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Abstract

The heat shock proteins are a highly conserved protein family that are constitutively
expressed and function as molecular chaperones. Molecular chaperones 90kDa Heat Shock
Protein (Hsp90) and 70kDa Heat Shock Protein (Hsp70) have emerged as promising therapeutic
targets for both cancer and neurodegenerative diseases. Hsp90 is responsible for the maturation
of more than 300 nascent polypeptides, “clients”. These client proteins are involved in the
oncogenic process, as many are associated with all 10 hallmarks of cancer. Hsp70 is involved in
protein folding and maintenance of protein homeostasis. Targeting molecular chaperones,
Hsp70 and Hsp90, is a viable therapeutic strategy for various neurodegenerative diseases as they
prevent protein aggregation via refolding denatured proteins and solubilizing protein aggregates.
Therefore, small molecules that interact with Hsp90 are sought, as modulation of Hsp90 can
impact the cellular function of Hsp70.

Hsp90 contains a traditional N-terminal ATP-binding site and a C-terminal dimerization
domain, which contains an additional binding site. Targeting the Hsp90 C-terminus with
inhibitors derived from novobiocin is one approach to modulating molecular chaperones.
Structure activity relationship studies on novobiocin have led to the development of either
neuroprotective or cytotoxic compounds. Segregation of the pro-survival heat shock response
from a cytotoxic response due to client protein degradation is unique to C-terminal inhibitors.
Described herein is the design, synthesis and biological evaluation of small molecules that target
the C-terminus of Hsp90, for the continued development of potential therapeutics for the

treatment of cancer or neurodegenerative diseases.
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1. Introduction to Hsp90 Structure, Function, and Modulation

Introduction

Molecular chaperones are an evolutionarily conserved class of proteins that prevent
aggregation and assist in the conformational maturation of other cellular proteins (referred to as
client proteins). Heat shock proteins (Hsps) are a group of molecular chaperones that are
ubiquitously expressed under non-stressed conditions and can be upregulated upon exposure to
cellular stress, including elevated temperature. Hsp90 is the most abundant heat shock protein
and represents 1-2% of the cellular protein in unstressed cells.'” There are four human isoforms
of Hsp90: the cytosolic isoforms Hsp90a and (3, Grp94 (localized to the endoplasmic reticulum),
and TRAPI (localized to the mitochondria). Hsp90 facilitates the conformational maturation of
Hsp90-dependent proteins via the Hsp90 chaperone cycle, in which the Hsp90 homodimer forms
a large, multiprotein complex that relies upon co-chaperones, immunophilins, and partner
proteins to fold nascent polypeptides, as well as the rematuration of denatured proteins.*® The
Hsp90 heteroprotein complex folds these substrates through a series of conformational
transitions at the middle and N-terminal domain of Hsp90 that facilitate ATP hydrolysis at the N-
terminus.”® Inhibition of the Hsp90 protein folding machinery results in client protein
ubiquitinylation and subsequent degradation by the proteasome, which can ultimately result in
cell death.”"” Many Hsp90-dependent client proteins (e.g., ErbB2, B-Raf, Akt, steroid hormone
receptors, mutant pS3, HIF-1, survivin, telomerase, etc.) are associated with the ten hallmarks of
cancer: self sufficiency in growth signals, insensitivity to anti-growth signals, evading apoptosis,
limitless replicative potential, sustained angiogenesis, tissue invasion and metastasis,

reprogramming energy metabolism, evading immune response, genome instability and mutation,



and tumor-promoting inflammation."”'* Therefore, oncogenic client protein degradation via
Hsp90 inhibition represents a promising approach toward anticancer drug development.”"
Additionally chaperones interact with protein degradation pathways to control constitutive
protein turnover and to facilitate the elimination of misfolded proteins."

Originally, small molecule inhibitors of Hsp90 were designed to perturb the ATPase
activity located at the N-terminus and include derivatives of geldanamycin, radiciol, and purine."
N-terminal Hsp90 inhibitors are effective at inhibiting Hsp90 function and lead to anti-
proliferative activity through client protein degradation; however, Hsp90 N-terminal inhibition
also leads to induction of the Heat Shock Response (HSR).”** The consequence of inducing a
pro-survival response concomitantly with inducing client protein degradation is typically,
cytostatic activity. However, this induction also leads to dosing and scheduling problems in the
clinic, as N-terminal inhibitors induce expression of the target they inhibit. Therefore, Hsp90
inhibitors with novel mechanisms of action are sought to take advantage of the dependence that
client protein-driven cancers have upon Hsp90, without concomitant induction of the pro-
survival, heat shock response.

Two alternative strategies for inhibiting the function of Hsp90 include disruption of the
Hsp90 heteroprotein complex and disruption of the Hsp90 C-terminal dimerization domain.
Disruption of the Hsp90 heteroprotein complex has emerged as an effective strategy to prevent
client protein maturation without induction of the HSR.” More specifically, disruption of
interactions between Hsp90 and co-chaperones, such as Cdc37, or direct inhibition of co-
chaperones and immunophilins, such as p23, F,F, ATP synthase and FKBP52, prevent the

maturation of Hsp90 clients at concentrations that do not induce the HSR .***



Alternatively, novobiocin was the first Hsp90 C-terminal inhibitor identified, and was
found to inhibit Hsp90 in SKBr3 cells at approximately 700 uM concentration.”® As a result,
derivatives of the coumarin-containing natural product have been intensely sought and
compounds manifesting improved activity identified. These C-terminal inhibitors prevent cancer
cell proliferation at concentrations similar to N-terminal inhibitors and induce degradation of
Hsp90-dependent client proteins without induction of the HSR.** In addition to novobiocin and
novobiocin analogs, epilgallocatechin-3-gallate (EGCG), silybin and cisplatin have been
reported to bind the Hsp90 C-terminus.”!

Herein, recent progress in Hsp90 structural elucidation and the dynamic aspects of the
Hsp90 chaperone cycle will be discussed. Alternative strategies for Hsp90 inhibition that include
direct and indirect targets of Hsp90, as well as the current state of traditional small molecule
Hsp90 inhibitors will be summarized. Lastly, post-translational modifications to Hsp90 and
partner proteins will be described as well as the effect of these modifications on client protein

maturation, stability and activity in normal and transformed cells.

Hsp90 Chaperone Cycle
Hsp90 exists primarily as a homodimer. Each monomer contains three domains; an N-
terminal domain with an ATP-binding pocket, a C-terminal domain responsible for dimerization,
and a middle domain that connects the N- and C-termini through a highly-charged and flexible
linker. The Hsp90 protein folding cycle is complex and illustrated in Figure 1. Many
conformational switches and changes are needed to obtain the catalytically active state of Hsp90,
and various co-chaperones are needed to regulate the protein folding cycle.” Most of the co-

chaperones that interact with Hsp90 at the beginning of the chaperone cycle bind the EEVD



motif located at the C-terminus. Co-chaperone Hsp90-Hsp70 organizing protein (HOP) is
responsible for delivering substrates from Hsp70 to Hsp90, and binds Hsp90 to stabilize the open
conformation (A brief overview of co-chaperone binding to Hsp90, and its effects are
highlighted in Table 1).” HOP interacts directly with the EEVD motif through its
tetratricocpeptide repeat (TPR) domain.

After the binding of HOP, Hsp70 and the bound client protein stabilize the open
conformation of Hsp90, and then various immunophilins (specifically, those with prolyl
isomerase activity), co-chaperones, and other partner proteins bind to form a heteroprotein
complex. When the immunophilins, containing peptidyl-prolyl isomerase activity (e. g.
FKBP51, FKBP52, etc.) bind Hsp90, an asymmetric complex is formed.” This asymmetric
structure is often referred to as the ‘late complex’ and promotes the chaperone cycle through
stabilization of the open conformation.”® After formation of the late complex, the activator of
Hsp90 ATPase, Ahal, assembles with the heteroprotein complex to dissociate co-chaperones,
such as HOP and Hsp70.** Buchner and coworkers demonstrated that Ahal, the most effective
activator of ATPase activity, is needed for HOP release, but not p23, which had been previously
reported.” They found that Ahal and the co-chaperone Cpr6 bind Hsp90 in a synergistic manner

to stabilize the Hsp90 closed conformation.



Open conformation

is stabilized
JES—
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Closed 2 conformation Closed 1 conformation
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1’ AHA1

Figure 1 Hsp90 catalytic chaperoning cycle, highlighting the two closed
conformations. The first closed conformation is stabilized by Ahal. p23 then displaces
Ahal, to form the second closed conformation™.




Hsp90-catalyzed ATP hydrolysis is not only required for folding the bound substrate, but also for
release of the properly folded substrate. In order to achieve ATP hydrolysis, Hsp90 must adopt a
closed conformation.”” To form the closed state, Ahal binds in a sequential manner, followed by
ATP. Structural reorganization ensues to facilitate closure of the N-terminal ATP lid. Lid
closure stabilizes the catalytic loop, which is required for ATP hydrolysis. In addition, the ATP
lid establishes contacts between specific residues of the catalytic loop and ATP, in addition to the
adjacent Hsp90 monomer, resulting in further stabilization of the Hsp90 complex. This
conformational change represents the rate-limiting step in the protein folding cycle, which is not
ATP hydrolysis.”

