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Abstract

Molecular chaperones, such as the 90 kDa heat-shock protein (Hsp90),
regulate many key cellular processes and as a result have emerged as promising
targets for drug discovery. For example, Hsp90 is responsible for folding nascent
polypeptides associated with each of the six hallmarks of cancer, a feature that
renders inhibition of Hsp90 unique in its ability to simultaneously disrupt multiple
signaling cascades and selectively induce apoptosis in malignant cells. Likewise,
cells utilize heat-shock proteins (Hsps) for the dissolution of protein aggregates
associated with neurodegenerative diseases such as Alzheimer’s, Huntington’s,
and Parkinson’s disease, as well as spinal and bulbar muscular atrophy (SBMA).

Studies have shown that Hsp90 inhibitors are not only potent as anti-
cancer and neuroprotective agents, but are also well tolerated by patients. It is not
surprising, therefore, that medicinal chemists have become interested in
discovering new scaffolds that exhibit Hsp90 modulatory activity. Given the
inherent diversity and vast array of scaffolds that allow for protein interaction,
natural products have become a key component in Hsp90 drug discovery research.
This thesis represents a discussion of the advancements made by medicinal and
natural product chemists in the area of Hsp90 therapeutics, as well as the
development of a novel Hsp90 inhibitory scaffold of natural product origin.

Through utilization of a recently reported firefly luciferase assay, our

group was able to conduct a high-throughput screen that resulted in the
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identification of several Hsp90 inhibitors that contained a 1,4-naphthoquinone
scaffold. From this, a library of naphthoquinones was synthesized, exhibiting anti-
proliferative activities from 1.3 uM to >100 M. To further probe structure—
activity relationships, a comparative molecular field analysis was performed, and
a second generation of 1,4-naphthoquinones was developed, all of which
exhibited anti-proliferative activities between ~1-2 uM.

Although this activity was promising, concerns arose regarding the nature
of the scaffold itself. It is well documented that many quinone-based scaffolds
exert non-selective cytotoxicity through formation of covalent bonds via Michael
reaction chemistry or catalytic reduction of reactive oxygen species as a result of
their redox activity. To circumvent this concern, the core scaffold was changed
from a 1,4-naphthoquinone core to a structurally similar flavone core. This
process was completed through utilization of the molecular modeling program
AutoDock to determine the mode of binding, and was confirmed through Western
Blot analyses. The resulting compounds exhibited anti-proliferative activities
between 9-100 M, and displayed a unique set of biological properties previously
unknown via Hsp90 inhibition, making determination of their mechanism of

action difficult.
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Chapter I: Introduction and Background

I. An Introduction to Heat Shock Protein 90

In recent years, molecular chaperones such as the 90 kDa heat-shock
protein (Hsp90) have surfaced as promising targets for drug discovery.” Their
role in the folding and maturation of various client proteins, as well as the

1

renaturation of misfolded proteins,®** makes them potential targets for many

diseases ranging from the disruption of multiple signaling pathways associated

12481217 1 the clearance of protein aggregates in neurodegenerative

with cancer
diseases.*>*®?* In fact, cytotoxic inhibitors of Hsp90 are the only cancer
chemotherapeutic agents known to impact all six hallmarks of cancer
simultaneously.® As defined by Hanahan and Weinberg, this includes 1) self-
sufficiency in growth signals, 2) insensitivity to antigrowth signals, 3) evasion of
apoptosis, 4) limitless replicative potential, 5) sustained angiogenesis, and 6)
tissue invasion/metastasis.?* Disruption of the Hsp90 protein folding machinery
by non-cytotoxic agents promotes dissociation of heat shock factor 1 (HSF-1),
which induces the expression of Hsp90 and facilitates the disaggregation of

proteins associated with several neurodegenerative diseases.”*?



Figure 1. Structure of geldanamycin (GDA).

Geldanamycin (GDA), a natural product isolated from the bacteria
Streptomyces hygroscopicus (Figure 1), was the first identified Hsp90 inhibitor.
Although it showed significant anti-proliferative activity against many cancer cell
lines, its dose-limiting toxicity prevented successful completion of clinical trials.
Since that time, a variety of natural product inhibitors of Hsp90 have emerged.
Among these are herbimycin, radicicol, novobiocin, coumermycin Al,
clorobiocin, epigallocatechin-3-gallate (EGCG), taxol, pochonin, derrubone,
curcumin, gedunin, and celastrol.

Properties of Hsp90

Heat-shock proteins (HSPs) act as molecular chaperones, guiding nascent
polypeptides through the process of folding and maturation into three-dimensional
structures.”®?” Chaperones are also responsible for refolding denatured proteins
that result from cellular stresses such as nutrient deprivation, abnormal
temperature or pH, malignancy, and exposure to various toxins and drugs.*?

Heat-shock response is conserved across all species, from prokaryotes to



eukaryotes, and provides a mechanism for the maintenance of intercellular
processes, including protection against protein aggregation in the cytosol.?**°

Hsp90, the most prominent of the heat-shock proteins, makes up 1-2% of
all cellular protein® and exists in four isoforms: Hsp90c, Hsp90p, glucose-
regulated protein (GRP94), and Hsp75/tumor necrosis factor receptor associated
protein 1 (TRAP-1). Hsp90a and Hsp90p can be found in the cytosol, and are the
inducible and constitutive forms, respectively. GRP94 resides in the endoplasmic
reticulum, while TRAP-1 is located in the mitochondrial matrix.*** To date,
Hsp90 has been found to interact with over 200 client proteins, as well as ~50 co-
chaperones, making it a cornerstone in the cellular protein-folding machinery and
an emerging target for the treatment of various disease states.****
Structure

Since the first reported crystal structure by Prodromou and co-workers in
1996,* it has been determined that Hsp90 is comprised of three distinct structural
domains: a 10 kDa C-terminus, 55 kDa middle domain, and a 25 kDa N-
terminus.**%’ In its biologically active form, Hsp90 exists as a homodimer bound
in a quaternary helix bundle formed by overlapping and antiparallel pairs of
helices from each of the C-terminal domains.*®** C-Terminus crystal structures of
bacterial HtpG** and eukaryotic Hsp90* were solved in 2004 and 20086,
respectively. Although rumors of its existence have surfaced from industry, a co-

crystal structure of the C-terminus bound to an inhibitor has not been published.



Csermely and co-workers first reported this binding site in 1998, and in 2000
Neckers and co-workers were able to show that inhibition of Hsp90 at the C-
terminus interrupts activity in a non-ATP competitive fashion.*>*® This discovery
has been highly influential in the development of C-terminal Hsp90 inhibitors,
and further highlights the necessity of attaining a co-crystal structure to further
understand this process.

The 55 kDa middle domain of Hsp90 is the most variable region across
species, but nonetheless is intimately involved in the binding and maturation of
client proteins.”*® The 25 kDa N-terminal domain is similar in structure to DNA
gyrase B, histidine kinase, and MutL - together forming the GHKL
(ATPase/kinase) superfamily.*” This structural homology was determined through
domain-specific human® and yeast”® crystal structures and eventually led to
elucidation of the ATP-binding site at the N-terminus. A co-crystal structure with
ADP bound in a bent conformation, characteristic of the GHKL superfamily, was
reported soon after.® These structures have played a critical role in the design of
new and more efficacious Hsp90 inhibitors.>*

The Hsp90 Protein Folding Mechanism

Under normal physiological conditions, HSF-1 is tightly bound to and
regulated by Hsp90 in its inactive state (2a, Figure 2). Upon activation, Hsp90
releases HSF-1, allowing translocation to the nucleus and induction of HSPs by

binding to the heat shock response element.®® These newly formed molecular



chaperones are then responsible for governing the folding and maturation of
nascent and denatured polypeptides into biologically active structures. It should
be noted that the following description of this process has been simplified for the
purposes of this thesis. A gamut of proteins have been linked to this folding

mechanism, but only key interactions are highlighted herein.

N—Termml

Hsp90
Homodimer

Nascent Polypeptlde
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Figure 2. The Hsp90 protein folding mechanism.

Hsp70 binds nascent polypeptides emerging from the ribosome in an ATP
and Hsp40-dependent fashion. This complex is stabilized by Hsp70 interacting

protein (HIP), and can be dissociated by Bcl2-associated athanogene (BAG).



Hsp70-Hsp90 organizing protein (HOP) contains tetratricopeptide repeats (TPRS)
recognized by both molecular chaperones, and recruitment by the Hsp70 complex
facilitates transfer of the client protein to the Hsp90 homodimer (2b, Figure 2).>*
* Next, several co-chaperones, partner porteins, and immunophilins, shown in
Table 1, can bind Hsp90 (2c, Figure 2), forming a stabilized heteroprotein
complex capable of binding ATP at the N-terminus.”®™® Upon ATP-mediated
dimerization of the N-terminii, the activated Hsp90 multiprotein complex takes on
a closed “clamped” conformation, engulfing the bound client protein (2d, Figure
2).°%° Recruitment of p23 facilitates ATP hydrolysis (2e, Figure 2) and further
stabilizes Hsp90,°%2 allowing for maturation and subsequent release of the client
protein (2f, Figure 2).%

Table 1. Co-chaperones, partner proteins, and
immunophilins involved in the Hsp90 folding

mechanism.

Co-chaperones | Partner Proteins | Immunophilins
Hsp40 HOP FKBP51
Hsp70 Tom70 FKBP52
Cdc37 PP5 Cyclophilin-40

Aha ARA9 UNC-45
p23 CNS1
CHIP Dpit47
Tpr2
SGT1
CRN
WISp39
NASP
TAH1
Rarl




Inhibition of Hsp90 prior to ATP-mediated dimerization (29, Figure 2) can
effectively destabilize the heteroprotein complex. ATP hydrolysis provides the
energy necessary for the conformational changes that facilitate folding,
maturation, and release of the client protein. By preventing the dimerization
process, the Hsp90 complex is disabled, and the client becomes a substrate for
ubiquinylation and subsequent proteasomal degradation.®*® In a similar fashion,
inhibition of Hsp90 can also prevent the renaturation of misfolded client proteins.
Application of this concept has proven very useful in the renaturation of heat
denatured firefly luciferase. A representative example by Yonehara® has
demonstrated that inhibition of Hsp90 reduces luciferase activity, and a 2007
publication by Galam and co-workers used this information to establish a high-
throughput screening assay to identify both N- and C-terminal inhibitors of Hsp90
based on the renaturation of heat denatured firefly luciferase.®’

A Selective Target for Cancer Treatment

Cancer is often referred to as a multifaceted class of diseases,’® dependent
upon satisfaction of each of the six hallmarks as defined by Hanahan and
Weinberg.?* Although many cancer chemotherapeutics have successfully targeted
proteins associated with multiple hallmarks, none have been able to
simultaneously affect all six. Of the numerous client proteins dependent upon
Hsp90 for folding and maturation, many are deemed essential for malignant

progression. Over the last ten years, Hsp90 client proteins have been linked to all



6,14

six hallmarks of cancer (Table 2),”” making Hsp90 inhibition an exciting new

chemotherapeutic target. Whitesell and Lindquist reviewed this concept in 2005,

and several studies and clinical trials have verified Hsp90 as a viable cancer

target.®"

Table 2. The six hallmarks of cancer.
Hallmark Hsp90 Client Proteins

Self-sufficiency in growth signals |Raf-1, AKT, Her-2, MEK, Bcr-Abl, FLT-
3, EGFR, IGF-1R, FGFR, KDR

Insensitivity to antigrowth signals |Wee 1, Myt 1, CDK4, CDKG®, Plk

Evasion of apoptosis RIP, AKT, mutant p53, c-MET, Apaf-1,
Survivin

Limitless replicative potential Telomerase (h-TERT)

Sustained angiogenesis FAK, AKT, HIF-1a, VEGFR, FLT-3

Tissue invasion/metastasis c-MET, MMP

Inhibitors of Hsp90 have shown as high as a 200-fold differential
selectivity toward malignant versus normal cells. Several mechanisms have been
suggested to explain this high selectivity. First, Hsp90 is significantly
overexpressed in malignant cells to compensate for their dependency on Hsp90
client proteins, including Her2 (ErbB2), c-Met (HGFR), Raf-1, and Akt.”*”” The
increased concentration of Hsp90 in tumor cells inherently results in greater drug
accumulation. A second mechanism, introduced by Conforma Therapeutics in
2003, proposes that the Hsp90 heteroprotein complex (2c, Figure 2) exhibits a
higher affinity for N-terminal inhibitors than the inactive homodimer (2a, Figure

2). In cancer cells, Hsp90 exists predominantly in a heteroprotein complex due to



the abundance of mutated, denatured, and naturally expressed proteins. In
contrast, the primary form of Hsp90 in normal cells is the inactive homodimer,
which explains why N-terminal inhibitors accumulate with the high-affinity
Hsp90 complex found in tumor cells.>®"® Finally, a 2006 report by Duvvuri and
co-workers®® suggests a physiochemical explanation for selectivity. Under normal
physiological conditions, lysosomal pH is around 4-5. Hsp90 inhibitors, like
many chemotherapeutic agents, often contain basic nitrogens, and in a process
known as pH partitioning®! become protonated as the ammonium salt within the
lysosome, trapping them in the organelle and preventing interaction with Hsp90,
which resides in the cytosol. Conversely, the lysosomal pH in cancerous cells is

essentially neutral, favoring an unprotonated amine®%

and suggesting that the
equilibrium drug concentration between lysosome and cytosol favors cytosolic

interaction with tumor-derived Hsp90 (Figure 3).
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Figure 3. The effects of lysosomal pH on cellular drug distribution.

Neurodegenerative Applications

Neurodegeneratvie disorders such as Alzheimer’s, Parkinson’s,
Huntington’s, and spinal and bulbar muscular atrophy (SBMA), are in part
characterized by the accumulation of misfolded protein aggregates. Under normal
circumstances, this buildup can be prevented through resolubilization and

rematuration of proteins by molecular chaperones. However, when suffering from
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these pathological conditions, aggregation exceeds the capacity of normal
chaperone function, and can result in neuronal death.®*

Inhibition of Hsp90 stimulates the release of HSF-1, which in turn
translocates to the nucleus, and promotes transcription of HSP mRNA, leading to
increased synthesis of HSPs.?*? Increased levels of Hsp70 and Hsp90 have
shown to be inversely proportional to f-amyloid and tau aggregation, and directly
proportional to the binding of tau to microtubules, suggesting that non-cytotoxic
inhibition of Hsp90 could serve as a neuroprotective approach for the treatment of
Alzheimer’s disease through dissolution of protein aggregates.” Recent studies by
Shen and co-workers have affirmed this hypothesis by demonstrating the
protective effects of GDA in vivo against 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced dopaminergic toxicity associated with the
formation of Lewy bodies (a-synuclein aggregation) in a Parkinson’s disease
model through inhibition of Hsp90.* A similar study by Waza showed that 17-
allylamino-17-demethoxygeldanamycin (17-AAG, Figure 4), a more efficacious
analogue of GDA, can diminish the effects of SBMA by inhibiting Hsp90, thus
promoting degradation of mutant androgen receptor (AR) resulting from
expansion of trinucleotide CAG repeats in the AR gene.?® Ansar and co-workers
have produced a select number of non-toxic Hsp90 inhibitors that further

highlight this concept through neuronal protection against Ap-induced toxicity.®
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AEG3482

Figure 4. Structures of 17-AAG and AEG3482.

Finally, Huntington’s, Parkinson’s, and Alzheimer’s disease attribute
neuronal apoptosis to activation of the c-jun N-terminal kinase (JNK) signaling
pathway. Hsp70 can attenuate this cascade by binding JNK, disrupting substrate
interactions necessary for the initiation of apoptosis. In 2006, Gallo and co-
workers demonstrated that the imidazothiadiazole sulfonamide AEG3482 (Figure
4) inhibits Hsp90, causing the release of HSF-1 and inducing HSP transcription.
This in turn provides neuroprotection through Hsp70 inhibition of the JNK signal
transduction pathway.” Studies are underway to further refine the potential
significance of modulating the Hsp90 protein folding machinery in a manner that
can alleviate the accumulation of protein aggregates while providing a large

therapeutic window that exhibits low cytotoxicity.®

I1. Natural Product Inhibitors of Hsp90
Clinical trials have shown that Hsp90 inhibitors are not only potent as

anti-cancer agents, but are also well tolerated by patients. In fact, the toxicities
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and side effects discovered thus far have not resulted from Hsp90 inhibition, but
rather from hepatotoxicity, gastrointestinal irritation, and constitutional
symptoms.®*#7 It is not surprising, therefore, that medicinal chemists have become
interested in discovering new scaffolds that exhibit Hsp90 modulatory activity for
the treatment of cancer and neurodegenerative diseases. Given the inherent
diversity and vast array of scaffolds that allow for protein interaction, natural
products have become a key component in Hsp90 discovery research.®®
Geldanamycin and Herbimycin

Geldanamycin and herbimycin (Figure 5) are naturally occurring
benzoquinone ansamycin antibiotics that can be isolated through fermentation of
Streptomyces hygroscopicus.?*® The first total synthesis of herbimycin was
reported by Nakata and co-workers in 1991.”" However, the total synthesis of
GDA was not available until 2002, when Andrus and co-workers reported a
procedure that afforded the product as a 1:10 mixture with (-)-0-
quinogeldanamycin in low yield.”? This result was due primarily to problematic
oxidation of the trimethoxy precursor to the paraquinone. Andrus improved upon
this methodology,®® and a subsequent 20 step total synthesis (2% overall yield)
was achieved by Panek and Qin in 2008.%

The antitumor properties of GDA were first reported in 1986, and were
initially attributed to its ability to inhibit v-Src phosphorylation in whole cells via

Src tyrosine kinase.” However a direct link between v-Src and GDA was never
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identified, as they were unable to directly inhibit the purified recombinant
protein.’” This suggested there might be a non-explicit interaction between the
kinase and GDA. In 1994, Whitesell and Neckers proved this relationship as a
downstream effect of GDA'’s ability to specifically bind and antagonize Hsp90, a
chaperone for v-Src.”®% Using affinity purification, immobilized GDA affixed to
agarose beads was incubated with reticulocyte lysate, resulting in the
identification of Hsp90. Further investigation proved that GDA specifically
inhibited the Src/Hsp90 heteroprotein complex, facilitating degradation of the
client protein. This observation was consistent with all prior work linking GDA to
Src tyrosine kinase modulation.

