Hz);
13

C NMR (100 MHz; DMSO) C 166.6, 145.1, 144.1, 142.1, 138.3, 137.6, 132.2, 130,

128, 126.9, 124.3, 123.6, 102.0; m/z (ESI) 323.0 (M + Na)+.

7-Nitro-N-(p-tolyl)benzo[c][1,2,5]oxadiazol-4-amine (3o): yield = 105 mg, 58%; violet
crystals; 1H NMR (400 MHz; CDCl3)H 8.41 (1H, d, Ar-H, J = 8.4 Hz), 7.75 (1H, s, ArNH), 7.28 (4H, m, Ar-H), 6.62 (1H, d, Ar-H, J = 8.4 Hz), 2.40 (3H, s, CH3); 13C NMR
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(100 MHz; CDCl3 ) 144.6, 143.8, 141.4, 137.5, 136, 133.8, 130.7, 125.3, 123.7, 100.6,
29.6; m/z (ESI) 271.0 (M + H)+.

4-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)phenol (3p): yield = 272 mg, 62%;
violet crystals; 1H NMR (400 MHz; DMSO) H 10.9 (1H, s, Ar-OH), 9.79 (1H, s, Ar-NH),
8.50 (1H, d, Ar-H, J = 8.8 Hz), 7.30 (2H, d, Ar-H, J = 8.6 Hz), 6.92 (2H, d, Ar-H, J = 8.6
Hz), 6.51 (1H, d, Ar-H, J = 8.8 Hz); 13C NMR (100 MHz; DMSO) C 157.2, 145.6, 145.2,
144.3, 138.7, 129.5, 126.9, 122.8, 117, 101.8 m/z found: 273.0 (M + H)+.

4-((7-Nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)benzoic acid (3q, “JY-3-094”): yield =
46 mg, 15%; red crystals; 1H NMR (400 MHz; DMSO) H 12.94 (1H, s, CO 2H), 11.20
(1H, s, Ar-NH), 8.55 (1H, d, Ar-H, J = 8.8 Hz), 8.06 (1H, d, Ar-H, J = 8.4 Hz), 7.60 (1H,
d, Ar-H, J = 8.4 Hz), 6.94 (1H, d, Ar-H, J = 8.8 Hz); 13C NMR (100 MHz; DMSO) C
167.6, 146.5, 145.2, 144, 142.4, 138, 131.8, 128.2, 124.5, 123.2, 104.4; m/z (ESI) 323.0
(M + Na) +.
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7.2) Supplementary Data for Nitro Substitutions of 10074-G5

N-4-([1,1'-Biphenyl]-2-yl)benzo[c][1,2,5]oxadiazole-4,7-diamine (4): 10074-G5 (500
mg, 1.50 mmol) was dissolved in MeOH (15 mL). The flask was evacuated and purged
with N2 (x3). A suspension of 10% Pd/C (50 mg, 10 wt%) in THF (1 mL) was carefully
added to the reaction mixture. H2 was bubbled through the reaction mixture for 5 min,
then the vessel was left under an atmosphere of H 2 (balloon) and stirred overnight at
room temperature. The reaction mixture was filtered over a bed of Celite, washing with
MeOH. Concentration of the MeOH in vacuo gave the title compound with no further
purification necessary: yield: 344 mg, 76%; dark red solid; 1H NMR (400 MHz; DMSO)
H 7.47 (2H, d, Ar-H, J = 7.6 Hz), 7.35 (2H, t, Ar-H, J = 7.6 Hz), 7.26 (1H, d, Ar-H, J =
7.2 Hz), 7.19 (2H, t, Ar-H, J = 7.4 H), 7.11 (1H, s, Ar-NH), 6.98 (1H, t, Ar-H, J = 7.4
Hz), 6.90 (1H, d, Ar-H, J = 8 Hz), 6.61 (1H, d, Ar-H, J = 8 Hz), 6.15 (1H, d, Ar-H, J =
7.6 Hz), 5.86 (2H, s, Ar-NH2); 13C NMR (100 MHz; CDCl3) C 146.5, 145.4, 139.1,
138.5, 132.3, 131, 129.07, 129, 128.5, 127.7, 122.8, 121.9, 118.5, 113.2, 108.9; m/z (ESI)
303.1 (M + H)+.