In addition to establishing that Ahal and Cpr6 bind Hsp90 in a synergistic manner, it was
demonstrated that Ahal association with Hsp90 accelerates the conformational change required
for attainment of the closed state. In fact, the conformation formed upon Ahal binding is
different from the state wherein ATP hydrolysis occurs, as illustrated in Figure 1.** In the closed
state with Ahal, ATP can exchange readily. However, upon p23 displacement of Ahal, a
second closed conformation is formed, which is followed by p23 dissociation and ATP
hydrolysis.** The resulting complex disassembles and the folded substrate is released to
propagate of the catalytic cycle.

p23 is a well-established regulator of Hsp90 ATPase activity and has been shown to
inhibit ATP hydrolysis and client release.””® McLaughlin et. al demonstrated that p23 interacts
with Hsp90 in the presence and absence of ATP; however, affinity for the p23-Hsp90 complex
increased when ATP was present. Mass spectral analysis determined that one molecule of p23
bound to each Hsp90 monomer and p23 interacted with truncated fragments that lack a C-

terminus. This data indicate that Hsp90 dimerization is not required for p23-Hsp90 association.



Collectively, these data suggest that p23 locks Hsp90 subunits during the ATP-bound state,
which exhibits a high affinity for protein substrates.

Another co-chaperone, carboxyl terminus of Hsp70-interacting protein (CHIP), regulates
the release of properly folded client proteins, or can target them for degradation.””® CHIP
contains a ubiquitin ligase domain and thus, provides a direct link to protein degradation via the
proteasome.” CHIP interacts with Hsp90 or Hsp70 through its TPR domain, and when bound to
Hsp90, CHIP can displace HOP and p23. In the presence of Hsp90 inhibitors, CHIP mediates

ubiquitinylation of substrates and ultimately directs them for degradation via the proteasome.*

Table 1 Hsp90 Co-Chaperones and effects on Hsp90 conformation and ATPase activity

Interaction Interaction Effect on Effect on
Co-chaperone site in co- e . Hsp90 Hsp90 ATPase
site in Hsp90 . L.
chaperone conformation activity
. TPR2A, Stabilizes open .
Hop/Stil TPROB N,M,C state Inhibition
Stabilizes open e
Cdc37 M, C Inhibition
state
Sgtl CS domain N Not determined No effect
Weak
) inhibition by
Tahl1 TPR C Not determined Tahl-Pihl
complex
Ahal N, C N,M Stabilizes Acceleration
closed state
TPR1, TPR2, .
Ppt/PP5 TPR3 C Not determined No effect
Cpro, TPR C Not determined Wea'k
Cpr7/Cyp40 acceleration
FKBP51/FKB
P52 / TPR C Not determined No effect
Stabili
p23/Sbal N N avrizes Inhibition
closed state




TPR tetratricocpeptide repeat, CS = CHORD (cysteine and histidine-rich domain)-containing

protein and Sgtl domain; N = N-terminal domain, M = middle domain, C = C-terminal domain

Other co-chaperones have less defined roles in the inhibition or promotion of Hsp90
ATPase activity; however, proper function of these co-chaperones and direct interaction with
Hsp90 appears important for client protein maturation. Small glutamine-rich tetratricopeptide
repeat-containing protein o (SGTA) is linked to several cellular processes including cell
division, mitosis, cell cycle checkpoint activation, and viral infection. SGTA interacts directly
with Hsp70 and may interact with Hsp90 via its TPR domain to facilitate maturation of the
growth hormone and androgen receptors.”' It has also been proposed that SGTA participates in
the sequestration of client proteins in an inactive state.

F,F, ATP synthase was proposed to possess co-chaperone function by interacting with
Hsp90 in several different cancer cell lines.”” ** Furthermore, inhibition of F,F, ATP synthase
directly affected client protein maturation. F,F, ATP synthase is a macromolecular machine that
produces the majority of cellular ATP and is localized to the mitochondria and the cell surface in
certain cancers.”* F,F, ATP synthase was shown to directly interact with Hsp90, specifically
the Hsp90a isoform.*” A selective inhibitor of F,F, ATP synthase, as well as general inhibitors of
ATP synthases, have been shown to disrupt interactions between F F, ATP synthase and

Hsp90a, and ultimately produce client protein Hsp90-dependent degradation.*”**

Heat Shock Response
Traditional discussion of the pro-survival heat shock response (HSR) typically is as

follows: “In the presence of degraded client proteins or upon treatment with a N-terminal




inhibitor Hsp90-bound transcription factor Heat Shock Factor-1 (HSF-1) is displaced.”" Upon
displacement, HSF-1 trimerizes, translocates to the nucleus and binds the Heat Shock Regulatory
Elements, which are evolutionarily conserved sequences throughout the genome that lead to
increased levels of the heat shock proteins. The HSR 1is a pro-survival response to cellular stress
that cause conditions which induce the denaturation of proteins. Hsp27, Hsp40, Hsp70, and
Hsp90, amongst other HSPs, are over-expressed to refold denatured proteins.” While this
description is accurate, it is an over-simplification of a complex biological process. HSF-1, the
small but mighty player in the heat shock response, has been heavily studied in the last decade
and consequently has been found to be involved in many different disease states. HSF-1 is often
activated in cancer cells and has been shown to be important in cancer progression.’
Alternatively, a lack of HSF-1 is connected to neurodegenerative diseases as proteins
aggregate.”” Recently, HSF-1 was implicated in diabetes as HSF-1 expression was altered in
islets from diabetic rats and restoring HSF-1 activity prevented glucolipotoxicity-induced
endoplasmic reticulum stress and apoptosis.”* While it is becoming more apparent how HSF-1 is
implicated in many diverse cellular processes, it is still unclear how HSF-1 regulates the heat
shock response.

Currently there are two hypotheses in the literature to explain how HSF-1 regulates the
heat shock response. The first is the chaperone titration theory and the second is the heat shock-
dependent phosphorylation theory. The chaperone titration theory suggests that HSF-1 is bound
to chaperones in an inhibitory complex. When cellular stress occurs, HSF-1 dissociates from the
inhibitory complex as the chaperones are titrated away by misfolded and unfolded proteins.
HSF-1 then forms trimers and localizes to the nucleus to activate transcription. Once proteostasis

is restored, chaperones free of client proteins can bind to HSF-1 and deactivate it.”> Extensive



studies have determined what chaperone and co-chaperones interact biochemically and
pharmacologically with HSF-1. However, due to the observed switching dynamics of HSF-1,
direct unequivocal evidence is difficult to obtain.

Bharadwaj and co-workers investigated the Hsp90 chaperone complex and the regulation
of HSF-1.° Using electrophoretic mobility shift assay/super shift technique they found that
elevated levels of Hsp90, Hsp70, Hip, and Hop decreased the time of HSF-1 deactivation to the
non-DNA-binding state. Interestingly, they found that immunophilins had the opposite effect.
Thus, they proposed that nascent co-chaperones exert their effect via remodeling existing
chaperone complexes and Hip, Hop and Hsp70/90 promote formation of additional chaperone
complexes.” Subsequent experiments also evaluated the interaction between various co-
chaperones and chaperones and stress-activated HSF-1 to find that Hsp90, p23, and FKBP52
form a heterocomplex with the regulatory domain of HSF-1. Disruption of this complex
promotes HSF-1 DNA binding as a heat shock promoter.” Interestingly these co-chaperones are
also involved in the chaperone machine that is important for folding the steroid receptors,
indicating that HSF-1 oligomerization is regulated by a similar foldosome-type mechanism.

The second theory for HSF-1 regulation is the phosphorylation theory, which simply
states that upon site dependent phosphorylation, HSF-1 activates the transcription of chaperone
genes.” Unfortunately, recent studies have found that mutation of 15 phosphorylation sites failed
to prevent HSF-1 activation during heat shock. Even though phosphorylation of HSF-1 is a
hallmark of the heat shock response pathway, no direct evidence of the specific role HSF-1
phosphorylation provides has yet emerged.” Recent studies by Zheng and co workers attempted
to link the two theories by studying over 70 phosphorylation sites and examining Hsp70 and

HSF-1 involvement. They discovered that HSF-1 is involved with Hsp70 in a titration like
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model, as Hsp70 and HSF-1 form a feedback loop controlled by heat shock response and
activation. Additionally Zheng and co workers identified that phosphorylation amplifies
transcriptional activation of HSF-1, as opposed to phosphorylation triggering the activation of
HSF-1.% They hypothesized that introduction of a negative charge via phosphorylation increases
the transcription initiated by HSF-1."°' Based on these findings both theories are correct as
HSF-1 uses both phosphorylation and a chaperone switch to regulate the heat shock response.

Control over the pro-survival heat shock response is vital for neuroprotection. Induction
of the pro-survival heat shock response occurs in a different manner for N-terminal and C-
terminal Hsp90 inhibitors. Pan Hsp90 N-terminal inhibition results in induction of the HSR,
however C-terminal inhibition can segregate these activities. Treatment with C-terminal
inhibitors can result in either client protein degradation or induction of heat shock proteins, but
not both.

The pro-survival heat shock response can be beneficial for neuroprotection. Partial
folding of proteins leads to a functionally inactive state of the protein, which may lead to toxic
insults within the cell, leading to cell death. This partial or inaccurate folding occurs in 30% of
nascent proteins, which typically leads to their degradation.””® It is likely that the toxicity of
different neurodegenerative disorders result from an imbalance between normal chaperone
activity and misfolded protein species.”* HSF-1 protects neuronal cells from death caused by the
accumulation of misfolded proteins, which is essential because neurons are post-mitotic and are
unable to dilute misfolded or aggregated proteins through cell division. *** Consequently HSF-1
has been found to be essential for the survival of rat neurons, and HSF-1 protein expression
levels are reduced as cell death is approached.” Verma and co-workers found that

overexpression of HSF-1 can protect neurons from death even in non-proteotoxic conditions via
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a novel mechanism of action wherein HSF-1 is not a trimer.” While the levels of HSF-1
typically do not change and are tightly regulated, HSF-1 levels in neurons are reduced well
before degeneration. This strongly indicates that reduction in HSF-1 expression is a precursor to
neurodegeneration. Verma and co workers propose that HSF-1 has an alternate mechanism of
action for neuroprotection in which monomer HSF-1 binds non-HSE sequences in conjunction
with other transcription factors.”