Initial reports by Roe and co-workers reported that GDA acted as a
polypeptide mimic, interacting with Hsp90 at a highly conserved, 15 A
polypeptide substrate binding pocket involved in protein folding and
maturation.”®**® However, Roe’s co-crystallization of Hsp90 with GDA later
revealed that it was actually binding to a previously unidentified ATP-binding
pocket.™® This seminal work opened the door for structure—activity relationship
(SAR) studies that have since led to the development of several analogues.

Although respectable ICsy values have been reported for GDA and
herbimycin against various cancer cell lines, their poor solubility and
hepatotoxicity in animals has prevented them from successfully completing

clinical trials as anti-cancer agents.’® SAR studies have shown that modifications
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to the carbamate group of GDA can substantially decrease the potency of
derivatives, as it serves to mimic the exocylic amino and imino nitrogens of
adenine. A similar loss in activity can be observed upon reduction of the 2-3
double bond, as the target—specific conformation of the macrocycle is
compromised.®*!%° Modification of the 17-methoxy substituent appears to be the
most effective option, as it projects away from the ATP binding pocket and
exhibits a minimal affect on Hsp90 affinity.**'? Substituting an electron donating
group for the 17-methoxy group decreases toxicity by stabilizing the quinone
moiety and retarding formation of the semiquinone, which is capable of reacting
with molecular oxygen and producing superoxide radicals.*1%4

The synthetic analogue, 17-AAG (Figure 5), produced by Schulte and
Neckers, displayed a 100-fold increase in differential selectivity at doses similar
to GDA, as well as decreased hepatotoxicity.'®® Although 17-AAG proved to be
more potent than GDA, solubility issues and its moderately persistent toxicity

proved to be a factor in clinical development.'®

Additional work has produced
17-(dimethylaminoethylamino)-17-demethoxygeldanamycin (17-DMAG, Figure
5), which displays lower toxicity, higher potency, and improved bioavailability
with respect to 17-AAG.'**%” 17-DMAG has entered phase | clinical trials and

has demonstrated sensitization of therapeutically-resistant cancer stem cells to

chemotherapy.*®
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Geldanamycin R' = OCHz, R2=H

17-AAG R' = NHCHCH,, R2 = H
17-DMAG R = NH(CH,),N(CHg),, RZ = H
Herbimycin ~ R'=H, R?=CHj,

Figure 5. Structures of geldanamycin, herbimycin, and structural analogues 17-
AAG and 17-DMAG.

Since the development of 17-AAG, several analogues of GDA have
exhibited improved antitumor properties, as well as demonstrated neuroprotective
activity. These include bioengineered compounds developed through site-directed

mutagenesis of the polyketide synthase gene cluster,'®®

semi-synthesized
analogues resulting from biosynthetically generated metabolites,*® as well as
several compounds arising from traditional synthetic techniques.****'? The
biologically modified synthetic approaches have offered alternative pathways to
GDA analogues that were previously hindered by the lack of an efficient total
synthesis. Traditional synthetic work, while effective, has been limited to
alteration at the 17-position and the quinone moiety itself.
Radicicol and Pochonin

To date, radicicol (RDC, Figure 6) is the most potent natural product

inhibitor of Hsp90, manifesting an 1Cso value of 23 nM.'® Its mechanism of

action is similar to that of GDA, in that it binds to the N-terminal ATP binding
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pocket of Hsp90. However, it does not manifest selectivity for the activated
heteroprotein complex versus the homodimeric form, as is the case for GDA. This
can be attributed to the more rigid structure of RDC.1®** RDC, isolated from
Diheterospora chlamydosporia, has proven to have many downstream oncogenic
effects through Hsp90 inhibition, including activity against 17-AAG resistant
retinoblastoma cells.*** However, no activity has been demonstrated in vivo, as
RDC is rapidly metabolized to inactive structures due to the electrophilicity of the
epoxide ring and o.,B,y,8-unsaturated ketone.*®

Several analogues of RDC have been synthesized that minimize in vivo
metabolism by decreasing its electrophilic nature.****?* These compounds display
nanomolar activity in vivo. For example, synthesis of radicicol 6-oxime
derivatives, such as KF25706 (Figure 6), has produced several compounds that
demonstrate potent antiproliferative activity. Furthermore, the oxime
stereochemistry has shown to be critical, as higher potency is observed with the
E-isomer.'®*"122 Other studies have determined that Hsp90 inhibitory activity is
dependent on the RDC scaffold being restrained to a bent conformation. This can
be assisted by an sp?-hybridized C6 or a p-oriented oxygen close in proximity to
C10 and C12.'* However, the best resource for synthetic SAR studies has been
the total synthesis of RDC and analogues by Danishefsky and co-workers.*** This
route offers a notably straightforward synthesis, providing several opportunities

for diversification. By replacing the electrophilic allylic epoxide with a
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cyclopropyl group (c-RDC, Figure 6), these researchers were able to reintroduce

activity comparable to GDA in vivo.

Pochonin A Pochonin D

Figure 6. Structures of radicicol, c-RDC, KF25706 and pochonin A & D.

Isolation of the structurally similar pochonin family of natural products
from Pochonia chlamydosporia has also shown promise in Hsp90 inhibition,
particularly with pochonin A and pochonin D.*?**?® Pochonin A and D have been
shown to directly inhibit Hsp90.'%® Pochonins A—F, while themselves displaying
cytotoxicity in the micromolar range,’® provide an opportunity for
conformational diversity that is not as easily achieved with radicicol.”” As a
d.127,128

result, several syntheses have now been reporte

Chimeric Analogues of Geldanamycin and Radicicol
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SAR studies have shown that GDA activity is dependent upon the
structural integrity of the quinone ring as well as the stereochemistry of the
carbamate. Similarly, RDC activity is dependent on the resorcinol ring, and to a
lesser extent, the epoxide.'?® In addition, the amide functionality in GDA appears

to impart high differential selectively towards the Hsp90 heteroprotein

%E.@e %* ;Eﬁ

Radamide Radester Radanamycm

complex.'*

Figure 7. Structure of the chimeric analogues of geldanamycin and radicicol.

Seminal work by Shen and co-workers utilized this knowledge to compose a new
class of chimeric analogues, combining the pro-inhibitory properties of GDA and
RDC to form radamide, radester, and radanamycin.****3* Each chimera improved
upon Hsp90 inhibitory activity with respect to the parent compounds (ICsp = 42
uM, 7.1uM, and 1.2 uM against MCF-7 breast cancer cells, respectively), and
was synthesized in a minimal number of steps that would allow for diversification

of this potential drug class. Early studies by this group identified the
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hydroquinone species to be more active than the corresponding quinone, which
was later confirmed with GDA by several other research laboratories.**
Novobiocin, Coumermycin Al, and Clorobiocin

The coumermycin family of antibiotics (Figure 8), isolated from
Streptomyces spheroids, have long been used clinically for antimicrobial
purposes.’*>*3 Mechanistically, they bind to the ATP binding pocket of DNA

gyrase, another member of the GHKL superfamily,*

thus preventing ATP
hydrolysis.**"*¥ Novobiocin in particular has been shown to display anti-cancer
properties, and has been used in the clinic for many years.*** Ground breaking
work by Neckers and co-workers demonstrated that this activity could be ascribed
to novobiocin’s Hsp90 inhibitory activity. Using affinity chromatography,
Neckers determined that novobiocin could competitively displace immobilized
GDA bound to Hsp90, however GDA could not displace immobilized novobiocin
when the reciprical experiment was performed. Further studies revealed that
novobiocin bound to a previously unrecognized C-terminal binding pocket, and
induced degradation of Hsp90-dependent client proteins.*“® These studies laid
the groundwork for a vast library of novobiocin and coumermycin analogues that

have since been prepared.?>4%-143
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Figure 8. The coumermycin family of antibiotics.

SAR studies in our lab have revealed many significant features that can
control the activity manifested by these novobiocin analogues. Synthesis of A4 in
2005, along with DHN1 and DHN2 in 2006 (Figure 9), highlighted key structural
differences necessary for distinguishing between inhibition of DNA gyrase and
Hsp90.:3%° The 4-hydroxyl and 3'-carbamate of novobiocin are critical for DNA
gyrase activity. Removing the 4-hydroxyl moiety and hydrolysis the carbamate
provided a 500-fold increase in selectivity for Hsp90. A methyl group at the C8
position also moderately increased activity. As of 2006, A4 was not only the most
potent novobiocin analogue to date, but interestingly displayed no growth

inhibitory activity. This feature was exploited in its development as a
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neuroprotective agent in 2007 when Ansar and co-workers demonstrated that A4

could provide

OH
AN X X
m \g/ (@]
o) (0] (0] (0] (0] (6]
MeO## Meoﬁ#
HO o)

(@)
OH a4 Yoo DHN1
NH,
OH
H H
AN N X X N H
O O 0 © (0] (0] 0 ©
Meoiaj Meoﬁj
HO  oH HO  on
DHN2 KU-122

Figure 9. Structures of novobiocin analogues.

significant protection against Ap-induced toxicity of neurons at non-cytotoxic
concentrations.?> Subsequent SAR studies concluded that the benzamide
functionality of novobiocin was necessary for cytotoxicity.****** It was also found
that the addition of a p-hydrogen bond acceptor and an m-aryl side chain were
most effective in increasing anti-proliferative activity. Further derivitization
resulting in heterocyclic analogues of the benzamide side chain revealed the most
potent novobiocin analogue to date, KU-122. Installation of a 2-indole moiety in
lieu of the native benzene ring resulted in a significant increase in anti-

proliferative properties (ICso = 0.37 uM in SKBr3 breast cancer cells, 0.17 uM in
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HCT-116 colon cancer cells). This variation in activity can be credited to the
hydrogen bond donating capability and the rigid 2,3-olefin on the indole ring.
These novobiocin analogues are unique in that rational modification of these
compounds can provide molecules that selectively treat bacterial infections,
cancer, or neurodegenerative diseases. Multiple projects are currently underway
to further elucidate these properties and to create more potent inhibitors of
Hsp90.:4°
EGCG

Epigallocatechin-3-gallate (EGCG, Figure 10) is a naturally occuring
polyphenol extract from Camellia sinensis, found in green tea. Although green tea
has been marketed in Eastern medicine for years as an anticancer agent, it wasn’t
until 2003 that Palermo and co-workers ascribed this feature to inhibition of Aryl
Hydrocarbon Receptor (AhR) activity.'*® Shortly thereafter, affinity studies
concluded that EGCG did not bind directly to AhR, but instead antagonized
Hsp90. Affinity purification studies concluded that EGCG, like novobiocin, binds

to the C-terminus of Hsp90.*7*4?

OH
o
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0
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Figure 10. Structure of EGCG.
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More recent studies have discussed EGCG’s potential as a neuroprotective

agent.**

Although Weinreb and co-workers attribute this property to EGCG’s
ability to chelate iron in areas of the brain associated with Parkinson’s and
Alzheimer’s disease, one cannot overlook the vastly growing array of Hsp90
inhibitors known to display neuroprotective qualities.
Taxol

Taxol’s (Figure 11) biological activity as an anticancer agent has been
attributed to its stabilization of microtubles and prevention of mitosis, and has
been used clinically for over twenty years."®® Through the activation of kinases
and transcription factors, it has also been shown to elicit cell signaling in a

manner indistinguishable from bacterial lipopolysaccharide (LPS).****>2

Figure 11. Structure of taxol.

Its isolation from the Pacific yew tree, Taxus brevifolia L., by Monroe Wall, and
his subsequent discovery of its anticancer properties, stands as one of the most
significant findings in the history of natural product research.’**!** What is

interesting, however, is that in recent years Rosen and co-workers have been able
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to show through affinity purification studies that taxol binds Hsp90, resulting in a
stimulatory response.™®>**’ This response not only sensitizes malignant tumors to
taxol, but could even prove useful in the future development of neuroprotective
agents. The site to which taxol binds Hsp90 has not yet been elucidated.
Derrubone

Derrubone (Figure 12) is a prenylated isoflavone that was isolated from
the Indian tree, Derris robusta, in 1969.°® A total synthesis was reported three
years later by Jain and Jain that consisted of 14 steps.*® This feat was matched by
Hossain and co-workers in 2006, and then improved upon by Hastings in 2007,
reducing its preparation to 8 linear steps.'®**®* Through utilization of the HTS
luciferase assay discussed earlier,®” Hadden and co-workers identified derrubone
as a C-terminal inhibitor of Hsp90, yielding an 1Cs value of 11.9 uM against

human MCF-7 breast cancer cells.*®?

Figure 12. Structure of derrubone.

SAR studies by Hastings and Hadden have identified key features of

derrubone that allow for optimal interaction with Hsp90, and several potent

analogues have been synthesized.'® First, the C3 aromatic ring substituent is
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essential for activity. Addition of an electron-withdrawing group at the C4'
position can further increase anti-proliferative activity, whereas substitution at C3'
results in complete loss of activity. Second, replacing the prenyl substituent with a
more polar functionality results in decreased activity, whereas replacing it with a
non-polar functionality gives comparable activity to the prenyl group. A slight
increase in activity was observed when the C6 substituent was translocated to the
C8 position. Overall, this study produced analogues with ICsy values in the low
micromolar range, and further development of the derrubone library is currently
underway.
Curcumin

Turmeric has been utilized for centuries in Ayurvedic medicine as a

topical treatment for wounds, inflammation, and tumors.*®®

The active component
was identified as curcumin (Figure 13), and its isolation from the rhizome of
Curcuma longa L. (Zingiberaceae) over two centuries ago eventually allowed for

structural identification and testing against various diseases.*®*

O O
MeO l ™ % ‘ OMe
HO OH

Figure 13. Structure of curcumin.

Properties exhibited by curcumin include anti-inflammatory, anti-oxidant, anti-

viral, cutaneous wound healing, hypocholesterolemic effects in diabetic patients,
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anti-angiogenic, and stimulatory response to stress-induced biological
activity.'®*% Curcumin has demonstrated neuroprotective activity against Ap

167 and several studies have shown that

aggregation in Alzheimer’s models,
curcumin manifests anti-proliferative activity against various cancers, including
leukemia, colon, liver, breast, and prostate cancers.'®>*%1"® However, the truly
unique feature of this molecule is its lack of toxicity. Large quantities of curcumin
can be consumed without toxicity, suggesting this molecule may serve as a
valuable scaffold for therapeutic development. Three phase | clinical trials have
demonstrated tolerances as high as 12 g per day, although this is in part due to its
poor bioavailability.!"*!" These distinctive properties make curcumin a valuable
lead compound for drug development, and it remains the focus of several clinical
trials.'"

Recent studies in the Blagg laboratory have shown that curcumin exhibits
its diverse range of activities through modulation of Hsp90. It was determined
that a number of previously identified protein targets of curcumin were client
proteins of Hsp90, and a subsequent binding study and Western Blot analysis
confirmed that this correlation in activity was likely a result of Hsp90 inhibition.
A major concern, however, was the potential that this activity was due to covalent
modification of the molecular chaperone through its Michael acceptor properties,

and not reversible binding to one of its terminii. To test this hypothesis, a number

of analogues were synthesized that converted the -electron-deficient o,p-
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unsaturated 1,3-diketone moiety into one of two electron rich heterocycles: an
isoxazole, which directly mimicked the 1,3-diketone central to curcumin’s core,
or a pyrazole, which mimicked the hydrogen-bonding network of the
corresponding enol.*™® A number of analogues were synthesized, and it was
determined that Michael acceptor properties were not critical to the retention of
curcumin’s inhibitory activity. Furthermore, it was determined that the pyrazole
analogues were slightly more potent than the corresponding isoxazole analogues,
emphasizing the importance of the hydrogen-bonding network curcumin exhibits
in its enol form. Studies are currently underway to further elucidate the interaction
between this natural product and Hsp90.
Gedunin and Celastrol

In recent years, gedunin (Figure 14), a tetranotriterpenoid isolated from

the Indian neem tree Azadirachta Indica, '™

and structurally related celastrol
(Figure 15), a quinone methide triterpene from Celastraceae family of plants,
have become compounds of interest due to their anti-proliferative and
neuroprotective properties.!”®*"® More recent studies identified these natural
products as Hsp90 inhibitors.>!"**¥ Using a connectivity map, Lamb and co-
workers were able to find high correlation scores between gedunin, celastrol,
GDA, 17-AAG, and 17-DMAG, suggesting these natural products exhibited their

activity through Hsp90 modulation. A subsequent paper confirmed this

hypothesis, however a mechanism of action was not fully revealed. In a
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fluorescence polarization assay, gedunin and celastrol failed to displace GDA,
indicating that the natural products were not binding competitively to the N-
terminal ATP-binding site. Zhang and co-workers have reported that celastrol
may disrupt Hsp90 function by blocking interactions between the molecular
chaperone and the co-chaperone, Cdc37, preventing formation of the Hsp90
heteroprotein complex responsible for the maturation of Hsp90-dependent
kinases'’®. Based on structural similarities between gedunin and celastrol, it is

likely that gedunin utilizes a similar mechanism of action for Hsp90 inhibition.

0
N—0H

Gedunin Celastrol

Figure 14. Structures of gedunin and celastrol.