313

General Procedure for Acylation of Compound 4 to Afford Compounds 5a – 5e
Compound 4 (1 eq.) was dissolved in CH2Cl2 (0.1 M), then cooled to 0 °C. Et3N (2 eq.)
was added, followed by the dropwise addition of the acylating agent (1.1 eq.). The
reaction was allowed to react at room temperature overnight. The reaction mixture was
diluted with further CH2Cl2 , washed with 1 M HCl, dried (Na 2 SO4), filtered and
concentrated. The crude residue was dry-loaded onto silica gel and purified by silica gel
flash column chromatography, eluting with a gradient of EtOAc in Hexanes (5a – 5c) or
CH2Cl2/MeOH/AcOH, 92:7:1 (5d, 5e).
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N-(7-([1,1'-Biphenyl]-2-ylamino)benzo[c][1,2,5]oxadiazol-4-yl)acetamide (5a): yield =
50 mg, 99%; red solid; 1H NMR (400 MHz; DMSO) H 10.0 (1H, s, Ar-NH), 8.93 (1H, s,
Ar-NH), 7.47-7.17 (10H, m, Ar-H), 6.12 (1H, d, Ar-H, J = 8 Hz), 2.03 (3H, s, CH3); 13C
NMR (100 MHz; DMSO) C 168.7, 146, 144.8, 139.2,137.6, 136.5, 131, 130.1, 128.5,
128.3, 128.2, 127.1, 125.7, 125.4, 123.6, 115.3, 106.7; m/z (ESI) 367.1 (M + Na)+.

N-(7-([1,1'-Biphenyl]-2-ylamino)benzo[c][1,2,5]oxadiazol-4-yl)-2,2,2trifluoroacetamide (5b): yield = 57 mg, 86%; orange solid; 1H NMR (400 MHz; DMSO)
H 8.56 (1H, d, Ar-H, J = 8.6 Hz), 8.07 ( 1H, d, Ar-H, J = 7.7 Hz), 7.77 (1H, d, Ar-H, J =
7.8 Hz), 7.71 (1H, t, Ar-H, J = 7.7 Hz), 7.36 (1H, t, Ar-H, J = 7.8 Hz), 6.95 (1H, d, Ar-H,
J = 8.6 Hz); 13C NMR (100 MHz; DMSO) C 168.7, 145.9, 144.3, 140.8, 139.4, 137.8,
134.4, 132.3, 125.8, 124.9, 123.2, 122.6, 103.7; m/z (ESI) 421.0 (M + Na) +.
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Methyl (7-([1,1'-biphenyl]-2-ylamino)benzo[c][1,2,5]oxadiazol-4-yl)carbamate (5c):
yield = 19 mg, 38%; red solid; 1H NMR (400 MHz; DMSO) H 9.55 (1H, s, Ar-NH) 8.54
(1H, s, Ar-NH), 7.49-7.18 (10H, m, Ar-H), 6.16 (1H, d, Ar-H, J = 7.6 Hz), 3.67 (3H, s,
CO2CH3); 13C NMR (100 MHz; DMSO); C 153.7, 145.4, 145.3, 138.1, 137.2, 134.1,
131.2, 128.98, 128.93, 128.3, 127.8, 123.7, 120.9, 118.2, 116.9, 107.5, 52.7; m/z (ESI)
383.0 (M + Na+).

4-((7-([1,1'-Biphenyl]-2-ylamino)benzo[c][1,2,5]oxadiazol-4-yl)amino)-4-oxobutanoic
acid (5d): yield: 72 mg, 95%; orange solid; 1H NMR (400 MHz; DMSO) H 10.3 (1H, s,
CO2H), 8.45 (1H, s, Ar-NH), 7.56-7.22 (10H, m, Ar-H), 6.19 (1H, d, Ar-H, J = 8 Hz),
2.64 (2H, t, CH2 , J = 6.6 Hz), 2.50 (2H, t, CH2 , J = 6.6 Hz); 13C NMR (100 MHz; CDCl3
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& CD3OD) C 171.1, 145.5, 145.4, 138.3, 137, 134.4, 131.2, 128.99, 128.96, 128.6, 128.4,
127.8, 124, 121.4, 121.2, 116.6, 107, 31.9, 29.7; m/z (ESI) 425.1 (M + Na)+.