Additional neuroprotection via modulators of HSF-1 have been investigated.
Hydroxylamine derivatives like arimoclomol are known to be co-inducers of the HSR and are
thought to prolong the binding of HSF-1 to HSE. Additionally, these molecules are thought to
cause HSF-1 activation via affecting plasma membrane fluidity.” These compounds are thought
to weaken the interactions between lipid chains that can induce disorder effects in membranes,
similar to heat shock, ultimately leading to HSF-1 activation.”"”?

Current studies have begun to unveil that HSF-1 can segregate its proteostatic activity
from its other activities, like metabolic control. For example Qiao and co-workers have reported
that HSF-1 is involved with metabolic control via interaction with the Nampt promoter, which
controls intracellular NAD+ levels. Heat shock is known to increase the cellular NAD+/NADH
ratio. Sitruin enzymes (SIRT1 and SIRT3) require NAD+ as a cofactor for metabolic regulation
and are known to play a critical role in the maintenance of mitochondrial function. They found
that SIRT1/3 levels are affected in HSF-1 deficient cells. SIRT1 is responsible for the
deacetylation of HSF-1, and can prolong HSF-1 DNA binding by deacetylation. HSF-1 removal
from chromatin is facilitated by acetylation of K80, which is in direct contact with DNA. This

study clearly ties HSF-1 to metabolic control. HSF-1 undoubtedly has many important rolls to

play within the cell, and future studies will continue to shed light on what those rolls may entail.
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Client-specific Hsp90 Co-chaperones

While Hsp90-co-chaperone interactions continually change throughout the chaperone
cycle to either inhibit or promote ATP hydrolysis, co-chaperones also exhibit client specificity
during the chaperone cycle and promote the maturation of client protein classes.” The
mechanism by which co-chaperones assist in the delivery of clients to Hsp90 occurs via
interactions between specific clients or through interactions with Hsp90 that prime the chaperone
machinery for the loading of protein substrates.

The co-chaperone activity manifested by cell division cycle 37 homolog, or Cdc37, is
required for the maturation of all Hsp90-dependent kinases.”* ™ This co-chaperone inhibits
ATPase activity, but does not affect accessibility to the ATP binding site.”””” Sgt1 (suppressor of
G2 allele of skpl) is required for activation of nucleotide-binding leucine-rich repeat receptors
(NLRs).” The co-chaperones Tahl (TRP-containing protein associated with Hsp90) and Pihl
(protein interacting with Hsp90) are associated with chromatin remodeling and temporarily halt
the Hsp90 ATPase cycle to prepare Hsp90 for the maturation of small nuclear
ribonucleoproteins.”

Other co-chaperones that exhibit client protein specificity are the peptidyl-prolyl
isomerases (PPlases), and include FK506 binding protein (FKBP) 51, FKBP52, and cyclophylin
(Cyp) 40.*" These remodeling PPlases are commonly utilized in Hsp90-steroid hormone
receptor complexes. Interestingly these PPlases are specific hormone receptor clients, for
example, FKBP51 in concert with protein phosphatase 5 (Pp5), is responsible for the maturation
of the glucocorticoid receptor complexes; however, isolated FKBP51 is found associated with

progesterone receptor, whereas Cyp40 associates with the estrogen receptor.
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While it remains unknown as to how co-chaperones selectively interact with clients, co-
chaperones involved in the maturation of certain clients, or substrate classes, provide an
opportunity to selectively prevent the maturation of these client(s) by targeting interactions

between Hsp90 and the co-chaperone.

Disrupting Hsp90-co-chaperone Interactions

Disruption of the interactions between Hsp90 and co-chaperones has been a successful
strategy for selective and non-selective degradation of client protein substrates. Small molecules
can disrupt these interactions and manifest properties unlike N-terminal Hsp90 inhibitors.
Celastrol and gedunin (Figure 2) were originally suspected to disrupt interactions between Hsp90
and Cdc37 and induce degradation of kinase client proteins.*** The mechanism by which these
compounds affect the Hsp90 chaperone cycle has since been explained. Celastrol is a natural
product that exerts potent anti-cancer activity via multiple mechanisms of action. One of these
mechanisms is to disrupt Hsp90-Cdc37 interactions. The natural product gedunin was shown to

disrupt Hsp90-p23 interactions.
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Figure 2 Structures of celastrol and gedunin.

NMR studies by Sreeramulu, et. al. demonstrated that celastrol binds and covalently

modifies cysteine residues located at the N-terminus of Cdc37 via Michael adduct formation and
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therefore, does not directly bind Hsp90®. In addition, Chadli, et. al. report that celastrol inhibits
the Hsp90 chaperone cycle by destabilizing p23, which results in the degradation of steroid
hormone receptors.*® Therefore, celastrol appears to exhibit a multi-faceted mechanism for
inhibition of the Hsp90 protein folding cycle. In addition, it was reported that gedunin binds the
co-chaperone, p23, and inhibits p23 chaperone activity while blocking interactions between p23
and Hsp90.”° Gedunin inactivated p23 via caspase 7 activation, which led to cleavage of the p23
C-terminus and induction of apoptosis. Interestingly, treatment with gedunin did not increase
Hsp27 levels and only slightly elevated Hsp70 levels were observed, suggesting this approach
may not induce the HSR.

Hsp90 requires ATP for chaperone activity and inhibition of ATP synthase with pan ATP
synthase inhibitors such as oligomycin A, 2-deoxy-D-glucose, antimycin A and efrapeptins
prevent Hsp90-dependent client maturation, (Figure 3).*> “** ATP synthase inhibitors do not
induce the HSR, as oligomycin A and efrapeptins manifest little to no increase in Hsp90, Hsp70
and Hsp27 levels. Furthermore, inhibition of the singular ATP synthase, F,F, ATP synthase, with
the selective inhibitor, cruentaren A, retained this activity and resulted in client protein
degradation through destabilization of F,F, ATP synthase-Hsp90«. interactions (Figure 3).*"**

Hsp90 and p23 in complex with hTERT, the catalytic subunit of telomerase, is required
for the nuclear localization of telomerase, a protein whose unregulated function contributes to
unlimited replicative potential. The promiscuous natural product, curcumin, induced cytoplasmic
accumulation and degradation of hTERT through disruption of p23-hTERT interactions as one of
its many mechanisms of action (Figure 3).* Curcumin decreased association between p23 and

hTERT, but did not prevent hTERT from interacting with Hsp90. In contrast, the N-terminal

Hsp90 inhibitor, geldanamycin, disrupted both the Hsp90-hTERT and p23-hTERT complexes.
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Figure 3 Structures of allosteric modulators of the Hsp90 chaperone
cycle.

San A-amide, a derivative of the natural product sansalvamide A, induces apoptosis in

various cancer cell lines, including pancreatic, colon, breast and prostate (Figure 3).””! Vasko et.

al. reported that San A-amide-mediated apoptosis in the HCT-116 colon cancer cell line occurred

through displacement of inositol hexakisphosphate kinase-2 (IP6K2) and FKBP52 from the

Hsp90 C-terminus.”San A-amide binds the N-middle domain of Hsp90 and appears to disrupt

the structural equilibrium of this region, which appears to alter the substrate-binding site. In

contrast, San A-amide has no effect on the N-terminal client, Her2. This mechanism of action is

unique to San A-amide, as the Hsp90 N-terminal inhibitor 17-allylaminogeldanamycin (17-
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AAG) does not affect IP6K2 and FKBP52 binding, but does affect Her2 maturation.
Furthermore, San A-amide exhibits no effect on Hsp90 ATPase activity, which supports its role
as an allosteric modulator and its potential to selectively disrupt Hsp90 C-terminal binding

interactions.

N-Terminal Hsp90 Inhibitors

Hsp90 inhibitors that bind the N-terminus compete with ATP and perturb ATPase
activity, thereby disrupting client protein maturation. ATP adopts a unique conformation when
bound to Hsp90, due to the presence of a Bergerat fold in the protein structure, which is
characteristic of the GHKL (Gyrase, Hsp90, Histidine, Kinase, MutL) subgroup within the
ATPase/kinase superfamily.”** Compounds that bind the N-terminal ATP-binding pocket adopt
a bent conformation and afford selectivity for Hsp90 over other ATP-binding proteins. All
Hsp90 inhibitors under clinical investigation are N-terminal inhibitors and include derivatives of
geldanamycin (GDA), radiciciol (RDC), and purine (Figure 4). N-terminal inhibitors have been
studied in great detail and comprehensive reviews are present throughout the Hsp90 literature.”
99

GDA belongs to the benzoquinone class of ansamycins and was originally pursued as an
antibiotic until it was shown to reverse v-src oncogenic transformation by destabilization of the
Hsp90-src complex.'” Although GDA is a potent anticancer agent, it did not undergo clinical
evaluation due to its poor drug-like properties. However, several derivatives of GDA have
entered clinical investigation and include 17-allyl-17-demethoxygeldanamycin (17-AAG), 17-
desmethoxy-17-N,N-dimethylaminoethylaminogeldanamycin (17-DMAG), 17-allylamino-17-

demethoxygeldanamycin hydroquinone hydrochloride (IPI-504), and 17-desmethoxy-17-

17



aminogeldanamycin (IPI-493) (Figure 4 A). RDC is a macrocyclic lactone that contains a
resorcinol moiety as well as an allylic epoxide and an o,f3,y,0-unsaturated ketone. Although
RDC is unstable in serum, the resorcinol moiety of RDC has been utilized to develop several
compounds that remain under clinical investigation, such as STA-9090, NVP-AU922/VER-
52269, KW-2478, and AT-13387 (Figure 4 B). The crystal structure of ADP bound to Hsp90
provided an opportunity to design inhibitors that take advantage of the unique Bergerat fold.
Purine-containing compounds, such as PU-3, CNF 2024/BIIB021, MPC-3100, Debio 0932

(CUDC-305), and PU-H71 have also undergone clinical evaluation (Figure 4 C).
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Figure 4 Structures of geldanamycin and derivatives (A), radiciciol and derivatives
(B), as well as PU-3 and purine-containing analogs (C).