In an attempt to elucidate structure—activity relationships between the
molecular chaperone and natural products, a semi-synthetic library has been
synthesized.*™ Although the analogues made thus far have not proven to be more
effective than gedunin in anti-proliferation assays, Brandt and co-workers have
identified key structural features necessary for activity.'®? Steric bulk applied at

the C7 position has a pronounced effect on anti-proliferative activity, as inhibitory
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activity is diminished in response to an increase in size. Although it appears as
though the electronic nature of the substituent is not imperative, the presence of a
hydrogen bond acceptor can slightly improve upon anti-proliferative properties.
C7 substituents also exhibit an influence on the overall conformation of the
molecule, and mediate the binding of other substituents. The olefin of the a,f-
unsaturated ketone is also essential for activity. One can assume this is due to the
electrophilic nature of this moiety, however modifications to and reduction of the
ketone itself have proven otherwise. Hydrogen bond accepting properties at the
C3 substituent, as well as the rigidity of the 1,2-olefin are responsible for
retention of activity. Studies are currently underway to further clarify gedunin’s

structure—activity relationship with Hsp90.

I1l. Summary

Natural products have long withstood the test of time for their
contributions to medicinal chemistry. The development of new and interesting
scaffolds, as well as small molecules that exhibit targeted selectivity, have been
dependent on the isolation and modification of complex structures from Mother
Nature. As Hsp90 continues to emerge as a promising target for the treatment of
cancer, neurodegenerative diseases, and other disease states, the construction of
viable inhibitors with drug-like properties becomes increasingly more important.

The structures presented in this introduction have provided a summary of past
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achievements by natural product chemists and their recent impact on future
applications. The remainder of this thesis will focus on a specific project
involving the development of Hsp90 inhibitors based on the 1,4-naphthoquinone

and flavone scaffolds, both of which are prevalent in natural products.
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Chapter I1: In Silico Development of a Novel
Hsp90 Inhibition Scaffold

I. Introduction

Previously, the synthesis and biological evaluation of several compounds
based on the 1,4-naphthoquinone scaffold were described.® A high-throughput
screen of natural products, using the aforementioned firefly luciferase assay,?
identified three naphthoquinone analogues that inhibited the renaturation of heat

denatured luciferase at concentrations of ~20 uM (Table 1).

Table 1. In vitro results of HTS hits with the 1,4-naphthoquinone scaffold.

o o 0© 0
L, . CLI,
o =~ \
SRS O
O K/o (@] —
HTS1 HTS2 HTS3
Compound | Luciferase Assay® Anti-Proliferation® Her2 ELISA®
MCF-7 SKBr3
HTS1 0.25 0.21 £0.02 0.82 £0.02 331
HTS2 0.38 19+4 2905 1.2 £0.2
HTS3 0.02 0.83+£0.13 0.87£0.23 1.2 £0.3

®Data presented as 1Cs, concentrations in xM + standard deviation.

Upon further evaluation, these hits exhibited significant anti-proliferative activity
against MCF-7 (ERa+ human breast cancer) and SKBr3 (ERa-, Her2 over-

expressing human breast cancer) cell lines, and induced degradation of Her2, a
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known Hsp90-dependent client protein. These core structures provided a starting
point for evaluation of structure—activity relationships (SAR). In total, 31
compounds were synthesized and evaluated, and exhibited 1Cs, values ranging
from 1.3 uM to >100 xM against MCF-7 breast cancer cells (Table 2). These
results suggested that further evaluation would be necessary before potent

analogues containing the 1,4-naphthoquinone scaffold could be identified as

Hsp90 inhibitors.

Table 2. In vivo results of initial 1,4-naphthoquinone library.

OMe
OMe
2

Scaffold A Scaffold B Biphenyl
Compound | Scaffold R! R? MCF-7°
la A CH; H 1.6 £0.5
1b A CH; 2-OMe 2.2 £0.7
1c A CH; 3-OMe 2.7 £0.7
1d A CH; 4-OMe 22+0.3
le A CH; 2-Cl 3.0 £0.3
1f A CH; 3-Cl 1.3 £05
1g A CH; 4-Cl 14 £0.2
1h A CH; Benzo[b,d]furan | 2.4 +0.3
Li A CH; 4-OPh 25 +0.2
2a A Ph H 21+04
2b A Ph 2-OMe 22+0.1
2c A Ph 3-OMe 14+0.1
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2d
2e
2f
29
2h
2i

Ta
7b
7c

7d
Te

7f

9
7h
7i

>>» >» > » >» P> P> W>EOE>>>D> D>

A

Ph
Ph
Ph
Ph
Ph
Ph
CH3
Ph
Biphenyl
Biphenyl
2-Cl-Phenyl
3-Cl-Phenyl
4-Cl-Phenyl
2-OMe-
Phenyl
3-OMe-
Phenyl
4-OMe-
Phenyl
1-Naphthyl
2-Naphthyl
Cyclohexyl

4-OMe
2-Cl
3-Cl
4-Cl
Benzo[b,d]furan
4-OPh

4-OMe
4-OMe
4-OMe
4-OMe

4-OMe
4-OMe

4-OMe

4-OMe
4-OMe
4-OMe

1.4 +0.02
18+0.1
48+20
26+0.1
6.0+0.1
2319
1.7+0.1
1.8+0.3
>100
3.0+04
22+01
34+15
33+1.2

21+01

18+0.1

15+0.3

22+03
6.8+ 0.6
19+0.6

®Data presented as 1Cs, concentrations in xM + standard deviation.

Prior to our studies, it was unknown how 1,4-naphthoquinones bind
Hsp90, and given the shortage of Hsp90 co-crystal structures, particularly the lack
of any C-terminal inhibitor co-crystal structure, comparative molecular field
analysis (CoMFA) became a suitable method for further refinement of this
scaffold.® Three-dimensional quantitative structure—activity relationship (3D-
QSAR) studies, such as CoMFA, have played a decisive role in in silico drug

design, although a number of limitations have been associated with this
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technique.*® For example, only non-covalent interactions with the binding pocket
are evaluated during analysis, and thus covalent modifications are not considered.
However, given the scope of our study, this approach was deemed optimal. In this
chapter, the development of two CoMFA models based on the previously reported
structures, as well as the design, synthesis, and biological evaluation of a second
generation of novel naphthoquinone compounds is described. In particular, these
models were used to probe two key structural features. First, it was necessary to
determine the preferred cis- or trans- conformation of the amide side chain.
Second, optimization of substituent effects within the aryl side chain was desired.
In a second part of this study, it was our objective to utilize the
information compiled from the CoMFA model and biological evaluation of the
prepared compounds to determine the mode of binding for a 1,4-naphthoquinone
scaffold to Hsp90. A number of N- and C-terminal inhibitors of Hsp90 have been
previously identified, and each class of compounds exhibits a unique set of
characteristic activities that allows for mechanistic elucidation via Western Blot

analyses®’ (Figure 1).
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Cytotoxic C-Terminal Inhibitor
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Inhibitor Concentration

Figure 1. Protein lysate profile after exposure to various Hsp90 inhibitors.

For example, N-terminal inhibitors not only cause Hsp90 client protein
degradation,®® but they also induce concentration-dependent upregulation of
Hsp70 and Hsp90 at the anti-proliferative 1Cso concentration.®** As described in
chapter one, this property has been identified as problematic in clinical trials for
the treatment of diseases such as cancer, where upregulation of the molecular
chaperone can result in dosing and scheduling complications. Upregulation of
heat shock proteins has also been identified as a physiological response to non-
cytotoxic C-terminal inhibition, however in this case client protein degradation is
not observed within a 1000-fold increase in inhibitor concentration. This has
proven beneficial for the potential treatment of neurodegenerative diseases,

wherein the increased levels of molecular chaperones can assist in the dissolution
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of protein aggregates.”"™ In contrast, cytotoxic C-terminal inhibitors do not cause
upregulation of Hsp70 and Hsp90, but do induce the degradation of Hsp90-
dependent client proteins, thereby offering a dosing regime that can be
particularly beneficial for the treatment of cancer.***’

With this knowledge in hand, it therefore became critical to not only
determine where these novel Hsp90 inhibitors bind, but also the physiological
response exhibited by the scaffold. In terms of SAR, it is well known that many
quinone-based structures exert non-selective cytotoxicity through formation of
covalent bonds via Michael additions or catalytic reduction of reactive oxygen
species as a result of their redox activity.*® In this case, having an understanding
of the naphthoquinone mode of binding would provide an additional route for the
development of analogues with increased potency, as well as the potential for
removing the problematic quinone moiety without jeopardizing activity, mode of
binding, or physiological properties of each compound. In this study, the
naphthoquinone mode of binding was predicted by making use of the modeling
program, AutoDock, and was confirmed through Western Blot analyses.
AutoDock has been shown to outperform other common docking programs based
on its descriptive algorithms and scoring function for several target proteins.
Developments in molecular docking over the past several years, such as with the

program AutoDock, have provided a useful and complementary tool for

estimating the binding energy of lead compounds, as well as for visualization of
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predicted interactions with residues in the binding pocket. From this information,
the rational design of a library of flavone compounds, a scaffold novel to Hsp90
inhibition, was pursued. These accounts, as well as the concluding observations,

are discussed herein.

I1. Results and Discussion
3D-QSAR/CoMFA Models and 1,4-Naphthoquinone Analogue Design

The 31 compounds made by Hadden and co-workers' were
computationally aligned to produce two CoMFA models, each of which was
generated based on one of two amide conformations, cis- or trans-, known to be
energetically favorable for this scaffold. Compounds whose inclusion in the
model resulted in a 3D-QSAR cross-validated correlation score (g%, leave-one-out
technique) of less than 0.500 were considered outliers, and removed from the data
set. In the cis-amide model, compounds HTS1, 2h, 2i, and 5 were removed,
whereas compounds HTS2, 1e, and 7i were removed from the trans-amide model.
Outliers were later used to validate the predictive ability of each model.

3D-QSAR models were derived by utilizing the modeling program
SYBYL through a partial least squares (PLS) regression, wherein the predicted
ICs0 (pICsp) value was the dependent variable, and the calculated CoMFA
parameters were the independent variables. In the cis-amide model (Figure 2), a

q° of 0.629 was observed with an optimum number of coefficients (ONC) totaling

-50-



four. The trans-amide model yielded similar values of 0.671 and four,

respectively.

(@) (b)

Figure 2. cis-Amide CoMFA model.

These parameters were reinforced with a five-group non-cross-validation
technique, in which the resulting correlation scores (r°) were 0.629 for the cis-
model and 0.603 for the trans- model. Both models were derived from the
electrostatic and hydrophobic properties of each data set. The field contributions
for each model averaged ~30% electrostatic and ~70% hydrophobic. Additional
statistical parameters, including the predictive ability for each model, are

summarized in Table 3.
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Table 3. Statistical data for 3D-QSAR CoMFA Maodels

Parameters cis-Amide trans-Amide

q*? 0.629 0.671

ONC® 4 4
SEE;* 0.103 0.103
ored 0.865 0.954

F° 38.556 130.128
Outliers' 4 3
Field Contribution

Electrostatic 0.357 0.257
Hydrophobic 0.643 0.743

®Leave-one-out cross-validated correlation coefficient

®Optimum number of components

“Standard error of estimate for the training set

Ypredicted correlation coefficient for the test set

®Ratio of r* to 1-r?

*Number of compounds whose inclusion results in a > less than 0.500

From the 3D-QSAR experiments, a number of novel 1,4-naphthoquinones
were modeled, and pICsy values obtained for each set of amide conformers. A
major limitation of CoMFA is that it tolerates only very focused structural
changes. For this reason, the SAR study was focused on the aryl side chain
previously reported by Hadden and co-workers, as it appeared to be the most
synthetically relevant substituent falling within the parameters of the 3D-QSAR
models. It also allowed for a more accurate prediction of cis- and trans- amide
plCso values, which was reinforced by using an acetamide side chain in all cases

to allow for further structural consistency and optimal potency. The majority of
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compounds appeared to benefit from electron-donating substituents in the ortho-
and para- position of the aryl side chain, although electron withdrawing
substituents and meta-substituted aryl side chains occasionally proved beneficial.
Furthermore, multi-substituted aryl side chains had not been previously
investigated, and were therefore included in this study in an attempt to take
advantage of multiple interactions with the binding pocket. From the resulting
analysis, a select number of compounds were carried forward for synthesis and

biological evaluation.
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Scheme 1. Synthesis of 1,4-naphthoquinone analogues.

1,4-Naphthoquinone Analogue Synthesis
Chemistry previously optimized by our group was expanded upon to
prepare a novel library of 1,4-naphthoquinones (Scheme 1). In step 1, the reduced

nucleophilicity of the amino group in commercially available 2-amino-3-chloro-
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1,4-naphthoquinone 8 required stringent conditions for acetylation. After several
failed attempts with traditional peptide coupling techniques, it was found that the
acetylated naphthoquinone 9 could only be afforded after stirring at reflux in
acetyl chloride with catalytic sulfuric acid for three hours.

Compounds 10a-10i were formed through a traditional Suzuki coupling
reaction between 9 and the appropriate aryl boronic acid. Stirring these
components at reflux in the presence of a catalytic amount of
tetrakis(triphenylphosphine)palladium(0) and aqueous sodium bicarbonate in THF
resulted in the desired products in moderate to excellent yields (51-97%).

Evaluation of Novel 1,4-Naphthoquinones

Table 4. Anti-proliferative activities of naphthoquinone analogues®”.

1Cso 1Cso pICso pICso
Compound (SKBr3) (MCF-7) | (MCF-7, cis-amide) | (MCF-7, trans-amide)

10a 3.8+0.8 22+04 2.309 1.944
10b 2.76 £0.04 | 2.01£0.04 1.915 2.170
10c 251+£001| 22+0.1 2.019 1.717
10d 3.1+04 2.2+0.5 2.103 1.852
10e 55+0.2 3.3+£0.3 2.570 2.673
10f 5.1+05 29+04 2.318 1.908
10g 3.0+£0.2 2.3+0.2 2.320 2.477
10h 44+0.3 24+0.3 2.164 1.759
10i 3.8+0.9 21+0.1 2.238 2.669
Correlation Scores (R): 0.612 0.069

®All values are in units of zM, and represent + standard deviation for two separate experiments
performed in triplicate.

prC50 is defined as the predicted ICs in units of uM.
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The data shown in Table 4 correspond to the growth inhibitory activities
of 1,4-naphthoquinone analogues 10a-10i against SKBr3 and MCF-7 breast
cancer cell lines, as well as the predicted ICsy values against MCF-7 cells from
each of the CoMFA models (cis- and trans- amide). Compounds 10b and 10i
represent the most potent analogues, however a very flat SAR was observed for
the entire library, which manifested low micromolar activities against both cell
lines. Upon analysis of the anti-proliferation data, it was evident that installation
of a multi-substituted aryl side chain, or a carefully selected mono-substituted aryl
side chain, allowed for improved interaction in the binding pocket. In each case,
an increase in activity compared to the previous library was observed. It also
appeared that both hydrogen and halogen bonding interactions were possible, as
moderate activity was observed when each type of substituent was introduced. In
a broad sense, it appeared that improvement in activity was primarily due to
proper control of steric constraints, as a number of small substituents were
tolerated. It had been shown via the CoOMFA model that steric bulk on the amide
and aryl side chain resulted in a significant loss in activity. Furthermore,
correlation scores (R?) between the experimentally determined ICsq data and the
pICso values indicated that a trans-amide conformation was most likely favored in
the binding pocket. A correlation score of 0.612 was determined for the trans
model, whereas a score of 0.069 was reported for the cis model, indicating

preference for the former.
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Computational and Western Blot Analysis Toward Further Analogue
Development

Although moderate potency had been established with the second
generation of naphthoquinones, it was clear that further development of the
scaffold would be necessary in order to produce activities in the nanomolar
concentration range. Optimization of the eastern portion of the molecule appeared
complete, and thus focus was turned to the western half for the remainder of the
project. It was also desired at this point to remove the liabilites associated with the
quinone moiety, while attempting to maintain a physiological profile similar to
the 1,4-naphthoquinone scaffold. In order to accomplish this effectively, it was
necessary to first determine the mode of binding for this class of compounds. This
was achieved through computational analysis, utilizing the AutoDock program,
and confirmed through Western Blot analyses.

A recent paper by Park and co-workers described a novel class of N-
terminal Hsp90 inhibitors isolated through structure-based virtual screening.?
These quinazolinones bear a striking resemblance to our first two libraries of
compounds (Figure 3), and thus became an intellectual lead for development of a

hypothesis regarding 1,4-naphthoquinone binding and inhibition.
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Figure 3. Overlay of the 1,4-naphthoquinone nad quinazolinone scaffolds.

The AutoDock program was used to simulate binding of compound 10d to the N-
terminal of Hsp90, using the same parameters and scoring function as those
described in the paper by Park and co-workers. From the analysis, the lowest-
scoring molecular solvation free energy conformation was determined (-13.16
kcal/mol, Figure 4a). An overlay of the two compounds indicated a correlative
mode of binding (Figure 4b), justifying biological evaluation through Western

Blot analyses.

(b)

Figure 4. (a) Docking of 10d in the ATP-binding pocket of Hsp90. (b) Overlay of
10d and a quinazolinone in the ATP-binding pocket of Hsp90.
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As discussed previously, each class of Hsp90 inhibitors renders a unique
physiological profile, differentiable through Western Blot Analyses. In this case,
compounds 10c and 10d each induced concentration-dependent upregulation of
Hsp90, as well as concentration-dependent degradation of Her2, a known client
protein of Hsp90 (Figure 5). This trend is a clear hallmark of N-terminal Hsp90
inhibition.

0.1 05 1.0 10 50 100 GDA DMSO
Her2

Hsp90

Actin

0.1 05 1.0 10 50 100 GDA DMSO
Her2

Hsp90

Actin

Figure 5. Western Blot analysis of protein lysates following exposure to 10c (top)
and 10d (bottom) in MCF-7 cells (uM). Geldanamycin (500 nM) was used as a
positive control.
Design of Flavone Analogues

Once a mode of binding had been established for the 1,4-naphthoquinone
scaffold, it was necessary to return to the docking model for further analysis.