2-(2-((7-([1,1'-Biphenyl]-2-ylamino)benzo[c][1,2,5]oxadiazol-4-yl)amino)-2oxoethoxy)acetic acid (5e): yield = 30 mg, 95%; orange semi-solid; 1H NMR (400 MHz;
DMSO) H 9.84 (1H, s, Ar-NH), 8.56 (1H, s, Ar-NH), 7.50-7.21 (10H, m, Ar-H), 6.14
(1H, d, Ar-H, J = 7.6 Hz), 4.21 (4H, s, (CH2)2); 13C NMR (100 MHz; CDCl3 ) C 174,
167.7, 145.4, 145.2, 138.1, 136.8, 134.5, 131.2, 129.1, 128.97, 128.91, 128.3, 127.8,
124.1, 121.4, 115.6, 106.4, 71.3, 68.4; m/z (ESI) 441.0 (M + Na) +.

N-(4-Nitrophenyl)-[1,1'-biphenyl]-2-amine (6): To a solution of 2-aminobiphenyl (200
mg, 1.18 mmol, 1 eq.) in anhydrous DMF (6 mL) was added sodium hydride (94 mg,
2.36 mmol, 2 eq.; 60% dispersion in mineral oil) under an inert atmosphere at 0 °C. After
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30 min., 4-fluoronitrobenzene (126 L, 1.18 mmol, 1 eq.) was added. The reaction was
allowed to stir at room temperature for 16 h. The reaction mixture was diluted with water,
and the organics were extracted into EtOAc (x3). The combined organic extractions were
washed with water (x5), brine, dried (Na2SO4), filtered and concentrated. The crude
material was chromatographed over silica gel (eluent: Hex/EtOAc, 1:1) to deliver the title
compound 6 as a pale orange solid: yield = 277 mg, 81%; δ H (400 MHz; CDCl3) 8.10 (d,
J = 8.4, 2 H, Ar), 7.51-7.32 (m, 8 H, Ar), 7.26 (t, J = 6.4, 1 H, Ar), 6.88 (d, J = 8.4, 2 H,
Ar), 6.02 (s, 1 H, NH);δ C (100 MHz; CDCl3) 150.5, 138.2, 136.5, 135.4, 131.3, 129.1,
128.9, 128.5, 127.9, 126.2, 125.1, 122.7, 113.7; m/z (ESI) 291.3 (M + H) +.

7.3) Supplementary Dara for Prodrugs of JY-3-094

(a) RBr or RI, K2CO3, DMF, rt 6 h, 64-82%; (b) PhOH, HBTU, DIPEA, DMF, rt 16 h, 68%

General Procedure for the Synthesis of Prodrugs of JY-3-094
To a solution of JY-3-094 (40 mg, 0.13 mmol) and K CO (74 mg, 0.53 mmol) in
2

3

DMF (2 mL) was added the corresponding alkyl halide RBr or RI (2 eq.) at room
temperature. The reaction mixture was stirred for 6 h and partitioned between EtOAc and
sat. NH Cl. The organic layer was washed with H O (x 3), sat. NaCl, dried over Na SO
4

2

2

4

and reduced in vacuo. The crude residue was purified by column chromatography (SiO ,
2

Hexane/EtOAc) to provide the target compounds.
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Methyl

4-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)benzoate

(3JC-91-1):

Following general procedure 1 with methyl iodide gave the title compound as a red solid
(28 mg, 68 %). H (400 MHz, DMSO) 11.14 (br s, 1 H, NH), 8.76 (d, J = 8.8, 1 H, Ar),
8.04 (d, J = 7.6, 1 H, Ar), 7.62 (d, J = 7.6, 1 H, Ar), 7.01 (d, J = 8.8, 1 H, Ar), 3.86 (s, 3
H, CH 3); δC (100 MHz, DMSO) 166.0, 145.8, 144.5, 143.1, 141.0, 137.6, 131.1, 126.5,
125.1, 122.8, 104.1, 52.6; m/z (APCI +ve) 315 [M+H]+.