Despite the effectiveness of N-terminal inhibitors as anticancer agents, several concerns
have emerged as a consequence of N-terminal inhibition. Induction of the HSR has resulted in
dosing and scheduling problems during clinical trials and spurred the development of Hsp90
inhibitors that are devoid of this response, such as C-terminal inhibitors and allosteric modulators
of the chaperone cycle. In addition, gastrointestinal distress, hepato- and ocular toxicities have
been observed during pre-clinical and clinical trials."”" This may result from off-target affects,
metabolic instability and/or on-target effects from pan inhibition of all four Hsp90 isoforms.

Recently, it was shown that the hERG channel depends upon the Hsp90a isoform for its
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maturation.'” Hsp90 inhibitors have been shown to disrupt the proper trafficking and function of
hERG.'"” Therefore, cardiotoxicity has also been observed during the development of Hsp90
inhibitors. All Hsp90 N-terminal inhibitors in the clinic exhibit pan Hsp90 inhibitory activity and
target all four isoforms. It appears that other clients (oncogenic or not) may also exhibit a
preference for individual Hsp90 isoforms,'** "% Therefore, deciphering the role played by each
isoform will be important for the development of future Hsp90 inhibitors.

Despite the high sequence similarity and identity possessed among the N-termini of each
Hsp90 isoform, inhibitors have recently been developed that manifest selective inhibition. An
inhibitor derived from the ansamycin scaffold has been developed that targets Hsp90a and f3, but
not Grp94 (Figure 5 A).'" Likewise, resorcinol- and purine-containing inhibitors have also been
reported to selectively inhibit Grp94 based on subtle differences within the N-terminus of Grp94

(Figure 5 B and C).'**'?
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Figure 5 Structures of Hsp90a/f inhibitor (A), resorcinol-
containing Grp94 inhibitor (B), and purine-containing Grp9%4
inhibitor (C).

C-Terminal Binding Pocket
The C-terminus of Hsp90 contains a second nucleotide-binding site. Matts and
coworkers, were the first to note that molybdate inhibited geldanamycin binding to the N-

terminus and that molybdate protected the C-terminus from proteolysis.'"”” Additional evidence
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for a second binding site was presented by Neckers and coworkers, when they determined that
novobiocin, a coumarin antibiotic, bound the C-terminus of Hsp90 2 The researchers found that
novobiocin bound a carboxy-terminal Hsp90 fragment. * Later, they were able to demonstrate
that the same C-terminal binding site bound ATP and novobiocin, both within amino acids 542-
732. More specifically, they found amino acids 657-677 to be essential, as removal of these
residues resulted in diminished affinity for novobiocin.'” In addition, these amino acids revealed
that novobiocin bound to a site that is important for Hsp90 dimerization and co-chaperone

108

binding.™ The ability to interrupt dimerization was therefore, proposed as a useful strategy to
prevent client protein maturation.
Matts and coworkers demonstrated that novobiocin binding altered the EEVD motif and

consequently impacted Hsp90 interactions with various co-chaperones.'”

Upon further
exploration, they showed that novobiocin binding resulted in a conformational change that
ultimately led to the dissociation of bound kinases and cochaperones.'” Csermely and coworkers
found the anticancer drug, cisplatin, also bound the C-terminus and strengthened interactions
between Hsp90 and Hsp70."” Their studies suggested that the C-terminal ATP binding site only
opens after occupancy of the N-terminal binding site.""” Peyrot and coworkers provided
additional evidence for a C-terminal nucleotide binding site using isothermal calorimetry,
scanning differential calorimetry, and fluorescence spectroscopy.'"'

It was proposed that the C-terminus contains a Rossmann fold between amino acids 490
and 630, which could also exhibit NADH reductase activity.111 However, Csermely, and
coworkers demonstrated that nicotinamide adenine dinucleotides only interacted with the N-

terminus and therefore, no such NAD-binding site existed.'””> It was found that both purine and

pyrimidine nucleotides bound the C-terminus, which is less specific than the N-terminal binding
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site that only binds nicotinamide adenine dinucleotides and diadenosine polyphosphate. In fact,
GTP and UTP also bind to the C-terminal binding site.'"* In addition to exploring the differences
in nucleotide specificity of the C-terminal binding site, they determined that a ligand must
contain both a charged group as well as a large hydrophobic moiety to effectively bind this
region.'"?

Agard and coworkers further examined the intra and intermonomer interactions of Hsp90,
and demonstrated that dimerization is required for ATP hydrolysis.'” Removal of the C-terminal
dimerization domain resulted in reduced ATPase activity (approximately 6-10 fold). However, it
was shown that dimerization could be replaced via a disulfide bond between two monomers,
which restored ATPase activity.'” Additional work by Buchner and coworkers identified a
switch point at the C-terminus, in which mutants of alanine 577 caused both higher ATPase
activity and increased activation of client proteins.'"* Interestingly, these results are consistent
with amino acids that are known to stabilize 3-sheets. In support of this observation, they
showed that mutant A577N produced lower affinity for N-terminal nucleotides, as asparagine is
known to destabilize 3-sheets.'"*

Most recently, Matts and Blagg provided additional information about the location of the
C-terminal binding site by the use of proteolytic fingerprinting and photoaffinity labeling.'"”
They showed that Hsp90 C-terminal inhibitors stall the complex into an open confirmation,
which results in protection from proteolytic cleavage via trypsin (Arg620 and Lys615), and
prevention of N-terminal occupation. Importantly, these results were in agreement with the work
of Hugel and coworkers as discussed below.'” " These findings were further supported by

Retzlaff and coworkers, who demonstrated that C-terminal inhibitors interact with and stabilize a

region about the C-terminal pivot point to prohibit the conformational changes required for
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chaperone activity.'""'"> This work demonstrated that binding to the C-terminus prevents

formation of the closed conformation.'"

No Nucleotide ATP ADP

i\

57% 43% 42% 58% 33% 77%

Figure 6. Effect of nucleotide binding to the N-terminus on the C-terminal dimerization.
The percentages reflect the likelihood of the C-terminus being either opened or closed.

Recent investigation of the Hsp90 dynamic cycle by Hugel and coworkers highlighted
conformational activity within the C-terminus that may explain the different biological outcomes
observed with C-terminal inhibitors.'"® They observed that the Hsp90 C-terminus opens and
closes, which is in contrast to prior models. They noted an inverse correlation between the N-
and C-terminal domains, in which the Hsp90 dimer was found to open and close several times
before dimer dissociation. Interestingly, their data demonstrated that the C-terminus opens and
closes regardless of the N-terminal state, which was confirmed by the use of AMP-PNP and
caused Hsp90 to remain in the closed state. Their results, as illustrated in Figure 6, showed that
when no nucleotide is bound to the N-terminus, the C-terminus exists in an open conformation
43% of the time, and in a closed conformation 57% of the time. However, when ATP is bound
to the N-terminus, the C-terminal states reversed. Reversal of the C-terminus state upon ATP
binding is caused by destabilization of the C-terminus. Since the N-terminal ATP-binding

pocket is far from the C-terminal domain, the protein must communicate through its structure,

23



which is important when considering the implication of C-terminal inhibition.'® With Hugel’s
data and model, one could propose that binding to the C-terminus can occur when the domain is
open, which would prevent dimerization, or after dimerization, which would prevent occupation

of the N-terminal binding pocket.

Hsp90 C-Terminal Inhibitors: Novobiocin and Novobiocin analogs

Since both Hsp90 and DNA gyrase bind ADP and geldanamycin in a bent conformation,
it was proposed that a DNA gyrase inhibitor could also inhibit Hsp90.”* Originally, it was
proposed that the coumermycin antibiotics—specifically novobiocin (structure illustrated in
Figure 7), chlorobiocin, and coumermycin Al—could bind the N-terminal nucleotide-binding
pocket due to structural similarities within the binding site. Indeed, novobiocin was able to
compete with radiciol and geldanamycin for Hsp90 binding, but neither geldanamycin nor
radiciciol could compete with novobiocin.”® Amino-terminal and carboxy-terminal fragments of
Hsp90 were prepared for further investigation. As expected, geldanamycin bound the N-terminal
fragment, however, novobiocin was found to bind the C-terminal fragment.*®

Although novobiocin was found to bind the C-terminus, it manifested low efficacy in
cellular models (~700 uM in SkBr;). To improve upon this low activity, structure-activity
relationship studies were pursued. The first novobiocin analog reported was A4 (illustrated in
Figure 7), in which the benzamide side chain was replaced with an acetamide and lacked the 4-
hydroxyl and the 3’-carbamate.'""’” A4 induced client protein degradation at approximately 10uM
in the LNCaP prostate cancer cell line (a mutated androgen receptor-dependent prostate cancer

117

cell line).” However, A4 induced a robust HSR at concentrations approximately 1000-fold

lower than that needed for client protein degradation.'"” Segregation of the HSR and client
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protein degradation had not been previously observed. Recall that, N-terminal inhibitors induce
client protein degradation at the same concentration they induce the HSR. Since A4 exhibited
heat-shock induction without the degradation of client proteins, it has been evaluated as a

neuroprotective agent.'"”’
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4-Deshydroxynovobiocin  (DHNI1) and 3’-descarbamoyl-4-deshydroxynovobiocin
(DHN?2), as illustrated in Figure 7, were synthesized to examine whether the 4-hydroxy was
detrimental to Hsp90 inhibitory activity."® These studies confirmed that removal of the 4-
hydroxy resulted in decreased DNA gyrase activity, but improved Hsp90 inhibitory activity.'"®
Importantly, these compounds induced client protein degradation at concentrations in which no
HSR was observed. Further modifications to the coumarin core were designed to mimic the
guanosine nucleus via the addition of hydrogen bond acceptors placed at the 5-, 6-, and 8-

positions, since GTP had been shown to bind selectively to the C-terminus.'”” The most potent