Specific residue interactions were assigned by using SYBYL 7.0 to calculate the

intermolecular distance between the ligand 10d and specific amino acid residues
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in the N-terminal crystal structure. Intermolecular distances of less than 3.5 A
were considered significant for potential hydrogen or halogen bonding, and

Figure 6 represents a schematic drawing of proposed interactions between 10d

and the Hsp90 N-terminal ATP-binding site.

lleg, Aspgs
Thr
\G|Y97 184
LeU48
Glyqss
O\
2.90 ©
Lys
P YS112
Lyssg
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h HoN Asns

Asng; 'O\,’/O

Figure 6. Proposed interactions between 10d and the ATP-binding site of Hsp90
Hydrogen bonds are shown as dotted lines with distances given in angstroms.

Based on this analysis, key interactions appeared to exist between the C1 carbonyl
and the intricate hydrogen-bonding network centered about Asp93. It should be

noted that water molecules involved in this network are highly conserved in all
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known co-crystal structures with N-terminal inhibitors, such as radicicol and
geldanamycin, and are considered critical for binding.*** Hydrogen-bonding
interactions between the C4 carbonyl and Ala55, and between the acetamide side
chain and Gly135 via a water molecule also seemed plausible. The most
interesting feature to note, however, was the unusual abundance of active residues
surrounding the aryl side chain at C3. A number of amino acids in this region
were close enough in proximity to 10d that a potential hydrogen or halogen
bonding interaction could take place. This was in agreement with the SAR trend
observed in our previous two libraries, and served as the starting point for the
design of the next set of analogues.

In order to remove the quinone moiety, while maintaining the integrity of
the interactions described above, a 3-acetamido-6-hydroxyflavone core was
selected for analogue development. After inserting this scaffold into the
previously constructed schematic, one could see that all key interactions, with the
exception of that between the C4 carbonyl of the 1,4-naphthoquinone and Ala55,
were conserved (Figure 7). However, with the vinylogous ester replacement,
allowance of this interaction was still possible, albeit less likely, due to greater

intermolecular distance.
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Figure 7. Proposed interactions between the newly constructed flavone scaffold
and the ATP-binding site of Hsp90. Hydrogen bonds are shown as dotted lines
with distances given in angstroms.

Three dimensional analysis via AutoDock indicated that installation of a phenol at
the C6 position would allow for additional hydrogen bonding interactions with
Leu49 via a conserved water molecule, thereby utilizing the conserved network
surrounding Asp93 and potentially increasing binding affinity. With respect to the

aryl side chain, extensive investigation of SAR had been established for the 1,4-

naphthoquinone analogues, and six of those substitution patterns were selected for
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comparison with the flavone library. This included analogues corresponding to
compounds 10a, 10c, 10d, 10h, and 10i, as well as an unsubstituted aryl ring. Due
to synthetic barriers, which will be discussed in the next section, a 2'-methoxy
substituent was placed in lieu of a 2'-ethoxy substituent to create an analogue
corresponding to 10d.

Synthesis of Flavone Analogues.

Flavones 17a—17f were prepared through a traditional approach, beginning
with esterification of 2-hydroxy-5-methoxymethoxyacetophenone 11 and the
appropriate benzoyl chloride to give compounds 12a-12d in good yield (Scheme
2). Subsequent base-mediated isomerization via a Baker—Venkataraman

rearrangement afforded the corresponding 1,3-diketones, 13a-13d.%%*

-63-



0o A
MOMO
—R PR X
MOMO +Cl | _ Pyridine . g
70°C, 10 min pZ
OH o) >95% 0
1 12a-12d ©
0O O
K'OBu, THF MOMO N cat H,SO,4, EtOH
rt, 10 min | —fR  uW, 100°C, 30 min
>95% OH = 92%
13a—13d
BocO
Boc,O, DMAP
DMF, 1t, 1 h

>95%

14a—14d

1. NH4N03, TFAA, BocO

1. AcCl, Hunig's Base HO

15a—15e

AcCN, rt, 3 h AcCN, rt, 1 h
2. H,, Pd/C or PtO, 2. MeOH, HClI (g)
EtOH, rt, 1 h rt, 5 min
82% 60%
Cl

Cl

Scheme 2. Synthesis of flavone analogues.

Microwave-assisted cyclization yielded flavones 14a-14d, which were then Boc-

protected to give compounds 15a-15d.” Commercially available 6-
hydroxyflavone was also submitted to Boc-protection to give compound 15e.
Initial attempts toward installation of the acetamide side chain involved a
3-bromo flavone intermediate that was prepared via bromination of compounds
15a-15e using N-bromosuccinimide as a source of electrophilic bromine. The

Boc protecting group installed in the preceding step allowed for selective
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electrophilic addition, generating products in moderate yield. This approach was
quickly rescinded, however, when it was determined that the a-bromo
intermediate was completely inactive towards rudimentary Sn*Ar chemistry, as
well as traditional coupling techniques, such as Ullman®® or Buchwald—Hartwig?’
conditions. This was likely due to poor electrophilicity at the C3 carbon, as it was
positioned alpha to the carbonyl of a vinylogous ester. To overcome this obstacle,
selective a-nitration of the Boc-protected flavones 15a—15e was performed under
mild conditions, enlisting trifluoroacetic acid anhydride and ammonium nitrate to
afford the intermediate Boc-protected 3-nitroflavones. Reduction of the nitro
group using 10% wt/wt Pd/C under a hydrogen atmosphere afforded anilines 16a
and 16¢-16d. It was determined that reduction of the a-nitrated 2'-methoxy-5'-
chloro-flavone intermediate under the given conditions resulted in undesired
dehalogenation, and thus, milder conditions utilizing a PtO, catalyst were
necessary to acquire compound 16b.?® Serendipitously, the latter technique
provided a route to o-aminated 2'-alkoxy flavones that were previously
unattainable using the presented approach, due to their ortho- and para-directed
activation of the aryl side chain during nitration. This observation was therefore
exploited to synthesize compound 16f in moderate yield. In the final step, N-

acetylation followed by Boc deprotection afforded the final products, 17a—17f.
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Evaluation of Flavone Analogues

a

Table 5. Growth inhibitory activities of flavone analogues’.

Compound ICs5o (SKBr3) IC50 (MCF-7)
17a 9.8+£0.6 94+0.3
17b 161 19+2
17c 384 241
17d 45+ 4 >100
17e >100 >100
17f >100 >100

®All values are in units of zM, and represent + standard error for two
separate experiments performed in triplicate

The data shown in Table 5 represent growth inhibitory activities of
flavone analogues 17a-17f against SKBr3 and MCF-7 breast cancer cell lines.
Upon inspection, it became immediately apparent that the activities of the flavone
analogues were not as desirable as those of the 1,4-naphthoquinones. However,
the data did provide intricate SAR. In this case, the most active component of the
library was compound 17a, which contained a 2',4’-dichlorophenyl side chain and
exhibited a 9 uM 1Csy concentration against both cell lines. Moderate to low
activity in both cell lines was also observed for compounds 17b and 17c, as well
as compound 17d (SKBr3 cells only). Although this library was small, the data
suggests that halogen bonding is associated with the binding interactions, as each
of the active compounds 17a—-17d possess halogen-containing substituents. This is
reinforced through comparison of compounds 17b and 17f, wherein complete loss

in activity was observed upon removal of the 5'-chloro substituent, and also
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through compound 17e, wherein lack of aryl substitution resulted in a complete
loss of activity.

Initially, it was perceived that this activity was associated with the
electron-withdrawing properties of the aryl substituents in compounds 17a-17f.
However, one would expect that the trifluoromethyl-substituted compounds
would display a higher binding affinity, and thus improved activity versus the
corresponding chloro-substituted species, which was not observed. If the
hypothesis is correct, then para- and ortho- halogen substitution is favored over
meta-, as observed when comparing compound 17a to 17b and compound 17c to
17d. Furthermore, as fluorine is not usually associated with halogen bonding, it is
more likely that the trifluoromethyl group is actually involved in hydrogen-
bonding interactions.?

Western Blot analyses confirmed that compounds 17a and 17b induced a
concentration-dependent heat shock response that reciprocated their cytotoxicity
profile (Figure 8). As previously discussed, this is a property associated with anti-
proliferative N-terminal inhibition of Hsp90. However, to our surprise the
corresponding concentration-dependent degradation of client proteins was not
observed. Typically, a lysate profile of this nature is associated with
neuroprotective inhibitors of Hsp90. However, whereas the nueroprotective
inhibitors are non-toxic, this scaffold clearly exhibits toxicity, and as such

suggests a physiological profile previously unidentified for Hsp90 modulators.
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Figure 8. Western Blot analysis of protein lysates following exposure to 17a (top)
and 17b (bottom) in MCF-7 cells.

In light of this observation, it is unclear how these compounds induce Hsp
expression and cell death without induction of client protein degredation. As a
result, further biological investigation will be required to elucidate the mechanism

of action manifested by these compounds.

I11. Conclusions
As Hsp90 continues to emerge as a promising target for the treatment of
cancer, neurodegenerative diseases, and other disease states, the construction of

viable inhibitors with drug-like properties will become increasingly more
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important. Using traditional chemical, biological, and computational techniques,
two novel scaffolds were developed, and their mode of action probed. Where it
was apparent that the 1,4-naphthoquinone scaffold inhibits Hsp90 via the N-
terminus, the corresponding flavone scaffold exhibits a unique set of biological
properties, making determination of its mechanism of action unclear at present.
Additional studies will be needed to further understand the attributes possessed by

the scaffolds, and perhaps, the intricate mechanism of Hsp90 modulation.

IV. Experimental Section
General Methods

Unless otherwise indicated, all reagents were purchased from commercial
suppliers and were used without further purification. All stir bars and glassware
were flame-dried, and glassware was flushed with argon immediately prior to use.
The *H and *3C NMR spectra were recorded at 500 and 125 MHz, respectively, on
a Bruker DRX 500 using the indicated solvents, & in ppm, and J (Hz) assignments
of resonance coupling. Column chromatography was performed with silica gel
(40-63 wm particle size) from Sorbent Technologies (Atlanta, GA). Analytical
HPLC was carried out on an Agilent 1100 series capillary HPLC system with
diode array detection at 209 nm (naphthoquinones) or 254 nm (flavones) on a
Phenomenex Luna C18 column (10 x 250 mm, 5 wm) with isocratic elution in

60% acetonitrile and 40% H-0 at a flow rate of 5.0 mL/min.
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CoMFA Models and in silico Analysis (AutoDock)

A training set of 31 compounds was compiled from a paper by Hadden
and co-workers." The biological data (ICs, values: drug concentration in uM)
were obtained through methods described below, and converted into plCsy (-
loglCsp) values. This data was used as an independent variable in the COMFA
analyses. Molecular structures were built using SYBYL 7.0 on a Silicon Graphics
02 workstation under the IRIX Release 6.5 operating system, and energy
minimizations were performed using the Tripos force field utilizing a distance-
dependent dielectric function. After minimization, manual manipulation of the
amide bond, followed by minimization with limited convergence criterion (NB
cutoff set to 1.0 A), was performed to provide both a cis and trans amide library.

Atomic charges were calculated using Gasteiger-Marsili methodology.
Molecular alignment of each amide library was performed using the database
alignment feature of SYBYL 7.0, using the Hadden compound 1a and the core
naphthoquinone scaffold as a reference. COMFA models were constructed based
on electrostatic and hydrophobic field energies calculated through SYBYL
(default settings) and the Tripos force field. All grid point calculations were
completed using an sp* hybridized carbon atom with a +1.0 charge and a van der
Waals radius of 1.52 A as a probe.

3D-QSAR models were derived with SYBYL through a partial least

squares regression, where plCsy was the dependent variable, and the calculated
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CoMFA parameters were the independent variables. These models were
confirmed through a leave one out cross-validation technique, where specific
compounds were either removed or region-focused to offer the highest possible g°
value. Non-cross-validation was used to reinforce this, sighting r? for accuracy.
Upon validation, each model was used to predict plCsy values in the development
of the naphthoquinones described in this paper.

The AutoDock program was used to simulate binding of compound 10d to
the N-terminal of Hsp90. The coordinates in the co-crystal structure of Hsp90 and
a benzenesulfonamide inhibitor (PBD: 2BZ5) were used for the receptor
molecule, while the energy-minimized structure generated from the previous
CoMFA study was selected for 10d. During the simulation, the default AutoDock
scoring function was used,'® incorporating van der Waals, hydrogen bonding, and
electrostatic interactions, as well as torsional and ligand desolvation factors. From
the resulting analysis, the lowest-scoring molecular solvation free energy
conformation was selected for each ligand. Protein-ligand hydrogen bonding
interactions were determined through a 3D analysis of the model, wherein
intermolecular distances of less than 3.5 A were considered significant for
potential hydrogen bonding interactions. Overlay of the protein-ligand complex
and CoMFA was achieved by introducing both models of compound 10d into the

same molecular area, and using the Match algorithm associated with SYBYL 7.0.
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Analogue Synthesis
N-(3-Chloro-1,4-dioxo-1,4-dihydronaphthalen-2-yl)acetamide (9). 2-
Amino-3-chloro-1,4-naphthoquinone (8, 5.000 g, 24.08 mmol) was dissolved in
acetyl chloride (150 mL) and stirred at rt. A catalytic amount of concentrated
sulfuric acid (625 uL) was added at rt. The solution heated to reflux and stirred
for 3 h. The solvent was removed, and the residue was partitioned between EtOAc
(200 mL) and H2O (200 mL). The organic layer was washed with saturated
aqueous sodium chloride (2 x 200 mL), dried (Na,SO,), filtered, and concentrated
in vacuo. The residue was purified by column chromatography (SiO,, 20:3
hexanes:EtOAc, then 20:9 hexanes:EtOAc) to afford 9 (1.25 g, 18%) as a yellow
amorphous solid: *H NMR (DMSO-ds, 500 MHz) & 8.06 (m, 1H), 8.02 (m, 1H),
7.89 (m, 2H), 2.13 (s, 3H); **C NMR (DMSO-ds, 125 MHz) 5 178.8, 177.6, 168.0,
141.3, 134.55, 134.52, 131.0, 130.8, 126.7, 126.6 (2C); IR (film) vmax 3310, 3250,
2359, 2341, 1711, 1693, 1661, 1609, 1587, 1479, 1456, 1427, 1375, 1327, 1312,
1294, 1254, 1223, 1198, 1169, 1126, 1051, 1038, 1022, 986, 964 cm™:
HRMS(ES") m/z: [M+H] calcd for C12HgNOsCI 250.0271; found 250.0275.
N-(3-(2,4-Dichlorophenyl)-1,4-dioxo-1,4-dihydronaphthalen-2-
yhacetamide (10a). A solution of 9 (20.0 mg, 0.068 mmol) and
tetrakis(triphenylphosphine)palladium(0) (6 mol%, 4.75 mg, 4.11 umol) in
THF:2M K,COg3 (10:1, 4.4 mL) stirred at rt for 30 min. 2,4-Dichlorophenyl

boronic acid (39.19 mg, 0.21 mmol) was added and the solution stirred for 30 min
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at rt, then heated to reflux 15 hr. The solution was cooled, filtered through celite,
and diluted with EtOAc (50 mL). The organic layer was washed with H,O (50
mL) and saturated aqueous sodium chloride (50 mL), dried (Na,SQ,), filtered, and
concentrated. The residue was purified by column chromatography (SiO,, 20:1
hexanes:EtOAC) to afford 10a (14.8 mg, 60%) as a yellow amorphous solid: *H
NMR (CDCls, 500 MHz) & 8.16 (m, 2H), 7.98 (bs, N-H), 7.79 (m, 2H), 7.48 (d, J
= 2.1 Hz, 1H), 7.31 (dd, J = 8.3, 2.1 Hz, 1H), 7.19 (d, J = 8.3 Hz, 1H), 2.07 (s,
3H); *C NMR (CDCls, 125 MHz) § 182.2, 181.9, 166.5, 138.3, 134.9, 134.0,
133.7, 132.2, 131.6, 130.9, 130.2, 129.4, 127.2, 126.7, 126.5 24.1; IR (film) vmax
3292, 1701, 1668, 1618, 1587, 1555, 1491, 1472, 1425, 1369, 1329, 1294, 1236,
1205, 1188, 1159, 1144, 1101, 1059, 1041, 1013, 987, 974, 943 cm™:
HRMS(ES") m/z: [M+H] calcd for C15H;1NO3Cl, 360.0194; found 360.0182.
N-(3-(2,5-Dichlorophenyl)-1,4-dioxo-1,4-dihydronaphthalen-2-

yhacetamide (10b). A solution of 9 (20.0 mg, 0.068 mmol) and
tetrakis(triphenylphosphine)palladium(0) (4 mol%, 3.17 mg, 2.74 umol) in
THF:2M K,;COg3 (10:1, 4.4 mL) stirred at rt for 30 min. 2,5-Dichlorophenyl
boronic acid (32.66 mg, 0.17 mmol) was added and the solution stirred for 30 min
at rt, then heated to reflux for 15 hr. The solution was cooled, filtered through
celite, and diluted with EtOAc (50 mL). The organic layer was washed with H,O
(50 mL) and saturated aqueous sodium chloride (50 mL), dried (Na,SQ.,), filtered,

and concentrated. The residue was purified by column chromatography (SiO,,
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20:1 hexanes:EtOAC) to afford 10b (12.6 mg, 51%) as a yellow amorphous solid:
'H NMR (CDCls, 500 MHz) & 8.17 (m, 2H), 8.00 (bs, N-H), 7.79 (m, 2H), 7.41
(d, J = 8.6 Hz, 1H), 7.29 (dd, J = 8.6, 2.5 Hz, 1H), 7.21 (d, J = 2.5 Hz, 1H), 2.08
(s, 3H); °C NMR (CDCls, 125 MHz)  181.90, 181.88, 166.5, 138.2, 135.1,
134.8, 133.7, 132.2, 132.1, 132.0, 130.5, 130.4, 130.1, 130.0, 127.2, 126.6 (2C),
24.2; IR (film) vmax 3290, 2922, 2851, 1668, 1618, 1593, 1493, 1464, 1383, 1294,
1234, 1205, 1159, 1097, 1041, 1016 cm™; HRMS(ES") m/z: [M+H] calcd for
C1sH11NO3Cl, 360.0194; found 360.0197.
N-(3-(5-Chloro-2-methoxyphenyl)-1,4-dioxo-1,4-dihydronaphthalen-2-
yl)acetamide (10c). A solution of 9 (20.0 mg, 0.068 mmol) and
tetrakis(triphenylphosphine)palladium(0) (4 mol%, 3.17 mg, 2.74 umol) in
THF:2M K,;CO3 (10:1, 4.4 mL) stirred at rt for 30 min. 5-Chloro-2-
methoxyphenyl boronic acid (25.52 mg, 0.14 mmol) was added and the solution
stirred for 30 min at rt, then heated to reflux for 15 hr. The solution was cooled,
filtered through celite, and diluted with EtOAc (50 mL). The organic layer was
washed with H,O (50 mL) and saturated aqueous sodium chloride (50 mL), dried
(NaySO,), filtered, and concentrated. The residue was purified by column
chromatography (SiO;, 9:1 hexanes:EtOAc) to afford 10c (22.1 mg, 91%) as a
yellow—orange amorphous solid: *H NMR (CDCls, 500 MHz) & 8.13 (d, J = 7.25
Hz, 2H), 7.82 (bs, N-H), 7.76 (m, 2H), 7.31 (dd, J = 8.9, 2.6 Hz, 1H), 7.05 (d, J =