Benzyl

4-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)benzoate

(3JC-91-2):

Following general procedure 1 with benzyl bromide gave the title compound as a red
solid (41 mg, 82 %). H (400 MHz, DMSO) 8.49 (d, J = 8.8, 1 H, Ar), 8.21 (d, J = 8.8, 2
H, Ar), 7.95 (br s, 1 H, NH), 7.51-7.29 (m, 7 H, Ar), 6.94 (d, J = 8.8, 1 H, Ar), 5.40 (s, 2
H, CH 2); δC (100 MHz, DMSO) 165.3, 145.0, 141.2, 139.3, 135.7, 135.4, 131.8, 128.7,
128.4, 128.3, 127.9, 121.7, 102.3, 67.0; m/z (APCI +ve) 391 [M+H]+.
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Ethyl

4-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)benzoate

(3JC-91-3):

Following general procedure 1 with ethyl bromide gave the title compound as a red solid
(35 mg, 81 %). H (400 MHz, DMSO) 11.16 (br s, 1 H, NH), 8.57 (d, J = 8.8, 1 H, Ar),
8.05 (d, J = 7.6, 2 H, Ar), 7.63 (d, J = 7.6, 2 H, Ar), 7.01 (d, J = 8.8, 1 H, Ar), 4.33 (q, J =
7.2, 2 H, CH 2), 1.33 (t, J = 7.2, 3 H, CH3); δC (100 MHz, DMSO) 165.1, 154.4, 144.2,
142.7, 140.8, 137.2, 130.7, 126.4, 124.6, 122.4, 103.7, 60.8, 14.2; m/z (APCI +ve) 329
[M+H]+.

Acetoxymethyl 4-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)benzoate (3JC-915): Following general procedure 1 with bromomethyl acetate gave the title compound as
a red solid (31 mg, 64 %). H (400 MHz, DMSO) 11.17 (br s, 1 H, NH), 8.58 (d, J = 8.8,
1 H, Ar), 8.06 (d, J = 8.0, 2 H, Ar), 7.65 (d, J = 8.0, 2 H, Ar), 7.06 (d, J = 8.8, 1 H, Ar),
5.94 (s, 2 H, CH 2), 2.12 (s, 3 H, CH 3); δC (100 MHz, DMSO) 169.9, 164.3, 145.9, 144.5,
143.9, 140.8, 137.6, 131.6, 125.4, 125.2, 122.7, 104.5, 80.1, 21.0; m/z (APCI +ve) 373
[M+H]+.
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Trifluoroethyl 4-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)benzoate (3JC-917): Following general procedure 1 with 2-bromo-1,1,1-trifluoroethane gave the title
compound as a red solid (38 mg, 76 %). H (CDCl3, 400 MHz) 8.48 (d, J = 8.8, 1 H, Ar),
8.18 (d, J = 8.4, 2 H, Ar), 7.50 (d, J = 8.4, 2 H, Ar), 6.97 (d, J = 8.4, 1 H, Ar), 4.71 (q, J =
7.6, 1 H, Ar); δC (CDCl3, 100 MHz) 163.8, 145.1, 143.7, 142.1, 138.8, 135.2, 132.2, 125.9,
121.6, 102.6, 61.4, 60.8; m/z (APCI +ve) 383 [M+H] +.

Phenyl 4-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)benzoate (SF-4-017): To
aryl acid (50 mg, 0.17 mmol) and HBTU (74 mg, mmol) in DMF (2 mL) was added
DIPEA (58 mL, 0.33 mmol) at room temperature. After 1 h, phenol (24 mg, 0.25 mmol)
was added and the reaction mixture was stirred for 20 h before being partitioned between
EtOAc and sat. NH Cl. The organic layer was washed with H O (x 3), sat. NaCl, dried
4

2

over NaSO and reduced in vacuo. The crude residue was purified by column
4

chromatography (SiO , Hexane/EtOAc) to provide the title compound (28 mg, 68 %). H
2

(DMSO, 400 MHz) 11.21 (br s, 1 H, NH), 8.60 (d, J = 8.8, 1 H, Ar), 8.22 (d, J = 8.4, 2 H,
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Ar), 7.71 (d, J = 8.4, 2 H, Ar), 7.49 (t, J = 8.0, 2 H, Ar), 7.35-7.28 (m, 3 H, Ar), 7.08 (d, J
= 8.8, 1 H, Ar); δ C (DMSO, 100 MHz) 164.3, 151.1, 145.9, 144.6, 143.9, 140.9, 137.6,
131.9, 130.0, 126.5, 125.6, 125.4, 122.7, 122.4, 104.5; m/z (APCI +ve) 377 [M+H]+.
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