25



compound, KU-174 (illustrated in Figure 7), was subjected to a NCI60 screen and showed
activity against multiple cancer cell lines.'™ Other investigational studies on the coumarin core
(compound 2) are illustrative of work in this area.”” ' "*'"'* Most recently, it was demonstrated
that the coumarin core could be replaced with a biphenyl moiety (compound 3 represents such an
example). Analogs containing the biphenyl moiety manifest good activity against the SkBr3 and
MCEF-7 cell lines, and represent a new scaffold for further exploration of the Hsp90 C-terminal
binding site.'**

In addition to the coumarin core, novobiocin contains a noviose sugar and a benzamide
side chain. A biaryl ring system that contains a meta-methoxy was found to exhibit comparable
activity to the benzamide side chain present in KU-174."” Additional studies to replace the
benzamide side chain have also been reported.'””" **'*" Extensive SAR studies have been
carried out on the noviose sugar.'”"** It was determined that the 2’- and 3’-hydroxy moieties are
essential for activity, whereas, the 6’-gem-dimethyl group and the 5’-methoxy are not.'**

Additional SAR demonstrated that N-methyl piperidine represents a suitable replacement for the

noviose sugar (compound 1 in Figure 7).

EGCG and Silybin
There are two other natural products that have been shown to bind the Hsp90 C-terminus,
(-)-Epigallocatechin-3-gallate (EGCG) and silybin (Figure 7). EGCG is the major component of
green tea and silybin is the major component of silymarin, which is extracted from the seed of
milk thistle."”*"** Through the use of proteolytic footprinting, immunoprecipitation, and an ATP-
argarose pull-down assay, Gasiewicz and coworkers demonstrated that EGCG binds the same

amino acids (538-728) as novobiocin."” Inhibition of Hsp90 via EGCG binding causes client
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protein degradation (telomerase, multiple kinases, and the aryl hydrocarbon receptor), and
therefore anti-cancer activity."”>'*

Historically, silybin has been used for the treatment of liver and gallbladder disorders."’
However, silybin was also shown to manifest cytotoxic activity against various cancer cell lines
in addition to enhancing the efficacy of other chemotherapeutic agents. Silybin was identified as
an Hsp90 C-terminal inhibitor and Hsp90-dependent client proteins were degraded in a
concentration-dependent manner, while Hsp90 levels remained constant."”® Overlay of silybin
and novobiocin suggest the coumarin and flavonone ring could be interchanged, which led to

compounds that exhibited improved Hsp90 inhibitory activity."”

Post-translational Modifications of the Hsp90 Chaperone Cycle
The Hsp90 chaperone cycle can be fine-tuned to quickly adapt to changes in the
intracellular  environment through post-translational —modifications (PTMs). Several
comprehensive reviews describe these covalent modifications, which include phosphorylation,
acetylation, S-nitrosylation, oxidation, ubiquitinylation, and SUMOylation. These PTMs can
affect ATPase activity, stabilization of Hsp90-client interactions, co-chaperone interactions, and

in some cases, target client proteins for maturation or degradation.'**'* A

summary of some
Hsp90 PTMs and original references are provided in Table 2. PTMs of the Hsp90 chaperone
cycle can enhance or diminish the effects of small molecule Hsp90 inhibitors, such as GDA.
Targeting these PTMs can provide an opportunity to enhance the efficacy of Hsp90 inhibitors

and gain further insight into the mechanism by which PTMs regulate the Hsp90 protein folding

machinery.
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Co-chaperones Cdc37, Sgtl, p23, and FKBP52 are susceptible to phosphorylation by
casein kinase 2 (CK2)."'** CK2 phosphorylates ser-13 of Cdc37. This modification is required
for Cdc37’s chaperoning of numerous kinase clients as well as for the binding of Cdc37 to
Hsp90. De-phosphorylation of Cdc37 at ser-13 by the phosphatase, PP5/Pptl, negatively affects
the chaperone cycle and prevents maturation of these clients. Phosphorylation of Sgt-1 at ser-361
negatively impacts Sgt-1 dimerization and prevents kinetochore assembly, a process required for
chromosome segregation during eukaryotic cell division. CK2-mediated phosphorylation of p23
at ser-113 and -118 was shown to be important for prostaglandin synthase activity and required
for formation of the Hsp90-p23-CK2 complex. CK2 also phosphorylated thr-143 of FKBP52.
While this modification does not affect FKBP52 from binding FK506, phosphorylated FKBP52
does not bind Hsp90.

Several kinases are capable of phosphorylating Hsp90 and have varying effects on the
chaperone cycle. Double-stranded DNA protein kinase (DNA-PK) phosphorylates thr-5 and -7 of
the Hsp90a N-terminal domain and may play a role in DNA damage. Client kinases also
phosphorylate Hsp90 and may regulate their own chaperoning via a feedback mechanism. B-Raf
was shown to phosphorylate ser-263 of Hsp90 in melanoma and Akt to phosphorylate Hsp90a
and Hsp90f, Grp78 and Grp94, Hsp70, and protein disulfide isomerase (PDI). c-Src
phosphorylates Hsp90f at tyr-301 in response to vascular endothelial growth factor receptor-2
(VEGFR-2) activation and increases association between Hsp90f3 and eNOS. Protein kinase A
(PKA) phosphorylates thr-90 of Hsp90a and reduces association with eNOS, which results in
both diminished eNOS activity and nitric oxide production. Phosphorylation of thr-90 of Hsp90a.
via PKA was also shown to mediate cellular secretion of Hsp90a and may play a role in wound

healing and/or metastasis. Swel™*' kinase phosphorylates tyr-38 of the N-terminus of Hsp90a.
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when Hsp90 is in the “open conformation” and positively affects the ability of Hsp90 to
chaperone a select group of client kinases (ErbB2, Raf-1, and Cdk4). However, phosphorylation
of this residue also negatively affects GDA binding to the Hsp90 N-terminus.

CK2 phosphorylation of ser-231 and-263 in the charged linker of Hsp90a., as well as the
equivalent residues in Hsp90f (ser-226 and -255) occurs in normal cells, but not leukemic cells.
Several leukemogenic kinases, such as Ber-abl, FLT3/D835Y, and Tel-PDGFRf, suppressed
phosphorylation of Hsp90f3 at these residues, which resulted in stable interactions between
Hsp90f and apoptotic peptidase activating factor-1 (Apaf-1). Ultimately, this activity led to
inhibition of apoptosome function and may contribute to resistance in leukemia. CK2
phosphorylation at these sites also disrupts the Hsp90-aryl hydrocarbon complex and destabilizes
the aryl hydrocarbon receptor protein. CK2 was also shown to phosphorylate thr-36 of Hsp90a..
Mutation of this residue to a phospho-mimetic, aspartate, resulted in decreased chaperoning of
several clients and reduced interactions between Hsp90a with Ahal.

Acetylation/deacetylation of Hsp90 has been investigated using HDAC inhibitors.'*"
! Acetylation of Hsp90 by p300 resulted in diminished interactions between Hsp90 and clients
and ultimately, resulted in client instability and degradation. Mutation of lysine to acetylated
lysine was shown to decrease interactions between Hsp90 and several clients/co-chaperones as
well as to reduce ATP-binding. De-acetylation of Hsp90 has been shown to occur via several
HDAC:Ss including HDAC6, HDACI1 and HDACI10, which correlate with the stabilization of
Hsp90-client interactions and increased chaperone activity.'”*"'>

Other PTMs include S-nitrosylation of Hsp90a at cys-597 via nitric oxide, oxidation of
cys-572 by the oxidized lipid, 4-hydroxy-2-nonenal (4-HNE; is formed during cellular oxidative

stress), ubiquitinylation, and more recently, SUMOylation. S-nitrosylation, oxidation, and
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ubiquitinylation decrease chaperone function by perturbing ATPase activity or destabilizing
Hsp90-client interactions, which results in client degradation. Alternatively, SUMOylation of the
conserved lysine reside, lys-191, initiated recruitment of the ATPase activating co-chaperone,
Ahal. In addition, SUMOylation facilitated binding of several Hsp90 N-terminal inhibitors and

sensitized yeast and mammalian Hsp90 to inhibition.
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Table 2 Post-translational Modifications of Human Hsp90

Catalytic
Effect on Hsp90
Modification Protein or Amino Acid Residue ecton s.p.
Moiety Chaperone Activity
Thr-5 and -7
DNA-PK s an. 156 Unknown
phosphorylation
Ser-263 phosphorylati
B-Raf . of Hng;il?fy aton Unknown
Thr and ser
Akt phosphorylation of Hsp90a, Unknown
Hsp90p, and Grp94 "
I d eNOS
Try-301 phosphorylation n.cr‘ease eNO
c-Src f Hsp90p'™ activity and NO
oL TSP production.
Phosphorylation of
Phosphorylation/d Phosphorylation of ser- eNHOSgga(i(:i\?iicrzicsiel(\iI 0
e-phosphorylation PKA 452 of Hsp90f3 and Thr-90 . Y
of Hsp900/ 516! production. Also
P stimulates cellular
secretion of Hsp90a..
Phosphorylation of ser- .
231 and -263 of Hsp90a Phosphorylation of
Hsp90 d
and ser-226 and -255 of | PTG catie
CK2 . dissociation of Hsp90
Hsp90f in untransformed
cells but not leukemic and the aryl hydrocarbon
cells'e163 receptor.
Increased
Swel™e! Tyr-38 phosphorylation | chaperoning activity of
Kinase of Hsp90a.'** select clients. Decreased
GDA binding to Hsp90.
-597 nitrosylation'®” Inhibited ATP
S-nitrosylation NO Cys-59 1}26rosy ation nhibi ‘e _ ase
activity
D dch
Oxidation 4-HNE Cys-572 oxidation'”’ ceteased chaperone
activity
Destabilized Hsp90
biquiti lient int ti d
Ubiquitinylation Ubiquitin Lys ubiquitinylation'**"'® cHeT TTCTAactions an
pathway resulted in client
degradation.
SUMOylation SUMOylation Lys-191 SUMOylation'* Initiated recruitment
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pathway of Ahal and facilitated
binding of N-terminal
inhibitors.