2.6 Hz, 1H), 6.95 (d, J = 8.9 Hz, 1H), 3.84 (s, 3H), 2.05 (s, 3H); *C NMR
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(CDCl3, 125 MHz) ¢ 182.2, 181.8, 166.9, 155.7, 138.5, 134.6, 133.4, 132.4,
132.0, 130.4, 129.9, 128.7, 127.0, 126.4, 125.2, 124.6, 112.6, 56.3, 24.0; IR (film)
vmax 3292, 3070, 2959, 2935, 2849, 1693, 1666, 1618, 1593, 1487, 1441, 1396,
1369, 1339, 1294, 1269, 1250, 1202, 1180, 1159, 1142, 1111, 1016 cm™;
HRMS(ES™) m/z: [M+H] calcd for C15H14NO4Cl 356.0690; found 356.0687.
N-(3-(2-Ethoxyphenyl)-1,4-dioxo-1,4-dihydronaphthalen-2-

yhacetamide (10d). A solution of 9 (20.0 mg, 0.068 mmol) and
tetrakis(triphenylphosphine)palladium(0) (4 mol%, 3.17 mg, 2.74 umol) in
THF:2M K,COg3 (10:1, 4.4 mL) stirred at rt for 30 min. 2-Ethoxyphenyl boronic
acid (22.72 mg, 0.14 mmol) was added and the solution stirred for 30 min at rt,
then heated to reflux for 15 hr. The solution was cooled, filtered through celite,
and diluted with EtOAc (50 mL). The organic layer was washed with H,O (50
mL) and saturated aqueous sodium chloride (50 mL), dried (Na,SQ,), filtered, and
concentrated. The residue was purified by column chromatography (SiO,, 9:1
hexanes:EtOAC) to afford 10d (19.1 mg, 83%) as an orange amorphous solid: *H
NMR (CDCls, 500 MHz) § 8.15 (m, 2H), 7.75 (m, 2H), 7.65 (bs, N-H), 7.38 (dt, J
=7.9, 1.7 Hz, 1H), 7.16 (dd, J = 7.9, 1.8 Hz, 1H), 7.02 (t, J = 7.8 Hz, 2H), 4.17
(m, 1H), 4.05 (m, 1H), 2.02 (s, 3H), 1.31 (t, J = 7.0 Hz); **C NMR (CDCls, 125
MHz) ¢ 183.1, 181.4, 167.5, 156.0, 139.2, 134.2, 133.3, 132.5, 131.1, 130.5,
130.4, 126.8, 126.4, 122.0, 120.4, 1125, 64.4, 23.7, 14.8; IR (film) vmax 3323,

3304, 3285, 3246, 3186, 3067, 2978, 2928, 2361, 2343, 1664, 1616, 1597, 1578,
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1491, 1475, 1448, 1420, 1387, 1367, 1344, 1327, 1296, 1286, 1269, 1246, 1202,
1159, 1122, 1109, 1088, 1043, 1013, 989, 970, 922, 905 cm™}; HRMS(ES") m/z:
[M+H] calcd for C»H17NO,4 336.1236; found 336.1249.
N-(3-(2,3-Dimethoxyphenyl)-1,4-dioxo-1,4-dihydronaphthalen-2-

yhacetamide (10e). A solution of 9 (20.0 mg, 0.068 mmol) and
tetrakis(triphenylphosphine)palladium(0) (6 mol%, 4.75 mg, 4.11 wumol) in
THF:2M K,CO3 (10:1, 4.4 mL) stirred at rt for 30 min. 2,3-Dimethoxyphenyl
boronic acid (37.38 mg, 0.21 mmol) was added and the solution stirred for 30 min
at rt, then heated to reflux for 15 hr. The solution was cooled, filtered through
celite, and diluted with EtOAc (50 mL). The organic layer was washed with H,O
(50 mL) and saturated aqueous sodium chloride (50 mL), dried (Na,SQ.,), filtered,
and concentrated. The residue was purified by column chromatography (SiO,,
20:1 hexanes:EtOAC) to afford 10e (22.8 mg, 95%) as a yellow amorphous solid:
'H NMR (CDCls, 500 MHz) § 8.16 (m, 2H), 7.77 (m, 2H), 7.71 (bs, N-H), 7.13 (t,
J = 8.0 Hz, 1H), 7.00 (dd, J = 8.2, 1.4 Hz, 1H), 6.77 (dd, J = 7.8, 1.4 Hz, 1H),
3.92 (s, 3H), 3.79 (s, 3H), 2.05 (s, 3H); *C NMR (CDCls, 125 MHz) & 183.6,
181.0, 167.9, 152.5, 146.3, 139.8, 134.21, 134.17, 133.6, 132.4, 131.3, 126.8,
126.6, 126.5, 123.8, 122.3, 113.2, 61.2, 55.7, 23.7; IR (film) vmax 3292, 3285,
3258, 2930, 2853, 2837, 1666, 1647, 1618, 1595, 1578, 1474, 1425, 1400, 1367,

1346, 1325, 1290, 1265, 1236, 1223, 1169, 1161, 1124, 1084, 1065, 1041, 1003,
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920, 906 cm™; HRMS(ES") m/z: [M+H] calcd for Cx0Hi7NOs 352.1185; found
352.1192.

N-(3-(2,4-Dimethoxyphenyl)-1,4-dioxo-1,4-dihydronaphthalen-2-
yhacetamide (10f). A solution of 9 (20.0 mg, 0.068 mmol) and
tetrakis(triphenylphosphine)palladium(0) (4 mol%, 3.17 mg, 2.74 umol) in
THF:2M K;COg3 (10:1, 4.4 mL) stirred at rt for 30 min. 2,4-Dimethoxyphenyl
boronic acid (24.91 mg, 0.14 mmol) was added and the solution stirred for 30 min
at rt, then heated to reflux for 15 hr. The solution was cooled, filtered through
celite, and diluted with EtOAc (50 mL). The organic layer was washed with H,O
(50 mL) and saturated aqueous sodium chloride (50 mL), dried (Na,SQ.,), filtered,
and concentrated. The residue was purified by column chromatography (SiO,, 5:1
hexanes:EtOAC) to afford 10f (23.4 mg, 97%) as a red amorphous solid: *H NMR
(CDCls, 500 MHz) & 8.12 (dd, J = 7.0, 1.9 Hz), 7.73 (m, 2H), 7.61 (bs, N-H), 7.06
(d, J = 8.4 Hz), 6.56 (m, 2H), 3.84 (s, 3H), 3.83 (s, 3H), 2.02 (s, 3H); *C NMR
(CDCl3, 125 MHz) ¢ 183.2, 181.6, 161.7, 157.8, 139.0, 134.2, 134.1, 133.3,
132.5, 130.97, 130.91, 126.8, 126.3, 114.4, 104.9, 98.9, 55.9, 55.3, 23.7; IR (film)
vmax 3304, 3294, 3188, 3067, 3001, 2959, 2935, 2839, 1664, 1604, 1605, 1578,
1504, 1491, 1466, 1458, 1439, 1416, 1367, 1342, 1296, 1275, 1261, 1209, 1184,
1159, 1140, 1132, 1105, 1084, 1034, 1014, 989, 935, 921 cm™; HRMS(ES") m/z:

[M+H] calcd for C»H17NOs 352.1185; found 352.1181.
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N-(3-(2,5-Dimethoxyphenyl)-1,4-dioxo-1,4-dihydronaphthalen-2-
yhacetamide (10g). A solution of 9 (20.0 mg, 0.068 mmol) and
tetrakis(triphenylphosphine)palladium(0) (4 mol%, 3.17 mg, 2.74 umol) in
THF:2M K,CO3 (10:1, 4.4 mL) stirred at rt for 30 min. 2,5-Dimethoxyphenyl
boronic acid (24.91 mg, 0.14 mmol) was added and the solution stirred for 30 min
at rt, then heated to reflux for 15 hr. The solution was cooled, filtered through
celite, and diluted with EtOAc (50 mL). The organic layer was washed with H,O
(50 mL) and saturated aqueous sodium chloride (50 mL), dried (Na,SQ,), filtered,
and concentrated. The residue was purified by column chromatography (SiO,, 3:1
hexanes:EtOAC) to afford 10g (22.5 mg, 94%) as a red amorphous solid: *H NMR
(CDCl3, 500 MHz) & 8.13 (m, 2H), 7.75 (m, 2H), 7.66 (bs, N-H), 6.97 (d, J = 9.0
Hz, 1H), 6.93 (dd, J = 9.0, 2.95 Hz, 1H), 6.69 (d, J = 2.95 Hz, 1H), 3.81 (s, 3H),
3.77 (s, 3H), 2.04 (s, 3H); *C NMR (CDCls, 125 MHz) § 182.8, 181.5, 167.4,
153.3, 151.0, 139.1, 134.4, 133.8, 133.4, 132.5, 130.9, 126.9, 126.4, 122.9, 115.5,
115.3, 112.6, 56.6, 55.7, 23.8; IR (film) vmax 3292, 2997, 2941, 2833, 1666, 1595,
1580, 1499, 1468, 1421, 1369, 1342, 1327, 1283, 1269, 1252, 1225, 1200, 1180,
1159, 1099, 1082, 1043, 1018, 949, 920 cm’*; HRMS(ES") m/z; [M+H] calcd for
C20H17NO5 352.1185; found 352.1179.

N-(1,4-Dioxo-3-(2-(trifluoromethyl)phenyl)-1,4-dihydronaphthalen-2-
yhacetamide (10h). A solution of 9 (20.0 mg, 0.068 mmol) and

tetrakis(triphenylphosphine)palladium(0) (4 mol%, 3.17 mg, 2.74 umol) in
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THF:2M K,CO3 (10:1, 4.4 mL) stirred at rt for 30 min. 2-Trifluoromethylphenyl
boronic acid (39.01 mg, 0.21 mmol) was added and the solution stirred for 30 min
at rt, then heated to reflux for 15 hr. The solution was cooled, filtered through
celite, and diluted with EtOAc (50 mL). The organic layer was washed with H,O
(50 mL) and saturated aqueous sodium chloride (50 mL), dried (Na,SQ,), filtered,
and concentrated. The residue was purified by column chromatography (SiO,, 9:1
hexanes:EtOAC) to afford 10h (15.2 mg, 62%) as a yellow amorphous solid: *H
NMR (CDCls, 500 MHz) & 8.87 (m, 2H), 7.78 (m, 2H), 7.75 (d, J = 7.8 Hz, 1H),
7.71 (bs, N-H), 7.59 (t, J = 7.6 Hz, 1H), 7.52 (t, J = 7.6 Hz, 1H), 7.28 (d, J = 7.7
Hz, 1H), 2.01 (s, 3H); **C NMR (CDCls, 125 MHz) § 183.2, 181.8, 166.6, 137.7,
134.9, 133.9, 133.7, 132.0, 131.5, 131.1, 130.4, 128.7, 127.2, 126.6, 126.5, 125.3,
123.1, 24.0; IR (film) vnax 3308, 3069, 1695, 1670, 1616, 1595, 1491, 1481, 1447
1369, 1317, 1292, 1263, 1240, 1205, 1171, 1119, 1059, 1036, 1014, 989 cm™;
HRMS(ES™) m/z: [M+H] calcd for C19H1,NOF3 360.0847; found 360.0860.
N-(1,4-dioxo-3-(3-(trifluoromethyl)phenyl)-1,4-dihydronaphthalen-2-

yhacetamide (10i). A solution of 9 (20.0 mg, 0.068 mmol) and
tetrakis(triphenylphosphine)palladium(0) (4 mol%, 3.17 mg, 2.74 umol) in 4.4
mL THF:2M K,COg3 (10:1) stirred at rt for 30 min. 3-Trifluoromethylphenyl
boronic acid (39.01 mg, 0.21 mmol) was added and the solution stirred for 30 min
at rt. The solution was heated to reflux and stirred for 15 hr. The solution was

cooled, filtered through celite, and diluted with EtOAc (50 mL). The EtOAc was
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washed with H,O (50 mL) and saturated ageous sodium chloride (50 mL), dried
(Na;SO,), filtered, and concentrated. The residue was purified by column
chromatography (SiO,, 20:1 hexanes:EtOAc) to afford 10i (23.7 mg, 96%) as a
yellow amorphous solid: *H NMR (CDCls, 500 MHz) & 8.16 (m, 2H), 7.92 (bs,
N-H), 7.79 (m, 2H), 7.60 (m, 4H) 2.01 (s, 3H); *C NMR (CDCls, 125 MHz) 5
182.9, 182.2, 166.2, 137.3, 135.0, 134.4, 133.7, 133.3, 132.5, 132.1, 130.3, 130.1,
128.4, 127.1, 126.4, 126.4, 125.2, 125.0, 24.0; IR (film) vnax 3000, 1695, 1666,
1595, 1477, 1458, 1431, 1371, 1342, 1325, 1294, 1269, 1236, 1205, 1167, 1124,
1097, 1072, 1045, 1018 cm™; HRMS(ES") m/z: [M+H] calcd for CigH:.NOF;
360.0847; found 360.0848.
1-(2-Hydroxy-5-(methoxymethoxy)phenyl)ethanone (11). 2’,5’-
Dihydroxyacetophenone (5.000 g, 32.86 mmol) and triethylamine (5.50 mL,
39.43 mmol) were dissolved in THF (100 mL) and stirred at rt. Methoxymethyl
chloride (6.26M in MeOH, 10.50 mL, 65.72 mmol) was added dropwise, and the
solution subsequently stirred at reflux for 48 h. The solution was quenched with
H,O (100 mL), and the aqueous layer was then extracted with EtOAc (3 x 50
mL). The combined organic layers were washed with saturated aqueous NaHCO3
and saturated aqueous NaCl, dried (Na,SO,), filtered, and concentrated. The
residue was purified by flash chromatography (SiO,,9:1Hexanes:EtOAc) to afford
11 (6.447 g, 80%) as a yellow oil: *H NMR (CDCls, 500 MHz) § 11.92 (s, 1H),

7.38 (d, J = 2.95 Hz, 1H), 7.21 (dd, J = 9.05 Hz, 2.95 Hz, 1H), 6.90 (d, J = 9.05
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Hz, 1H), 5.12 (s, 2H), 3.49 (s, 3H), 2.61 (s, 3H); **C NMR (CDCls, 125 MHz) 5
204.1, 157.5, 149.2, 126.3, 119.2, 119.1, 117.0, 95.4, 55.9, 26.7; IR (film) vmax
3254, 3045, 2997, 2955, 2903, 2847, 2827, 2789, 1645, 1620, 1585, 1485, 1427,
1404, 1367, 1321, 1288, 1248, 1211, 1192, 1153, 1080, 1011, 962, 922 cm™;
HRMS(ES") m/z: [M+H] calcd for C10H1,04 196.0736; found 197.0781.
2-Acetyl-4-(methoxymethoxy)phenyl  2,4-dichlorobenzoate  (12a).
Compound 11 (1.000 g, 5.10 mmol) was dissolved in pyridine (1.5 mL) and
stirred at rt. 2,4-Dichlorobenzoyl chloride (0.78 mL, 5.61 mmol) was added
dropwise, and the solution stirred for 10 min at 75°C. The solution was poured
into 3M HCI (6 mL) at 0°C, and the aqueous layer was extracted with EtOAc. The
combined organic layers were dried (Na,SO,), filtered, and concentrated. The
residue was purified by flash chromatography (SiO,, 17:3 Hexanes:EtOAc to 1:1
Hexanes:EtOAC) to afford 12a (1.78 g, 94%) as a pale yellow amorphous solid:
'H NMR (CDCls, 500 MHz) & 8.13 (d, J = 8.4 Hz, 1H), 7.54 (d, J = 2.0 Hz, 1H),
7.51 (d, J = 2.95 Hz, 1H), 7.40 (dd, J = 8.4, 2.0 Hz, 1H), 7.27 (dd, J = 8.8, 2.95
Hz, 1H), 7.16 (d, J = 8.8 Hz, 1H), 5.22 (s, 2H), 3.50 (s, 3H), 2.54 (s, 3H); **C
NMR (CDCls, 125 MHz) 6 197.1, 163.3, 155.0, 142.8, 139.0, 135.5, 133.2, 131.1
(2C), 127.3, 127.2, 124.7, 120.9, 117.9, 94.6, 56.1, 29.1; IR (film) vmax 3094,
2957, 2934, 2905, 2827, 1751, 1690, 1583, 1556, 1489, 1472, 1441, 1418, 1404,
1377, 1358, 1315, 1273, 1238, 1204, 1184, 1153, 1088, 1034, 1003, 922 cm™;