Future Perspective

Tumor dependency on pathways regulated by Hsp90 provides clear rationale for the
development of Hsp90 inhibitors. Hsp90 inhibition offers a multifaceted treatment strategy,
which is in contrast to current cancer therapies that target a single signaling pathway. Despite the
potential of Hsp90 as a drug target, no Hsp90 inhibitor has been FDA approved. Alternative
methods to target Hsp90 include inhibition of the C-terminus or allosteric modulation of the
chaperone machinery.

Recent advances toward elucidation of the Hsp90 structure and intricacies of the
chaperone cycle have provided details on the conformational changes required for heteroprotein
complex formation during various stages of the chaperone cycle. PTMs of proteins involved in
the chaperone cycle have shed light on how quickly Hsp90 adapts to changes in the cellular
environment. Alternative methods to modulate Hsp90 may provide an opportunity to select for
oncogenic client degradation, while avoiding some of the negative consequences of N-terminal
inhibition. In conclusion, the Hsp90 chaperone cycle and inhibitor development have become a
diverse and dynamic field of study. As details of the chaperone cycle emerge, more information
regarding the regulation of chaperone machinery in normal versus transformed cells will be
discovered. Such studies will lead to the development of tailored strategies for modulation of the

Hsp90 chaperone machinery for the treatment of cancer as well as other diseases.
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2. Development of Noviomimetics that Modulate Molecular Chaperones

and Manifest Neuroprotective Effects

Introduction

Molecular chaperones represent promising therapeutic targets for both cancer and
neurodegenerative diseases.”* The 90kDa Heat Shock Protein 90 (Hsp90) is a molecular
chaperone that is responsible for the folding and maturation of more than 300 client protein
substrates.” Hsp90 modulates client protein substrates associated with all 10 hallmarks of cancer,
supporting that inhibition of this chaperone may be useful for the treatment of cancer.”®
However, Hsp90 is also a target for neurodegenerative diseases since molecular chaperones can
refold denatured proteins and resolubilize protein aggregates.” *'* The N-terminus of Hsp90
contains an ATP-binding site, and ATP hydrolysis provides the requisite energy needed to fold
client protein substrates.”'® Currently, there are six N-terminal inhibitors undergoing clinical
evaluation for the potential treatment of cancer.'”"* Unfortunately, inhibition of the N-terminus
and subsequent client protein degradation also leads to induction of the heat shock response
(HSR), which results in the overexpression of the heat shock proteins, Hsp27, Hsp40, Hsp70 and
Hsp90. "' In contrast to N-terminal inhibitors, C-terminal inhibitors can segregate client protein
degradation from induction of the pro-survival heat shock response.*

The DNA gyrase inhibitor, novobiocin (2.1), was the first Hsp90 C-terminal inhibitor
discovered.” Through extensive structure-activity relationships, the natural product was
modified to exhibit anti-proliferative activity.**** Continued development of the potential cancer
therapeutics led to the identification of cytotoxic replacements of the noviose sugar,”* which

improved inhibitor synthesis, as well as the identification of new cores that target Hsp90, which
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could be used in lieu of the coumarin core.”* These cytotoxic compounds provide an excellent
platform for the treatment of cancer, as these analogs cause degradation of Hsp90-client proteins
and leads to the disruption of multiple oncogenic pathways.”

Concurrently, structure-activity relationship studies identified KU-32 (2.2), which was
shown to manifest neuroprotective activity in cellular models of Alzheimer’s disease.’*™
Inhibition of Hsp90 by 2.2 results in induction of Hsp70, which decreases the levels of abnormal
proteins, prevents aggregation of proteins, and ultimately alleviates the phenotype of many
neurodegenerative disorders.’® Subsequent studies demonstrated that 2.2 reversed clinical
symptoms of Diabetic Peripheral Neuropathy (DPN) in vivo and protected against neuronal
glucotoxicity.” A homology model of the Hsp90 C-terminus was utilized to design a second
generation of analogues, termed novologues (novobiocin analogues), which exchanged the
coumarin core of 2.2 with a biphenyl ring system, and ultimately produced 2.3 (Figure 2.1A:
Previous studies).**' Although 2.3 exhibits promising activity and is undergoing pre-clinical
evaluation, modeling studies with 2.3 identified unexplored regions within the C-terminal
binding site ultimately led to the identification of noviomimetics (a non-noviosylated compound)
2.4.” Preliminary studies with 2.4 confirmed that these noviomimetics maintained the desired
biological activity of 2.3, but are more synthetically desirable due to removal of the complex
noviose sugar.”** As a result, a new library of novologues and noviomimetics was designed in
which modifications were incorporated to gain additional interactions with the binding pocket

(Figure 2.1A: Current Study). Several compounds obtained from this third generation library

exhibit improved activity as compared to 2.3 and 2.4.
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Figure 2.1. A). A summary of prior and current studies presented
herein. B). Compounds 2.3 (KU-596), 2.4, and 2.30 docked to

Hsp90 C-terminal homology model.

were explored, 2.4 was identified as a

activity to 2.3.%

explored to identify improved modulators.

Results and Discussion

A homology model of the Hsp90 C-terminus was utilized for the design of new

novologues, and demonstrated the potential for a binding pocket adjacent to the noviose sugar of

2.3 as illustrated in Figure 2.1B. During prior studies wherein replacements of the noviose sugar

previously unexplored binding pocket and therefore modifications to the benzyl ring on 2.4 were
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simplified novologue that exhibited similar biological

As shown in Figure 2.1B, the noviose surrogate could project into this

Modifications at the ortho- position were



investigated to determine whether hydrogen bonding interactions could be established with
GLU537, GLN682, or nearby amino acids (Figure 2.1B). Substituents at the meta- and para-
positions were explored to identify potential hydrophobic interactions at this location. In
addition, modification to the central ring of 2.3 was sought to determine whether hydrogen bond
donors or acceptors would enhance interaction with the binding pocket (Figure 2.1B).
Substituents chosen for these studies included both electronic and steric functionalities to
establish preliminary structure-activity relationships.

Synthesis of phenol 2.9*" (Scheme 2.1A) commenced by benzyl protection of 2.4-
dihydroxybenaldehyde, 2.5. The resulting benzyl ether was converted to
trifluoromethanesulfonate 2.6, in the presence of N-Phenyl bis-trifluoromethane sulfonimide and
potassium carbonate using microwave conditions.*” A subsequent Suzuki coupling reaction with
commercially available 3-fluorophenyl boronic acid was employed to generate the biaryl ring
system found in 2.7, which was then subjected to a Henry reaction, followed by simultaneous
reduction of both the nitro and olefin functionalities with lithium aluminum hydride to yield
amine 2.8. Acylation of 2.8 was followed by cleavage of the benzyl ether under hydrogenolysis

conditions to afford the phenol, 2.9.
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Scheme 2.1. A). Synthesis of phenol 2.9. Reagents and Conditions: a. BnBr,
NaHCOs;, CH3;CN, 75%; b. (CFs;S0,),0, EtzN, DCM, 60%; c.3-fluoro-
phenylboronic acid, Pd(PPhs)s, KoCO3;, DMF, 90%; d.CH3NO,, NH4OAc,
98%; e.LiAlH4, THF, 30 min, f. Ac,0, EtsN, 72% over 2 steps, g. Ha, Pd/C,
MeOH, 90%. B). Synthesis of Noviomimetics 2.14b-u. Reagents and
Conditions: 4. TsCl, Pyridine, 0 °C-rt, on CHCls, 45%; i. NaH, Acetonitrile,
rt, 16hr, 60-70%; j. K,COs, DMF, 80°C, 2d, 55-80%; b: x = 0-OCH3; ¢: x =
0-CHj3; d: x = p-Br; e: x = p-Cl; f: x = 0-F; g: x = 0-Br; h: x = 0-Cl; i: x = m-
Br; j: x = m-Cl; k: x =m-OCHj, I: x = p-F; m: x = p-OCHj3; n: x = p-CH3; o

x = p-CF3; p: x = p-Bu; q: x = 2, 6-dichloro; r: x = 2-OCH3, 4-Cl; s: x = 2-
Br, 4-Cl; t: x = 2-naphthalene; u: x = 2-OCH3, 4-CH3. C). Synthesis of
compounds 2.18 and 2.19. Reagents and Conditions: k. NaH, DMF, rt, on,
60%:; [. PPh;, DIAD, THF, rt, 3h, 58%; m. OsO4, NMO, THF/H,O, on, 83%.

Compounds 2.14b-u were obtained via an Sy2 substitution reaction between phenol 2.9
and the toluenesulfonates of the corresponding sugar surrogates (Scheme 2.1B).* Compound
2.18 was obtained by a Mitsunobu reaction between phenol 2.9 and the corresponding sugar
mimic. Novologue 2.18 was then subjected to an osmium tetroxide catalyzed dihydroxylation to

obtain the corresponding diol, 2.19 (Scheme 2.1C).
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Scheme 2.2. A). Synthesis of 2.27. Reagents and Conditions:
a.AgOTf, C1,CHOMe, DCM, 40% b. NaHCOs, BnBr, MeCN, 45-
70%; ¢.N-PhTf;, K,CO;, THF, 120 °C, microwave, 95%; d. 3-
fluoro-phenylboronic acid, Pd(PPhs)s, K,COs;, DMF, 90%;
e.CH3NO,, NH4OAc, 98%; f- LiAlH4, THF, 30 min; g. Ac,0, EtsN,
72%; h. Hy, Pd/C, EtOAc, 90%; i. BF;OEt, DCM, 40%; j. Et;N,
MeOH, 85%. B). Synthesis of 2.30. Reagents and Conditions: k.
Me,SO, K,CO;, H,0/Acetone (1/1), 55%; C). Synthesis 2.32.
Reagents and Conditions: [. MOMCI, DIPA, DCM, 65%; D).
Synthesis of 2.35. Reagents and Conditions: m. MOMCI, DIPEA,
DCM, 70%; E). Synthesis of 2.38. Reagents and Conditions: n.
Hexamethylenetetramine, Trifluoroacetic Acid, 25%; o. NaHCO;,
BnBr, KI, MeCN, 75%.
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Synthesis of each derivative that contained a modified core began via different starting
materials. Synthesis of compound 2.27 commenced by reduction of commercially available 2 4-
dihydroxybenzaldehyde with sodium cyanoborohydride in the presence of HCI (Scheme 2.2A).%
The resulting methylbenzene (2.20) was formylated to obtain 24-dihydroxy-5-
methylbenzaldehyde, which was then benzyl protected to produce 2.21. Compound 2.21 was
then subjected to the same conditions utilized to produce phenol 2.9, and ultimately yielded
phenol 2.25 (Scheme 2.2A). The noviose sugar was synthesized using a previously reported
procedure.”** The protected sugar was activated (2.26)”'”* and then coupled with 2.25 using
Schmidt conditions.™ Solvolysis of the carbonate with triethylamine and methanol provided the
final product, 2.27.  Synthesis of 2.30 and 2.32 began by formylation of phloroglucinol,
followed by benzyl protection of 2.4,6-trihydroxybenzaldehyde using potassium carbonate and
benzyl bromide to yield 2.28. To achieve the final product 2.30, 2.28 was subjected to dimethyl
sulfate in water and acetone to yield the methyl ether, 2.29 (Scheme 2.2B).* This key
intermediate was then subjected to the conditions previously described in Scheme 2.2B, to obtain
2.30.

Compound 2.32 was obtained by the treatment of 2.28 with chloromethyl methyl ether to

55-56

produce the mono-protected phenol 2.31 (Scheme 2.2C),”~" which was then subjected to the
conditions previously described to give 2.32. Synthesis of compound 2.35 began by selective
benzylation of 2,3 4-trihydroxybenzyaldehyde, which was then subjected to methoxy methyl
ether formation to produce intermediate 2.34. Similarly, compound 2.34 was subjected to
conditions previously described to achieve the free phenol, which was then coupled with the

trichloroacetamide of noviose carbonate and upon solvolysis, gave 2.35. Synthesis of compound

2.38 was initiated by subjecting 2-nitrobenzene 1,3-diol to a Duff reaction.”” The resulting
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product was then benzyl protected to yield compound 2.37, which was modified according to the
conditions highlighted in Scheme 2.2E to obtain the final product, 2.38.

We have previously shown that the cytoprotective activity manifested by KU-32 and KU-
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Figure 2.2. A). Evaluation of Hsp70 induction via noviomimetics in
a Luciferase Reporter Assay. Results are mean +£SEM. (n = 3-9). c:
R =0-CHs; d: R=p-Br; e: R=p-CL; f: R =0-F; g: R=0-Br; h: R =
0-Cl; j: R=m-Cl; k: R = m-OCHj, I: R = p-F; m: R = p-OCHj3;n: R
= p-CHs; o: R = p-CF3; p: R = p-1Bu; q: R = 2, 6-dichloro; r: R =2-
OCHjs, 4-CI; s: R = 2-Br, 4-Cl; t: R = 2-naphthalene; u: R = 2-
OCH3;, 4-CH3s. B). Induction of Hsp70 protein expression by select
noviomimetics. 50B11 cells were treated for 24hr with 1 uM of the
indicated Novologues or 250 nM geldanamycin (GDA) as a positive
control. Immunoblot analysis was performed and densitometry was
used to report fold induction of Hsp70.

596 requires Hsp70 induction. Therefore, upon construction of the library of noviomimetics, we

evaluated Hsp70 induction via a luciferase reporter assay (Figure 2.2A).
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As shown in Figure 2.2A, 2.14e induced the most robust Hsp70 levels for the new
noviomimetics. Generally, the noviomimetics with substitutions at the para- and ortho-positions
manifest increased Hsp70 levels in the luciferase reporter assay, Figure 2.2A. Whereas, in the
luciferase reporter assay noviomimetics with substitutions at the meta-position (2.14i-k) appear
less favorable as Hsp70 induction was less robust when compared to the similarly substituted
ortho- and para-noviomimetics. The para-substituted noviomimetics showed greater induction
of Hsp70 than the corresponding ortho-noviomimetics (2.14¢, 2.14f-h). Generally, electron-
withdrawing groups at the para- position produced the most Hsp70 induction, followed by
electron donating groups at the ortho- position. Similarly, para-substituted noviomimetic 2.19
contains a cyclohexyl cis-diol and also activated the luciferase promoter. The cis-diol of 2.19
mimics the noviose sugar more than the unsubstituted cyclohexane ring, which may explain its
enhanced activity, Figure 2.2A.

Immunoblot analyses were then performed to further examine the effect of select
noviomimetics on Hsp70 protein expression. Compounds 2.4, 2.14b, 2.14g, and 2.14h resulted
in Hsp70 induction, Figure 2.2B. Meta-substituted noviomimetics resulted in decreased Hsp70
levels as compared to the similarly substituted ortho- and para-noviomimetics, 2.14q and 2.14o0.
Dually modified, 2.14r, demonstrated the least amount of Hsp70 induction, suggesting that the
binding pocket does not tolerate modifications at both the ortho- and para-positions.
Surprisingly, 2.19 was less effective in the immunoblot assay, despite promising luciferase
activity. Taking the biological activity in both assays into account, noviomimetic side chains on
(2.4 and 2.14 b-e) were selected for further investigation.

Comparison studies between the noviomimetic side chains and the original KU-32

coumarin scaffold were carried out to further elucidate neuroprotective effects. Additionally,
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comparison studies were conducted to determine the core that provides the greatest Hsp70
induction. The coumarin containing noviomimetics (2.56a and 2.56c-2.56e) were synthesized
(Figure 2.3A) with selected noviomimetic side chains. Using the luciferase reporter assay, the
phenol for each scaffold and noviomimetics 2.56a and 2.56c¢-2.56e, were evaluated (Figure
2.3B). Scaffolds 2.9 and 2.55 did not contain any sugar moiety/surrogate and were found to be
inactive. Noviomimetics containing the KU-32 coumarin scaffold exhibited similar or decreased

activity compared to their biaryl counterparts (Figure 2.3).
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Figure 2.3. A. Synthesis of 2.56a and 2.56c-d. Reagents and Conditions: a.
Bredereck's Reagent, Toluene, 100°C, 75%; b. AcOH, 130°C, 60%; c. H,, Pd/C,
MeOH, 90%; d. Ac,0, Pyridine, DCM, 75%; e. K,CO;, MeOH, 55%; f. K,CO;,
DMEF, 80°C, 2d, 55-80%. B. Evaluation of Hsp70 induction via coumarin
containing noviomimetics 2.56a and 2.56c¢-e, unsubstituted scaffolds 2.9 and
2.55, and biaryl noviomimetics 2.4 and 2.14c-e in a Luciferase Reporter Assay.

Results are mean £SEM. (n = 3-9).

The similar or decreased induction of Hsp70 by 2.56a and 2.56¢-2.56e could result from

the rigid coumarin core. The biphenyl core offers enhanced flexibility that is not available with
the coumarin core, which may allow for improved interactions within the binding pocket.
Increasing flexibility may also be important due to the increase in length of the noviomimetic
side chain as compared to noviose sugar. Substitutions on the central ring were evaluated using

immunoblot analysis to observe Hsp70 levels and to support improved interactions with the
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binding pocket. The novologues were analyzed at varying concentrations (30, 100, 300, 1000,

and 3000nM) as shown in Figure 2 4A.

A.
10
BN 0.03:M B 0.1yM N 0.3uM W 1.0uM 3.0uM
§ Y
g
3 6
£
g 4
a
(7]
T 5
o-
) A ) )
B. i i W ¥ W 4
15+
Bl 003uM M 0.1uM [ 0.3yM M 1.0pM 3.0uM . H
N

)

o}

< e .
It
<)

2.39 a-e: R=2-CHj3

2.40 a-e: R=3-OMe
2.41 a-e: R=3-OH
2.42 a-e: R=6-OH
X
NN NG WD e
L A

o o oFf o le'b & ‘&o & @Q K &\9 a° ‘;15" ,»b Q’c. -
PRI PN P PN N P PN P P P P P AP AP N AN o
Noviomimetics 31 xitrChs
- x=p-Br

e: x=p-Cl

Hsp70 Induction
g

0

Figure 2.4. A). Immunoblot analysis of Hsp70 induction of novologues in
nontransfected 50B11 cells. 50B11 cells were treated for 24hr with the indicated
Novologues or DMSO as the negative control. Immunoblot analysis was
performed and densitometry was used to report fold induction of Hsp70. B).
Immunoblot analysis of Hsp70 induction of dually modified noviomimetics in
nontransfected 50B11 cells. 50B11 cells were treated for 24hr with the indicated
Noviomimetic or DMSO as the negative control. Immunoblot analysis was
performed and densitometry was used to report fold induction of Hsp70.