HRMS(ES") m/z: [M+H] calcd for C17H14C1,05 369.0297; found 369.0284.
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2-Acetyl-4-(methoxymethoxy)phenyl 5-chloro-2-methoxybenzoate
(12b). Compound 11 (1.000 g, 5.10 mmol) was dissolved in pyridine (1.5 mL)
and stirred at rt. 5-Chloro-2-Methoxybenzoyl chloride (0.77 mL, 5.61 mmol) was
added dropwise, and the solution stirred for 10 min at 75°C. The solution was
poured into 3M HCI (6 mL) at 0°C, and the aqueous layer was extracted with
EtOAc. The combined organic layers were dried (Na;SO,), filtered, and
concentrated. The residue was purified by flash chromatography (SiO;, 4:1
Hexanes:EtOAc to 3:2 Hexanes:EtOAc) to afford 12b (1.36 g, 73%) as a pale
yellow amorphous solid: *H NMR (CDCls, 500 MHz) & 8.06 (d, J = 2.75 Hz, 1H),
7.51 (dd, J = 8.9, 2.75 Hz, 1H), 7.49 (d, J = 3.0 Hz, 1H), 7.24 (dd, J = 8.8, 3.0 Hz,
1H), 7.13 (d, J = 8.8 Hz, 1H), 6.98 (d, J = 8.9 Hz, 1H), 5.22 (s, 2H), 3.92 (s, 3H),
3.51 (s, 3H), 2.55 (s, 3H); *C NMR (CDCls, 125 MHz) & 197.3, 163.3, 158.5,
154.9, 143.3, 134.1, 132.0, 131.7, 125.3, 124.8, 120.9, 119.8, 117.4, 113.5, 94.67,
56.3, 56.1, 29.5; IR (film) vmax 3111, 3080, 3001, 2943, 2905, 2845, 2341, 1751,
1718, 1690, 1599, 1576, 1489, 1464, 1441, 1400, 1358, 1296, 1275, 1259, 1223,
1204, 1180, 1153, 1111, 1080, 1040, 1003, 922 cm’}; HRMS(ES") m/z: [M+Na]
calcd for C1gH17ClOg 387.0611; found 387.0602.

2-Acetyl-4-(methoxymethoxy)phenyl 2-(trifluoromethyl)benzoate
(12c). Compound 11 (0.486, 2.48 mmol) was dissolved in pyridine (0.75 mL) and
stirred at rt. 2-Trifluoromethylbenzoyl chloride (0.40 mL, 2.72 mmol) was added

dropwise, and the solution stirred for 10 min at 75°C. The solution was poured
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into 3M HCI (6 mL) at 0°C, and the aqueous layer was extracted with EtOAc. The
combined organic layers were dried (Na,SO,), filtered, and concentrated. The
residue was purified by flash chromatography (SiO,, 9:1 Hexanes:EtOAc to 1:1
Hexanes:EtOAC) to afford 12c¢ (0.91 g, 100%) as a pale yellow amorphous solid:
'H NMR (CDCls, 500 MHz) & 8.16 (d, J = 7.35 Hz, 1H), 7.81 (d, J = 7.50 Hz,
1H), 7.72 (t, = 7.35 Hz, 1H), 7.67 (t, J = 7.50 Hz, 1H), 7.51 (d, J = 2.9 Hz, 1H),
7.28 (dd, J = 8.8, 3.0 Hz, 1H), 7.18 (d, J = 8.8 Hz, 1H), 5.22 (s, 2H), 3.50 (s, 3H),
2.55 (s, 3H); **C NMR (CDCls, 125 MHz) § 197.2, 165.2, 155.1, 142.9, 132.0,
131.6, 131.4, 130.7, 126.74, 126.70, 126.65, 126.61, 124.4, 121.1, 117.8, 94.7,
56.1, 29.2; IR (film) vmax 3498, 3366, 3080, 3051, 3001, 2959, 2937, 2907, 2851,
2829, 2791, 2073, 1998, 1961, 1890, 1846, 1809, 1755, 1693, 1605, 1578, 1487,
1450, 1418, 1404, 1358, 1315, 1277, 1258, 1219, 1204, 1169, 1153, 1084, 1043,
1032, 1003, 924 cm™; HRMS(ES") m/z: [M+Na] calcd for CigH15F505 391.0769;
found 391.0767.

2-Acetyl-4-(methoxymethoxy)phenyl 3-(trifluoromethyl)benzoate
(12d). Compound 11 (4.5 g, 22.94 mmol) was dissolved in pyridine (6.75 mL)
and stirred at rt. 3-Trifluorobenzoyl chloride (3.73 mL, 25.23 mmol) was added
dropwise, and the solution stirred for 10 min at 75°C. The solution was poured
into 3M HCI (12 mL) at 0°C, and the aqueous layer was extracted with EtOAc.
The combined organic layers were dried (Na,SO,), filtered, and concentrated. The

residue was purified by flash chromatography (SiO,, 9:1 Hexanes:EtOAc) to
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afford 12d (8.45 g, 99%) as a pale yellow oil: *H NMR (CDCls, 500 MHz) & 8.47
(s, 1H), 8.39 (d, J = 7.85 Hz, 1H), 7.90 (d, J = 7.85 Hz, 1H), 7.68 (t, J = 7.85 Hz,
1H), 7.53 (d, J = 3.0 Hz, 1H), 7.28 (dd, J = 8.8, 3.0 Hz, 1H), 7.15 (d, J = 8.8 Hz,
1H); *C NMR (CDCls, 125 MHz) & 197.0, 164.3, 155.1, 143.1, 133.4, 131.2,
130.19, 130.14, 130.12, 129.3, 127.1, 127.08, 124.7, 121.0, 117.8, 94.7, 56.1,
29.3; IR (film) vmax 3472, 3363, 3078, 2959, 2939, 2907, 2829, 2789, 2359, 2341,
2332, 1747, 1732, 1693, 1682, 1614, 1576, 1495, 1487, 1443, 1418, 1404, 1360,
1337, 1317, 1296, 1242, 1205, 1173, 1153, 1126, 1070, 1001, 922 cm™:
HRMS(ES™) m/z: [M+H] calcd for C1gH15F305 369.0950; found 369.0947.
1-(2,4-Dichlorophenyl)-3-(2-hydroxy-5-

(methoxymethoxy)phenyl)propane-1,3-dione (13a). Compound 12a (1.7 g, 4.50
mmol) was dissolved in THF (45 mL) and stirred at rt. Potassium tert-butoxide
(0.61 g, 5.40 mmol) was added, and the solution stirred for 10 min at rt. The
solution was poured into 3M HCI (90 mL) at 0°C, and the aqueous layer was
extracted with EtOAc. The combined organic layers were dried (Na,SOy),
filtered, and concentrated. The residue was purified by flash chromatography
(Si0,, 9:1 Hexanes:EtOAC to 2:3 Hexanes:EtOAc) to afford 13a (1.26 g, 76%) as
a pale yellow amorphous solid: *H NMR (CDCls, 500 MHz) As the enol: § 15.26
(s, 1H), 11.63 (s, 1H), 7.67 (d, J = 8.4 Hz, 1H), 7.53 (d, J = 2.0 Hz, 1H), 7.38 (dd,
J =84, 2.0 Hz, 1H), 7.35 (d, J = 2.9 Hz, 1H), 7.24 (dd, J = 9.05, 2.9 Hz, 1H),

6.95 (d, J = 9.05 Hz, 1H), 6.74 (s, 1H), 5.13 (s, 2H), 3.50 (s, 1H); *C NMR
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(CDCls, 125 MHz) As the enol: 6 195.6, 174.8, 157.9, 149.6, 137.4, 133.1, 131.9,
131.2, 130.8, 127.5, 126.2, 119.6, 118.4, 115.3, 98.1, 95.5, 56.0; IR (film) vmax
3076, 2995, 2953, 2901, 2845, 2826, 1691, 1643, 1614, 1585, 1556, 1485, 1472,
1441, 1400, 1366, 1327, 1306, 1286, 1256, 1234, 1188, 1151, 1107, 1080, 1051,
1011, 922 cm™; HRMS(ES') m/z: [M-H] calcd for C17H14Cl,0s 367.0140; found
367.0140.
1-(5-Chloro-2-methoxyphenyl)-3-(2-hydroxy-5-

(methoxymethoxy)phenyl)propane-1,3-dione (13b). Compound 13b was
prepared following the same procedure used in the preparation of compound 13a.
The residue was purified by flash chromatography (SiO,, 3:1 Hexanes:EtOACc) to
afford 13b (0.84 g, 65%) as a yellow amorphous solid: *H NMR (CDCls, 500
MHz) As a mixture of tautomers: 6 15.43 (s, 1H), 11.78 (s, 1H), 11.54 (s, 1H),
7.99 (d, J = 2.75 Hz, 1H), 7.92 (d, J = 2.75 Hz, 1H), 7.47 (d, J = 2.95 Hz, 1H),
7.47 (dd, J = 8.9, 2.7 Hz, 1H), 7.43 (dd, J = 8.9, 2.7 Hz, 1H), 7.36 (d, J = 2.8 Hz,
1H), 7.32 (s, 1H), 7.27 (dd, J = 9, 2.95 Hz, 1H), 7.20 (dd, J = 9, 2.95, 1H), 6.96
(d, J = 8.9 Hz, 1H), 6.95 (d, J = 8.9 Hz, 1H), 6.94 (d, J = 9 Hz, 1H), 6.89 (d, J =
8.9 Hz, 1H), 5.16 (s, 2H), 5.13 (s, 2H), 4.59 (s, 2H), 4.00 (s, 3H), 3.67 (s, 3H),
3.53 (s, 3H), 3.50 (s, 3H); *C NMR (CDCl;, 125 MHz) As a mixture of
tautomers: & 195.8 (2C), 172.9 (2C), 157.7 (2C), 157.2 (2C), 149.7 (2C), 134.4,
132.6, 130.7, 129.6, 126.7, 126.2 (2C), 125.8, 123.4 (2C), 119.5, 119.4, 118.8

(2C), 116.4, 114.9, 113.2, 113.0, 97.9 (2C), 95.6 (2C), 56.0, 55.9, 55.7, 53.9: IR
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(film) vmax 2997, 2982, 2959, 2949, 2934, 2845, 2824, 1618, 1583, 1564, 1549,
1489, 1460, 1435, 1400, 1329, 1310, 1286, 1271, 1244, 1223, 1188, 1150, 1113,
1082, 1070, 1041, 1026, 1005, 922 cm™; HRMS(ES") m/z: [M+H] calcd for
C1sH1706Cl 365.0792; found 365.0783.
1-(2-Hydroxy-5-(methoxymethoxy)phenyl)-3-(2-
(trifluoromethyl)phenyl)propane-1,3-dione (13c). Compound 13c was prepared
following the same procedure used in the preparation of compound 13a. The
residue was purified by flash chromatography (SiO,, 3:1 Hexanes:EtOAc) to
afford 13c (0.88 g, 80%) as a pale yellow amorphous solid: *H NMR (CDCls, 500
MHz) As the enol: § 15.2 (s, 1H), 11.7 (s, 1H), 7.80 (d, J = 7.55 Hz, 1H), 7.64 (m,
3H), 7.32 (d, J = 2.8 Hz, 1H), 7.23 (dd, J = 9.05, 2.8 Hz, 1H), 6.95 (d, J = 9.05
Hz, 1H), 6.43 (s, 1H), 5.11 (s, 2H), 3.48 (s, 3H); *C NMR (CDCls, 125 MHz) As
the enol: 6 195.6, 178.2, 157.9, 149.6, 131.9, 130.6, 130.0, 126.94, 126.90,
126.86, 126.3, 119.6, 118.3, 115.2, 97.3, 95.4, 55.9; IR (film) vmax 2955, 2903,
2827, 1616, 1570, 1487, 1448, 1435, 1402, 1313, 1286, 1256, 1175, 1153, 1136,
1113, 1095, 1080, 1055, 1036, 1011, 922, 881 cm™; HRMS(ES") m/z: [M+H]
calcd for C1gH15F305 369.0950; found 369.0934.
1-(2-Hydroxy-5-(methoxymethoxy)phenyl)-3-(3-

(trifluoromethyl)phenyl)propane-1,3-dione  (13d). Compound 13d was
prepared following the same procedure used in the preparation of compound 13a.

The residue was purified by flash chromatography (SiO,, 4:1 Hexanes:EtOAC) to
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afford 13d (8.3 g, 94%) as a yellow amorphous solid: *H NMR (CDCls, 500
MHz) As a mixture of tautomers: 6 15.6 (s, 1H), 11.94 (s, 1H), 11.65 (s, 1H), 8.19
(s, 1H), 8.12 (d, J = 7.9 Hz, 1H), 7.82 (d, J = 7.7 Hz, 1H), 7.65 (t, J = 7.8 Hz, 1H),
7.44 (d, J = 2.95 Hz, 1H), 7.40 (d, J = 2.95 Hz, 1H), 7.27 (dd, J = 9, 2.95 Hz, 1H),
7.23 (dd, J =9, 2.95 Hz, 1H), 6.97 (d, J = 9 Hz, 1H), 6.93 (d, J = 9 Hz, 1H), 6.80
(s, 1H), 5.18 (s, 2H), 5.14 (s, 2H), 3.53 (s, 3H), 3.51 (s, 3H), 2.63 (s, 2H); °C
NMR (CDCls, 125 MHz) As a mixture of tautomers: 6 195.6 (2C), 175.4 (2C),
157.7 (2C), 149.6 (2C), 134.4 (2C), 129.9, 129.4, 128.8, 128.7, 126.4 (2C), 125.9
(2C), 123.7, 123.6, 119.6, 119.2, 118.5 (2C), 117.1 (2C), 115.4 (2C), 95.5 (2C),
92.9 (2C), 56.1 (2C), 26.8 (2C); IR (film) vmax 3076, 2955, 2903, 2827, 1620,
1576, 1556, 1487, 1448, 1423, 1404, 1337, 1285, 1248, 1190, 1169, 1153, 1128,
1076, 1040, 1011, 920 cm™; HRMS(ES") m/z: [M+H] calcd for 369.0950; found
369.0945.

2-(2,4-Dichlorophenyl)-6-hydroxy-4H-chromen-4-one (14a).
Compound 13a (0.91 g, 2.46 mmol) and a catalytic amount of concentrated
H,SO,4 (120 uL) were dissolved in EtOH (19 mL) at rt. The solution was sealed
under argon, and exposed to microwave irradiation (25 W, 100°C) for 30 min.
The reaction mixture was concentrated in vacuo, washed with cold diethyl ether,
and filtered to provide 14a (0.52 g, 70%) as a white amorphous solid: *H NMR
(DMSO-ds, 500 MHz) § 10.11 (s, 1H), 7.88 (d, J = 2.05 Hz, 1H), 7.82 (d, J = 8.35

Hz, 1H), 7.64 (dd, J = 8.35, 2.05 Hz, 1H), 7.56 (d, J = 9 Hz, 1H), 7.34 (d, J = 3
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Hz, 1H), 7.27 (dd, J = 9, 3 Hz, 1H), 6.57 (s, 1H); *C NMR (DMSO-dg, 125 MHz)
0 176.5, 160.9, 155.1, 149.7, 136.3, 132.8, 132.6, 130.5, 130.0, 128.0, 124.1,
119.9, 111.4, 107.4; IR (film) vmax 3452, 1666, 1651, 1634, 1549, 1470, 1410,
1354, 1275, 1252, 1227, 1107, 1078, 1026, 916 cm}; HRMS(ES") m/z; [M+H]
calcd for C15HgCl,03 306.9929; found 306.9916.

2-(5-Chloro-2-methoxyphenyl)-6-hydroxy-4H-chromen-4-one  (14b).
Compound 14b was isolated as a yellow amorphous solid (0.59 g, 87%) following
the same procedure used in the preparation of compound 14a: *H NMR (DMSO-
ds, 500 MHz) & 10.03 (s, 1H), 7.92 (d, J = 2.75 Hz, 1H), 7.65 (d, J = 8.9 Hz, 1H),
7.61 (dd, J = 8.9, 2.75 Hz, 1H), 7.30 (d, J = 3 Hz, 1H), 7.28 (d, J = 9 Hz, 1H),
7.24 (dd, J = 9, 3 Hz, 1H), 6.86 (s, 1H), 3.92 (s, 3H); *C NMR (DMSO-ds, 125
MHz) 6 177.0, 158.7, 156.4, 154.9, 149.6, 132.1, 128.4, 124.7, 124.0, 123.2,
121.7, 120.0, 114.5, 111.1, 107.3, 56.5; IR (film) vnax 3258, 1647, 1626, 1597,
1566, 1479, 1375, 1358, 1283, 1250, 1236, 1180, 1148, 1126, 1111, 1041, 1014,
914 cm™®; HRMS(ES") m/z: [M+H] calcd for CyH1:CIO, 303.0424; found
303.0411.

6-Hydroxy-2-(2-(trifluoromethyl)phenyl)-4H-chromen-4-one (14c).
The p-ethoxy Michael adduct of compound 14c was isolated as a yellow
amorphous solid (0.897 mg) following the same procedure used in the preparation
of compound 14a. Stirring at rt in 2:1 THF: 0.5M aqueous NaOH afforded 14c

(0.53 g, 65%) as a pale yellow amorpohous solid: *H NMR (DMSO-dg, 500 MHz)
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§ 10.1 (s, 1H), 7.97 (d, J = 7.6 Hz, 1H), 7.87 (m, 2H), 7.84 (m, 1H), 7.49 (d, J =
9.0 Hz, 1H), 7.35 (d, J = 3.0 Hz, 1H), 7.27 (dd, J = 9.0, 3.0 Hz, 1H); *C NMR
(DMSO-dg, 125 MHz) 6 176.5, 162.8, 155.1, 149.5, 133.0, 131.51, 131.47, 130.9,
130.8, 127.0, 126.9, 124.0, 119.6, 110.5, 107.4; IR (film) vmax 3217, 2961, 2922,
2851, 1624, 1607, 1574, 1541, 1489, 1472, 1396, 1375, 1360, 1312, 1265, 1232,
1169, 1130, 1111, 1074, 1036, 968, 916 cm™; HRMS(ES") m/z: [M+H] calcd for
C16HoF303 307.0582; found 307.0602.
6-Hydroxy-2-(3-(trifluoromethyl)phenyl)-4H-chromen-4-one  (14d).
Compound 14d was isolated as a white amorphous solid (0.35 g, 85%) following
the same procedure used in the preparation of compound 14a: *H NMR (DMSO-
ds, 500 MHz) & 10.03 (s, 1H), 7.90 (dd, J = 7.8, 1.75 Hz, 1H), 7.60 (d, J = 9 Hz,
1H), 7.54 (dt, J = 7.8, 1.75 Hz, 1H), 7.30 (d, J = 3 Hz, 1H), 7.24 (dd, J = 9, 3 Hz,
1H), 7.22 (d, J = 7.3 Hz, 1H), 7.13 (dt, J = 7.3, 1 Hz, 1H), 6.90 (s, 1H), 4.19 (g, J
= 6.9 Hz, 2H), 1.38 (t, J = 6.9 Hz, 3H); *C NMR (DMSO-ds, 125 MHz) & 177.1,
160.5, 156.9, 154.8, 149.7, 132.8, 129.2, 124.0, 123.2, 120.7, 120.1, 119.9, 113.4,
110.6, 107.4, 64.2, 14.6; IR (film) vmax 3439, 3105, 3059, 2976, 2953, 2935, 2889,
2799, 2725, 2642, 2596, 2581, 1614, 1576, 1566, 1475, 1448, 1416, 1389, 1360,
1294, 1248, 1202, 1192, 1167, 1129, 1107, 1080, 1036, 928, 906 cm™:
HRMS(ES") m/z: [M+H] calcd for C17H140, 283.0970; found 283.0988.
tert-Butyl 2-(2,4-dichlorophenyl)-4-oxo-4H-chromen-6-yl carbonate

(15a). Compound 14a (0.52 g, 1.69 mmol) and di-tert-butyl dicarbonate (0.85 g,
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3.88 mmol) were dissolved in DMF (10 mL) and stirred at rt. A catalytic amount
of 4-Dimethylaminopyridine (22.67 mg, 0.19 mmol) was added, and the solution
was stirred for 1 h. The reaction mixture was quenched with H,O (10 mL), and
extracted with EtOAc (3 x 10 mL). The combined organic layers were washed
with H,O, brine, dried (Na;SO,), filtered, and concentrated. The residue was
purified by flash chromatography (SiO,, 7:3 Hexanes:EtOAc) to afford 15a (0.69
g, 100%) as a white amorphous solid: *H NMR (CDCls, 500 MHz) & 8.03 (dd, J =
2.4, 0.9 Hz, 1H), 7.57 (m, 2H), 7.53 (m, 2H), 7.42 (dd, J = 8.3 Hz, 1H), 6.64 (s,
1H), 1.59 (s, 9H); *C NMR (CDCls, 125 MHz) & 177.2, 161.7, 153.9, 151.5,
148.2, 137.5, 133.8, 131.4, 130.8, 130.2, 127.9, 127.6, 124.5, 119.5, 117.6, 112.6,
27.7 (3C); IR (film) vmax 3084, 3051, 2982, 2934, 2359, 2341, 1755, 1657, 1626,
1587, 1551, 1481, 1450, 1391, 1371, 1352, 1271, 1250, 1148, 1130, 1109, 1070,
1047, 1028, 914 cm™*; HRMS(ES™) m/z: [M+H] calcd for CaoH16C1,05 407.0453;
found 407.0439.

tert-Butyl 2-(5-chloro-2-methoxyphenyl)-4-oxo-4H-chromen-6-yl
carbonate (15b). Compound 15b was prepared following the same procedure
used in the preparation of compound 15a. The residue was purified by flash
chromatography (SiO,, 3:7 Hexanes:EtOAc) to afford 15b (0.74 g, 98%) as a
white amorphous solid: *H NMR (CDCls, 500 MHz) § 8.11 (d, J = 2.85 Hz, 1H),
7.99 (d, J = 2.7 Hz, 1H), 7.68 (d, J = 8.9 Hz, 1H), 7.61 (dd, J = 9, 2.85 Hz, 1H),

7.54 (dd, J = 9, 2.7 Hz, 1H), 7.37 (s, 1H), 7.09 (d, J = 8.9 Hz, 1H), 4.05 (s, 3H),
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1.69 (s, 9H); **C NMR (CDCls;, 125 MHz) & 178.0, 159.2, 156.6, 153.7, 151.6,
147.9, 132.0, 128.8, 127.6, 126.0, 124.4, 121.8, 119.4, 117.4, 113.1, 112.6, 84.2,
56.1, 27.7 (3C); IR (film) vmax 3115, 3078, 2980, 2941, 2910, 2845, 1759, 1643,
1624, 1593, 1566, 1479, 1454, 1394, 1371, 1350, 1273, 1252, 1213, 1182, 1150,
1113, 1080, 1034, 1018, 928 cm™*; HRMS(ES*) m/z: [M+H] calcd for C,1H14ClOs
403.0948; found 403.0959.

tert-Butyl 4-0x0-2-(2-(trifluoromethyl)phenyl)-4H-chromen-6-yl
carbonate (15c¢). Compound 15c was prepared following the same procedure
used in the preparation of compound 15a. The residue was purified by flash
chromatography (SiO,, 3:7 Hexanes:EtOAc) to afford 15c¢ (0.66 g, 95%) as a
white amorphous solid: *H NMR (CDCls, 500 MHz) § 8.03 (dd, J = 2.0, 1.4 Hz,
1H), 7.86 (dd, J = 9.0, 1.8 Hz, 1H), 7.67 (m, 3H), 7.51 (m, 2H), 6.51 (s, 1H), 1.59
(s, 9H); *C NMR (CDCls, 125 MHz) & 177.3, 164.0, 153.8, 151.5, 148.2, 132.2,
131.0, 130.9 (2C), 127.9 (2C), 127.19, 127.16, 124.5, 119.6, 117.6, 111.6, 84.3,
27.6 (3C); IR (film) vmax 3074, 2982, 2935, 1759, 1657, 1628, 1583, 1574, 1479,
1452, 1396, 1313, 1285, 1273, 1248, 1148, 1070, 1036, 962, 932, 914 cm™;
HRMS(ES") m/z: [M+H] calcd for C1H17F305 407.1106; found 407.1114.

tert-Butyl 4-0x0-2-(3-(trifluoromethyl)phenyl)-4H-chromen-6-yl
carbonate (15d). Compound 15d was prepared following the same procedure
used in the preparation of compound 15a. The residue was purified by flash

chromatography (SiO,, 3:7 Hexanes:EtOAc) to afford 15d (1.33 g, 100%) as a

91-



white amorphous solid: *H NMR (CDCls, 500 MHz) § 8.20 (s, 1H), 8.09 (d, J = 8
Hz, 1H), 8.03 (d, J = 2.9 Hz, 1H), 7.82 (d, J = 7.8 Hz, 1H), 7.69 (t, J = 7.8 Hz,
1H), 7.64 (d, J = 9 Hz, 1H), 7.55 (dd, J = 9, 2.9 Hz, 1H), 6.87 (s, 1H), 1.59 (s,
9H); *C NMR (CDCls, 125 MHz) & 177.4, 161.8, 153.5, 151.5, 148.2, 132.5,
129.8, 129.4, 128.20, 128.17, 127.9, 124.6, 123.2, 123.1, 119.5, 117.6, 107.9,
84.3, 27.7 (3C); IR (film) vmax 3462, 3084, 3055, 2982, 2935, 1761, 1649, 1626,
1576, 1481, 1458, 1396, 1371, 1327, 1281, 1253, 1169, 1150, 1126, 1101, 1078,
1047, 1016, 924, 906 cm™; HRMS(ES') m/z: [M+H] calcd for CyHi7FsOs
407.1106; found 407.1092.

tert-Butyl  4-oxo-2-phenyl-4H-chromen-6-yl carbonate  (15e).
Commercially available 6-hydroxyflavone (0.55 g, 2.31 mmol) and di-tert-butyl
dicarbonate (1.16 g, 5.31 mmol) were dissolved in DMF (10 mL) and stirred at rt.
A catalytic amount of 4-Dimethylaminopyridine (31.0 mg, 0.25 mmol) was
added, and the solution was stirred for 1 h. The reaction mixture was quenched
with H,O (10 mL), and extracted with EtOAc (3 x 10 mL). The combined organic
layers were washed with H,O, brine, dried (Na,SQO,), filtered, and concentrated.
The residue was purified by flash chromatography (SiO,, 7:3 Hexanes:EtOAC) to
afford 15e (0.78 g, 100%) as a white amorphous solid: *H NMR (CDCls, 500
MHz) & 8.02 (d, J = 2.85 Hz, 1H), 7.94 (d, J = 7.65, 1.45 Hz, 1H), 7.93 (d, J =
8.15, 1.95 Hz, 1H), 7.60 (d, J = 8.9 Hz, 1H), 7.54 (m, 4H), 6.83 (s, 1H), 1.59 (s,

9H); **C NMR (CDCls, 125 MHz) § 177.7, 163.6, 153.6, 151.5, 148.0, 131.7,

-92-



131.6, 129.1 (2C), 127.6, 126.3 (2C), 124.6, 119.4, 117.5, 107.1, 84.2, 27.7 (3C);
IR (film) vmax 3069, 2982, 2937, 2878, 1807, 1759, 1651, 1626, 1572, 1543, 1497,
1479, 1454, 1396, 1371, 1358, 1310, 1259, 1213, 1148, 1122, 1070, 1026, 1001,
951, 932, 908 cm™!; HRMS(ES™) m/z: [M+H] calcd for CaoH1505 339.1233; found
339.1236.

3-Amino-2-(2,4-dichlorophenyl)-4-oxo-4H-chromen-6-yl tert-butyl
carbonate (16a). Compound 15a (0.20 g, 0.49 mmol) and ammonium nitrate
(0.16 g, 2.0 mmol) were dissolved in anhydrous AcCN (10 mL), and stirred at rt.
Freshly distilled trifluoroacetic anhydride (0.27 mL, 2.0 mmol) was added
dropwise, and the reaction mixture stirred for 2 h at rt. The solution was quenched
with saturated aqueous NaHCO; (10 mL), and the aqueous layer was then
extracted with EtOAc (3 x 15 mL). The combined organic layers were washed
with saturated aqueous NaCl, dried (Na,SO,), filtered, and concentrated. The
residue was purified by flash chromatography (SiO,, Toluene) to afford the nitro
intermediate as a yellow solid. The solid was subsequently dissolved in EtOH (3.5
mL) and the solution was purged with argon for 15 min. 10% w/w Pd/C (5.5 mg,
0.052 mmol) was added, and hydrogen gas was bubbled through the solution for
30 min. This was followed by stirring under an H, blanket for 2 h. The reaction
mixture was filtered through celite to remove catalyst, and rinsed with EtOAc (50
mL). Rotoevaporation of the filtrate afforded 16a (47.7 mg, 23% over two steps)

as a pale yellow amorphous solid: *H NMR (CDCls, 500 MHz) & 8.05 (t, J = 1.65
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Hz, 1H), 7.61 (d, J = 2.0 Hz, 1H), 7.57 (d, J = 8.3 Hz, 1H), 7.46 (d, J = 1.65 Hz,
2H), 7.44 (dd, J = 8.3, 2.0 Hz, 1H), 3.76 (bs, -NH,, 2H); **C NMR (CDCls, 125
MHz) ¢ 172.6, 153.2, 151.7, 147.2, 141.7, 137.1, 134.7, 132.1, 130.5, 129.2,
129.1, 127.9, 127.2, 121.7, 119.5, 117.3, 84.1, 27.7 (3C); IR (film) vmayx 3439,
3333, 3084, 2980, 2930, 2854, 1759, 1643, 1626, 1589, 1566, 1556, 1483, 1394,
1371, 1319, 1286, 1269, 1244, 1219, 1192, 1144, 1107, 1051, 1024, 905 cm™;
HRMS(ES") m/z: [M+H] calcd for Co0H17Cl.NOs 422.0562; found 422.0539.
3-Amino-2-(5-chloro-2-methoxyphenyl)-4-oxo-4H-chromen-6-yl  tert-
butyl carbonate (16b). The nitro intermediate for compound 16b was prepared
following the same procedure used in the preparation of compound 16a, and was
purified by flash chromatography (SiO,, 9:1 Hexanes:EtOAc). The solid (100 mg,
0.22 mmol) was dissolved in THF (4 mL) and the solution was purged with argon
for 15 min. Pt,O (15 mg, 15% w/w) was added, and hydrogen gas was bubbled
through the solution for 30 min. This was followed by stirring under an H;
blanket for 3 h. The reaction mixture was filtered through celite to remove
catalyst, and rinsed with EtOAc (100 mL). Purification by preparative TLC (7:3
Hexanes:EtOAc) afforded 16b (51.5 mg, 63% over two steps) as a yellow
amorphous solid: *H NMR (CDCls, 500 MHz) & 8.05 (d, J = 3.0 Hz, 1H), 7.57 (d,
J=2.6Hz, 1H), 7.48 (d, = 9.1 Hz, 1H), 7.46 (t, J = 3.0 Hz, 1H), 7.45 (t, J = 2.7
Hz, 1H), 7.02 (d, J = 8.9 Hz, 1H), 4.01 (bs, -NH,, 2H), 3.92 (s, 3H), 1.59 (s, 9H):;

3C NMR (CDCls, 125 MHz) & 172.8, 154.9, 153.4, 151.7, 147.1, 142.1, 131.4,
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130.4, 129.6, 127.0, 126.3, 122.7, 121.5, 119.4, 117.2, 113.2, 84.1, 56.4, 27.7
(3C); IR (film) vmax 3435, 3348, 3107, 3072, 3065, 2980, 2934, 2851, 1759, 1622,
1589, 1566, 1485, 1464, 1410, 1394, 1371, 1283, 1269, 1254, 1242, 1182, 1146,
1070, 1047, 1024, 930, 901 cm™ HRMS(ES") m/z: [M+H] calcd for
C21H20CINOg; found 418.1058.
3-Amino-4-oxo-2-(2-(trifluoromethyl)phenyl)-4H-chromen-6-yl  tert-
butyl carbonate (16c). Compound 16¢ was prepared following the same
procedure used in the preparation of compound 16a. The nitro intermediate was
purified by flash chromatography (SiO,, 50:1 Toluene:EtOAc). 16¢ (5.0 mg, 2.6%
over two steps) was afforded as a yellow amorphous solid: *H NMR (CDCls, 500
MHz) & 8.06 (dd, J = 2.2, 0.9 Hz, 1H), 7.90 (d, J = 7.8 Hz, 1H), 7.75 (d, J = 0.9
Hz, 1H), 7.74 (dd, J = 2.1, 0.9 Hz, 1H), 7.68 (m, 1H), 7.45 (m, 2H); *C NMR
(CDCl3, 125 MHz) ¢ 172.7, 153.0, 151.7, 147.2, 142.8, 132.5, 131.3, 130.6,
129.9, 129.6, 128.6, 127.5, 127.2, 121.7, 119.5, 117.2, 84.1, 27.7 (3C); IR (film)
vmax 3448, 3348, 3072, 2980, 2930, 2856, 1759, 1639, 1605, 1589, 1568, 1483,
1462, 1450, 1410, 1396, 1371, 1315, 1286, 1265, 1244, 1219, 1196, 1173, 1146,
1111, 1082, 1055, 1036, 1024, 1009, 962, 928, 903cm™; HRMS(ES") m/z: [M+H]
calcd for Cy1H1F3sNOs 422.1215; found 422.12009.
3-Amino-4-oxo-2-(3-(trifluoromethyl)phenyl)-4H-chromen-6-yl  tert-
butyl carbonate (16d). Compound 16d was prepared following the same

procedure used in the preparation of compound 16a. The nitro intermediate was
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purified by flash chromatography (SiO,, Toluene). 16d (11.8 mg, 23% over two
steps) was afforded as a pale yellow amorphous solid: *H NMR (CDCl;, 500
MHz) § 8.20 (s, 1H), 8.15 (d, J = 7.7 Hz, 1H), 8.05 (d, J = 2.8 Hz, 1H), 7.73 (d, J
= 7.8 Hz, 1H), 7.69 (t, J = 7.75 Hz, 1H), 7.54 (d, J = 9.1 Hz, 1H), 7.49 (dd, J =
9.1, 2.8 Hz, 1H), 4.08 (-NH,), 1.59 (s, 9H); *C NMR (CDCl;, 125 MHz) & 172.9,
152.9, 151.6, 147.3, 142.5, 133.5, 130.7, 129.6, 128.4, 127.3, 126.31, 126.28,
124.40, 124.37, 121.3, 119.4, 117.3, 84.2, 27.7 (3C); IR (film) vmax 3337, 2982,
2930, 2853, 1759, 1717, 1684, 1636, 1622, 1589, 1568, 1541, 1506, 1485, 1458,
1396, 1371, 1331, 1285, 1269, 1242, 1167, 1148, 1099, 1074, 1028, 1013, 928,
903 cm™; HRMS(ES") m/z: [M+H] calcd for C,iHigFsNOs 422.1215; found
422.1233.

3-Amino-4-oxo0-2-phenyl-4H-chromen-6-yl tert-butyl carbonate (16e).
Compound 16e was prepared following the same procedure used in the
preparation of compound 16a. The nitro intermediate was purified by flash
chromatography (SiO,, 8:2 Hexanes:EtOAc). 16e (170.3 mg, 82% over two steps)
was afforded as a pale yellow amorphous solid: *H NMR (CDCls, 500 MHz) &
8.03 (d, J = 2.8 Hz, 1H), 7.92 (d, J = 1.4 Hz, 1H), 7.91 (d, J = 7.2 Hz, 1H), 7.55
(m, 3H), 7.51 (d, J = 9.1 Hz, 1H), 7.46 (dd, J = 9.1, 2.9 Hz, 1H), 4.07 (bs, -NH,
2H), 1.58 (s, 9H); *C NMR (CDCl;, 125 MHz) & 172.8, 152.9, 151.7, 147.1,
1445, 133.0, 132.5, 129.8, 129.3, 129.0, 127.8, 127.6, 126.9, 121.4, 119.4, 117.1,

84.1, 27.6 (3C); IR (film) vmax 3427, 3340, 3205, 3066, 2982, 2934, 1759, 1663,
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1622, 1587, 1564, 1537, 1481, 1456, 1404, 1371, 1281, 1242, 1217, 1188, 1144,
1076, 1047, 1022, 924, 901 cm™; HRMS(ES") m/z: [M+H] calcd for CooH1oNOs
354.1342; found 354.1358.
3-Amino-2-(2-methoxyphenyl)-4-oxo-4H-chromen-6-yl tert-butyl
carbonate (16f). Utilizing compound 15b as starting material, compound 16f was
prepared following the same procedure used in the preparation of compound 16a.
The nitro intermediate was purified by flash chromatography (SiO,, 9:1
Hexanes:EtOAc). 16f (31.7 mg, 17% over two steps) was afforded as a yellow
amorphous solid: *H NMR (CDCls, 500 MHz) As a mixture of conformational
isomers: 6 8.05 (t, J = 2.9 Hz, 1H), 7.57 (d, J = 2.65 Hz, 1H), 7.46 (m, 3H), 7.14
(t, J=8.3 Hz, 1H), 7.08 (d, J = 8.4 Hz, 1H), 7.02 (d, J = 1H), 4.01 (bs, -NH3, 2H),
3.92 (s, 3H), 3.91 (s, 3H), 1.59 (s, 9H); As a mixture of conformational isomers:
3C NMR (CDCls3, 125 MHz) 6 172.8, 172.7, 156.4, 154.9, 153.4, 153.3, 151.7,
151.6, 147.1, 147.0, 142.1, 131.8, 131.4, 130.7, 130.4, 129.6, 129.3, 127.0, 126.7,
126.3, 122.7, 121.6, 121.5, 121.4, 121.2, 121.1, 119.4, 117.2, 117.1, 113.2, 111.8,
84.0, 56.3, 55.9, 27.7 (3C); IR (film) vmax 3435, 3348, 3070, 2980, 2935, 2872,
2851, 1759, 1622, 1566, 1483, 1462, 1433, 1408, 1396, 1371, 1254, 1242, 1182,
1146, 1070, 1047, 1022, 978, 930, 901 cm™; HRMS(ES*) m/z: [M+H] calcd for
C21H21NOg 384.1447; found 384.1463.
N-(2-(2,4-Dichlorophenyl)-6-hydroxy-4-oxo-4H-chromen-3-

yhacetamide (17a). Compound 16a (7.7 mg, 0.018 mmol) was dissolved in
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anhydrous AcCN (0.15 mL) and stirred at rt. N,N-Diisopropylethylamine (3.81
ulL, 0.022 mmol) was added dropwise, followed by acetyl chloride (1.68 uL,
0.024 mmol), and stirred at rt for 1.5 h. The solution was brought up in EtOAc (5
mL), and washed with H,0O, saturated aqueous NaCl, dried, and concentrated. The
residue was purified by flash chromatography (SiO,, 8:2 Hexanes:EtOAc to 100%
EtOAc) to afford the N-acylated intermediate as a pale yellow solid. The solid
was subsequently dissolved in MeOH (0.15 mL), and stirred at rt. HCI gas was
bubbled through solution for 10 seconds, and the solution stirred for 5 min,
followed by rotoevaporation. The residue was purified by flash chromatography
(SiO2, 1:1 Hexanes:EtOAc) to afford 17a (2.4 mg, 28% over two steps) as a pale
yellow amorphous solid: *H NMR (MeOD, 500 MHz) & 7.66 (d, J = 1.9 Hz, 1H),
7.53 (d, J = 8.3 Hz, 1H), 7.48 (m, 3H), 7.29 (dd, J = 9.1, 3.0 Hz, 1H), 1.94 (s,
3H); *C NMR (MeOD, 125 MHz) & 176.7, 173.3, 161.7, 157.1, 151.7, 138.5,
135.4, 133.1, 131.1, 130.1, 128.7, 125.44, 125.35, 121.3, 121.0, 109.1, 22.5; IR
(film) vmax 3269, 2953, 2924, 2854, 1740, 1697, 1670, 1622, 1591, 1556, 1487,
1472, 1456, 1387, 1362, 1337, 1256, 1236, 1204, 1182, 1151, 1101, 1082, 1116,
970, 912 cm™; HRMS(ES") m/z: [M+Na] calcd for CH:;:ClLNO, 385.9963;
found 385.9943.
N-(2-(5-Chloro-2-methoxyphenyl)-6-hydroxy-4-oxo-4H-chromen-3-

ylhacetamide (17b). Compound 17b was prepared following the same procedure

used in the preparation of compound 17a. The N-acylated intermediate was
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purified by flash chromatography (SiO,, 7:3 Hexanes:EtOAc to 100% EtOAcC).
Purification in the final step by preparative TLC (SiOz, 1:9 Hexanes:EtOAc)
afforded 17b (14.6 mg, 33% over two steps) as a pale yellow amorphous solid: *H
NMR (MeOD, 500 MHz) As a mixture of conformational isomers: 6 7.48 (m,
4H), 7.27 (dd, J = 9.0, 3.0 Hz, 1H), 7.15 (d, J = 9.0 Hz, 1H), 3.84 (s, 3H), 1.95
(2s, 3H); *C NMR (MeOD, 125 MHz) § 176.7, 173.3, 161.9, 157.4, 156.9, 151.8,
133.2, 130.9, 126.5, 125.4, 125.1, 123.6, 121.0, 114.5, 109.1, 56.9, 30.6, 22.5; IR
(film) vmax 2930, 2851, 1655, 1637, 1610, 1574, 1543, 1483, 1472, 1435, 1404,
1391, 1356, 1313, 1281, 1259, 1248, 1227, 1204, 1171, 1148, 1128, 1111, 1070,
1040, 1018, 984, 933 cm™; HRMS(ES") m/z: [M+H] calcd for CigH14CINOs
360.0639; found 360.0621.
N-(6-Hydroxy-4-oxo-2-(2-(trifluoromethyl)phenyl)-4H-chromen-3-

yhacetamide (17¢). Compound 17c was prepared following the same procedure
used in the preparation of compound 17a. The N-acylated intermediate was
purified by flash chromatography (SiO,, 6:4 Hexanes:EtOAc to 100% EtOAc).
Purification in the final step by preparative TLC (SiO;, 3:7 Hexanes:EtOAC)
afforded 17c (2.1 mg, 49% over two steps) as a pale yellow amorphous solid: *H
NMR (MeOD, 500 MHz) § 7.91 (m, 1H), 7.75 (m, 1H), 7.66 (m, 1H), 7.48 (d, J =
3.0 Hz, 1H), 7.45 (d, J = 9.0 Hz, 1H), 7.30 (dd, J = 9.0, 3.0 Hz, 1H), 1.94 (s, 3H);
3C NMR (MeOD, 125 MHz) 6 176.7, 173.7, 163.3, 157.1, 151.5, 133.3, 132.5,

131.9, 129.6, 128.24, 128.21, 126.7, 125.5, 125.3, 120.9, 109.2, 30.6, 22.4; IR
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(film) vmax 3402, 3256, 3043, 3011, 2955, 2924, 2853, 2359, 2341, 1624, 1576,
1558, 1522, 1474, 1404, 1369, 1315, 1294, 1277, 1238, 1207, 1173, 1132, 1113,
1063, 1036, 1005, 966, 939 cm™; HRMS(ES") m/z: [M+H] calcd for
Ci1sH12F3sNO4 364.0797; found 364.0789.
N-(6-hydroxy-4-oxo-2-(3-(trifluoromethyl)phenyl)-4H-chromen-3-
yhacetamide (17d). Compound 17d was prepared following the same procedure
used in the preparation of compound 17a. The N-acylated intermediate was
purified by flash chromatography (SiO,, 7:3 Hexanes:EtOAc to 100% EtOAcC).
Purification in the final step by preparative TLC (SiOz, 1:1 Hexanes:EtOAc)
afforded 17d (5.0 mg, 51% over two steps) as a pale yellow amorphous solid: *H
NMR (MeOD, 500 MHz) & 8.09 (s, 1H), 8.05 (d, J = 7.8 Hz), 7.86 (d, J = 7.8 Hz,
1H), 7.75 (t, J = 7.8 Hz, 1H), 7.59 (d, J = 9.1 Hz, 1H), 7.47 (d, J = 3.0 Hz, 1H),
7.31 (dd, J = 9.1, 3 Hz), 2.05 (s, 3H); °C NMR (MeOD, 125 MHz) & 177.0,
173.7, 162.3, 157.1, 1515, 134.4, 133.1, 130.9, 128.7, 126.30, 126.27, 125.4,
121.1, 119.7, 109.1, 78.3, 30.6, 22.7; IR (film) vmax 3367, 3248, 2922, 2853, 1717,
1699, 1666, 1651, 1634, 1622, 1574, 1558, 1539, 1516, 1472, 1456, 1385, 1367,
1327, 1294, 1269, 1229, 1173, 1117, 1097, 1082, 1003, 912 cm™; HRMS(ES")
m/z: [M+H] calcd for C1gH;1,F3NO,4 364.0707; found 364.0769.
N-(6-hydroxy-4-oxo-2-phenyl-4H-chromen-3-yl)acetamide (17e).
Compound 17e was prepared following the same procedure used in the

preparation of compound 17a. The N-acylated intermediate was purified by flash
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chromatography (SiO,, 7:3 Hexanes:EtOAc to 100% EtOAc). Purification in the
final step by preparative TLC (SiO,, 7:3 Hexanes:EtOAc) afforded 17e (29.7 mg,
60% over two steps) as an orange amorphous solid: *H NMR (MeOD, 500 MHz)
§7.78 (d, J = 7.5 Hz, 1H), 7.77 (d, J = 8.05 Hz, 1H), 7.55 (m, 4H), 7.46 (d, J =
2.95 Hz, 1H), 7.29 (dd, J = 9.05, 3.0 Hz, 1H), 2.06 (s, 3H); *C NMR (MeOD,
125 MHz) 6 177.2, 173.9, 164.4, 156.9, 151.6, 133.3, 132.3, 129.8 (2C), 129.5
(2C), 125.2, 125.1, 121.0, 119.1, 109.1, 22.7; IR (film) vmax 3418, 3192, 2928,
2853, 1661, 1616, 1568, 1556, 1539, 1520, 1495, 1472, 1447, 1404, 1367, 1312,
1294, 1269, 1236, 1204, 1178, 1146, 1111, 1076, 1026, 1001, 966, 924 cm™;
HRMS(ES") m/z: [M+H] calcd for C17H;:3NO4 296.0923; found 296.918.
N-(6-Hydroxy-2-(2-methoxyphenyl)-4-oxo-4H-chromen-3-

yl)acetamide (17f). Compound 17f was prepared following the same procedure
used in the preparation of compound 17a. The N-acylated intermediate was
purified by flash chromatography (SiO,, 7:3 Hexanes:EtOAc to 100% EtOAcC).
Purification in the final step by preparative TLC (SiO;, 2:8 Hexanes:EtOAc)
afforded 17f (55.8 mg, 55% over two steps) as a pale yellow amorphous solid: *H
NMR (MeOD, 500 MHz) As a mixture of conformational isomers: 6 7.67 (d, J =
7.7 Hz, 1H), 7.50 (m, 1H), 7.45 (m, 3H), 7.24 (m, 1H), 7.13 (d, J = 8.3 Hz, 1H),
7.04 (t, J = 7.7 Hz, 1H), 3.87 (2s, 3H), 1.95 (bs, 3H); *C NMR (MeOD, 125
MHz) As a mixture of conformational isomers: ¢ 163.7, 161.7, 158.3, 156.4,

151.7, 151.6, 135.4, 133.5, 133.0, 131.7, 131.0, 130.6, 125.6, 124.7, 122.4, 121.8,
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121.3, 121.1, 120.75, 120.69, 114.3, 113.3, 112.6, 108.9, 108.5, 56.7, 56.3, 30.3,
22.3; IR (film) vmax 3493, 3246, 3084, 3011, 2945, 2841, 2565, 2419, 2351, 2243,
2135, 1651, 1614, 1574, 1479, 1454, 1435, 1416, 1371, 1285, 1254, 1211, 1180,
1165, 1150, 1117, 1105, 1082, 1049, 1020, 972, 935, 879 cm™; HRMS(ES*) m/z:
[M+H] calcd for C1gH1sNOs 326.1028; found 326.1021.
Anti-Proliferation Assays

MCF-7 and SKBr3 cells were maintained in a 1:1 mixture of Advanced
DMEM/F12 (Gibco) supplemented with non-essential amino acids, L-
glutamine (2 mM), streptomycin (500 ug/mL), penicillin (100 units/mL), and
10% FBS. Cells were grown to confluence in a humidified atmosphere (37 °C,
5% CO2), seeded (2000/well, 100 uL) in 96-well plates, and allowed to attach
overnight. Each compound or geldanamycin at varying concentrations in
DMSO (1% DMSO final concentration) was added, and cells were returned to
the incubator for 72 h. At 72 h, the number of viable cells was determined
using an MTS/PMS cell proliferation kit (Promega) per the manufacturer’s
instructions. Cells incubated in 1% DMSO were used as 100% proliferation,
and values were adjusted accordingly. ICso values were calculated from

separate experiments performed in triplicate using GraphPad Prism.
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Western Blot Analysis

MCF-7 cells (1 x 10¢) were cultured in a Tissue Culture Dish (Becton
Dickinson, Franklin Lakes, NJ) in 5 mL media and allowed to attach overnight
at 37°C in a humidified incubator under 5% CO2. 10c, 10d, 17a, 17b or
geldanamycin (positive control) was added in 50 uL DMSO for a final
concentration of 0.1 to 100 uM of inhibitor. An additional vehicle (DMSO)
sample was utilized as a negative control. After inoculation, the cells were
allowed to incubate 24 hr before the cells were harvested via scraping the
Tissue Culture Dish, washing with PBS (2 x 5 mL), and storing on ice. After
pelleting the cells (1000 x rpm, 4°C), PBS and media were removed, and the
pellets resuspended in lysis buffer (150 uL, 50 mM Tris-HCl pH 7.5, 1% NP-
40, 150 mM Na(Cl, 0.1% SDS, 2.5 mM NazVO4, 10 mM PMSF, 10 uM aprotinin,
10 uM leupeptin, and 10 uM soybean trypsin inhibitor) and transferred to 1.5
mL Eppendorf tubes. Samples were incubated for 1 hr at 4°C. Lysates were
cleared by centrifugation at 14000 x rpm for 10 minutes at 4°C. The
supernatants were collected and comprised the experimental samples. The
protein concentration of each sample was determined by a BSA assay (Pierce,
Rockford, IL). Equal amounts of protein were resolved on a 9%
polyacrylamide gel (100V, 100 mA, 2 hr) and transferred to a nitrocellulose

membrane (25 V, 100 mA, 12 hr). Bands were visualized with Ponceau to
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confirm protein transfer. Blots were blocked with 5% nonfat milk in PBST (3
x 15 mL, 10 min), probed with primary antibody (1:1500, Her2 (c-erbB-2)
rabbit polyclonal IgG, Zymed Laboratories, Paisley, UK; 1:1500, Hsp90 mouse
polyclonal IgG, Stressgen, Ann Arbor, MI; 1:1500, Actin rabbit polyclonal IgG,
Santa Cruz Biotechnology, Santa Cruz, CA; 1:1500 cRaf-1 rabbit polyclonal
IgG, Stressgen, Ann Arbor, MI; 1:1500 Cdk4 rabbit polyclonal IgG, Stressgen,
Ann Arbor, MI; 1:1500 Akt 1/2/3 rabbit polyclonal IgG, Santa Cruz
Biotechnology, Santa Cruz, CA; 3 hr). The blots were washed with 5%
milk/PBST (3 x 15 mL, 10 min), incubated with horseradish peroxidase-
conjugated secondary antibody (1:2000 goat o-rabbit IgG, Amersham,
Piscataway, NJ; 1:2000 goat a-mouse IgG, Santa Cruz Biotechnology, Santa
Cruz, CA; 1.5 hr), then washed with 5% milk/PBST (1 x 15 mL, 10 min),
followed by PBST (2 x 15 mL, 10 min). Protein bands were visualized by

chemiluminescence using ECL detection reagents (Amersham, Piscataway,

NJ).
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