Novologues containing substituted central rings produced improved Hsp70 induction as
compared to 2.3 (Figure 2.4A). Novologues 2.27 and 2.35 resulted in the largest induction of
Hsp70. It is possible that the methyl substituent present in 2.27 overlays in three-dimensional
space with 2.2, and reinstates interactions that are lost upon moving from the coumarin to the
biphenyl ring system. Furthermore, the data supports the importance of having a hydrophobic

substitution on the central core, as 2.27 resulted in the greatest induction of Hsp70. In
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continuation, the novologues containing central core substituents were coupled with selected
noviomimetics (2.13a-e). These noviomimetics were synthesized as described in Scheme 2.2 and
then analyzed via immunoblot analysis to evaluate Hsp70 induction.

As shown in Figure 2.4B, noviomimetics 2.40a, 2.40d, 2.41a, and 2.42d resulted in the
greatest Hsp70 induction. Noviomimetics with a methoxy group at the 3-position (2.40a-e)
generally resulted in increased Hsp70 levels when compared to noviomimetics with other central
ring modifications and the same noviomimetic side chain. Interestingly, none of the methyl
containing noviomimetics (2.39a-d) resulted in improved Hsp70 induction, which was
unexpected since 2.27 resulted in the greatest induction of all of the central ring modifications. It
is likely that switching from the noviose sugar to a noviomimetic alters binding, and ultimately
leads to a decrease in Hsp70 levels. Noviomimetics containing a phenol on the central ring were
similarly active when located at the 3- or 6- positions (2.4la-e and 2.42a-e), and only the
noviomimetic side chain seemed to impact induction of Hsp70. Noviomimetic side chains a and
d appear to produce the most robust induction of Hsp70, regardless of the central ring

modification.

Validation of Hsp90 Inhibition via the c-Jun Assay and Mitochondrial Bioenergetic

(mtBE) Assessment
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Figure 2.5. c-Jun levels in 50B11 cells upon treatment with
IuM of noviomimetic for 24 hours. A). c-Jun levels
normalized to the SF Serum. B). Representative immunoblot
of c-Jun and Actin for the tested noviomimetics.

Further assessment of the neuroprotective activity of select noviomimetics was carried

out after establishment that the desired cytoprotective response, induction of Hsp70, occurred
upon treatment with Hsp90 inhibitors. Noviomimetics 2.30, 2.32, 2.40d, 2.40e, 2.41a, 2.41b,

and 2.42d were selected for further biological evaluation in an assay that evaluates c-jun levels.

Hsp70 regulates c-jun levels by increasing its degradation via the proteasome (Figure

2.5).”® Therefore, induction of Hsp70 via noviomimetics results in the degradation of c-jun. The
assay was carried out by treating 50B11 cells with serum free media for 24 hours, resulting in
cell cycle arrest and a decrease in the expression of c-jun. The cells were then treated with
vehicle or 1uM of the indicated noviomimetic, and c-jun was induced by placing the cells in

medium containing 10% FBS for 2 hours. The protein was harvested and c-Jun levels were

evaluated.
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All of the selected noviomimetics decreased c-Jun levels when compared to the untreated
control, SF Serum (Figure 2.5). Importantly, most noviomimetics exhibited improved activity
when compared to 2.3, and a few had improved activity as compared to 2.4. The general trend of
the data illustrates that noviomimetics with a free phenol at the 3-position were more effective
than noviomimetics with a methoxy at the 3-position. Excitingly, noviomimetic 2.41a resulted
in the greatest reduction in c-Jun levels. Reduction of c-Jun levels by all noviomimetics suggests
that the mechanism of action occurs via induction of Hsp70.

Prior work indicated that the neuroprotective efficacy manifested by KU-32 to improve
the symptoms of diabetic peripheral neuropathy was associated with an increase in mitochondrial
respiration. To determine whether the increase in Hsp70 expression correlated with

mitochondrial respiration, S0B11 cells were treated with various noviomimetics for 24 hours
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Figure 2.6. Noviomimetics enhance mitochondrial function. A). 50B11 cells were seeded
into the 96 well plates, maintained in high glucose DMEM supplemented with 10% fetal
bovine serum. After 12 hours, S0B11 cells were changed into high glucose DMEM
medium with 1% FBS, treated together with 1 uM 2.3, 2.4, 2.40d, 2.40e, 2.41a, 2.32.
After 24 hr, the cells were stressed with 0.5mM H,O; for 2hr. H,O, can largely inhibit
50B11 mitochondrial bioenergetics, indicated by largely decreased response to FCCP.
1uM 2.3,2.4 and 2.40e can significantly increase cellular Maximal Respiratory Capacity
(MRC) of oxidative stress. S0B11 cells were treated for 16 hr with DMSO, 2.3, 2.4, 2.32,
2.40e, 2.40d, 2.41a. B). Bar graph representation of data acquired in A, * p<0.05 vs.
HzOz.

71



(Figure 2.6). Mitochondrial respiration was then measured in intact cells using an XF96
extracellular flux analyzer, which provides concurrent measures of mitochondrial oxygen
consumption rates (OCR) and extracellular acidification rates (ECAR) as an indication of
glycolytic activity. A variety of noviomimetics were selected to examine this correlation
between Hsp70 expression and mitochondrial respiration effects on mitochondrial respiration.
Hydrogen peroxide can induce cellular apoptosis through mitochondrial dysfunction.
0.5mM hydrogen peroxide can cause mitochondrial bioenergetics (mtBE) loss, indicated by
largely decreased response to FCCP. 2.3 and 2.4 effectively improved mtBE, however the dually
modified noviomimetics resulted in decreased maximal respiratory capacity (Figure 2.6).
Surprisingly, noviomimetic 2.40e was the most effective at increasing the MRC, even though it
was not as efficacious in the c-jun assay as the other noviomimetics. The different results
obtained from these two assays are due to each assay relying upon a different cellular mechanism

for the analyzed biological result.

Conclusion
In conclusion, a library of novologues was designed with the goal of replacing the
synthetically complex noviose sugar with simplified sugar surrogates. The data support that
noviomimetics can successfully retain the ability to increase Hsp70 expression and
mitochondrial function, two mechanistic features that are associated with the neuroprotective
efficacy of both biaryl-based novologues such as 2.4 and novobiocin-based compounds such as
2.3. Noviomimetic 2.41a exhibited promising effects in the c-Jun assay, while 2.40e was

effective at increasing the MRC. Thus, noviomimetics may serve as a new series of simplified,
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neuroprotective compounds that may prove useful for the treatment of various neurodegenerative

diseases.

Future Directions
We have observed that the major metabolite for both KU-32 and KU-596 lacks the 4’-
methyl ether on the noviose sugar and exhibits inconsistent neuroprotective activity (Figure
2.7A). Initial efforts to overcome this short half-life led to the development of noviomimetics
like 2.4, and those investigated in this chapter. Additional efforts can proceed to explore other

functional groups that can be used as noviomimetics and exhibit decreased metabolism.
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Figure 2.7. A). Illustration of the major metabolite of KU-32 and KU-596.
B). Synthesis of 2.45-2.47. Reagents and Conditions: a. NaHCOs3, BnBr,

MeCN, 90%; b. PPhs;, DIAD, THF, rt, 3h, 58%; c. H,, Pd/C, EtOAc, 90%; d.
K,COs, BnBr, MeCN, 40%. C). Immunoblot analysis of Hsp70 induction of
novologues in nontransfected S0B11 cells. S0B11 cells were treated for 24hr

with the indicated Novologues or DMSO as the negative control.
Immunoblot analysis was performed and densitometry was used to report
fold induction of Hsp70.

tolerated in the binding pocket while maintaining biological activity.

Preliminary exploration led to the synthesis of noviomimetics 2.45-2.47 (Figure 2.7B), which
contain a cyclohexylamine group in lieu of the cyclohexane ring. The cyclohexylamine ring was

selected because a di-benzylated amine would quickly illustrate how much bulk could be

benzylated amine would be metabolized more slowly than its mono-substituted counterpart,
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which is desirable. Immunoblot analysis was used to evaluate Hsp70 induction in 50B11 cells
for 2.45-2.47 (Figure 2.7C). Following the trend identified with initial noviomimetics*, mono-
benzylated 2.47 is more efficacious than non-benzylated 2.46. Excitingly, 2.45 resulted in the
greatest amount of Hsp70 induction. This result highlights that bulk is tolerated within the
binding pocket, creating further opportunities to explore different di-substituted amines. These
initial results provide an excellent starting point for further exploration of new noviomimetics
that contain different di-substituted cyclohexylamine groups and other functional groups that

would result in decreased metabolism.

Materials and Methods
Luciferase Reporter Assay, Immunoblot Analysis and Client Protein Degradation

The luciferase reporter assay was performed using a 1.5 kb region upstream of the start
codon of the human HSPATA gene to drive luciferase expression as previously described. 50B11
cells™ were grown in 10 cm dishes in maintenance medium and the cells were transfected using
lipofectamine. Twenty-four hours after transfection, the cells were re-seeded into 24 well plates
at a density of 2 x 10’ cells per well. After a 6 hour period to permit attachment, the cells were
treated with the indicated compounds for 16 hour. Luciferase activity was assessed and
normalized to the total protein concentration of each well.

S0B11 cells were treated with the indicated compounds for 24 hours and were scraped
into lysis buffer containing 50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40,
0.5 mM sodium orthovandate, 40 mM NaF, 10 mM b-glycerophosphate, and Complete Protease
Inhibitors (Roche Diagnostics). After 15 minutes on ice, the lysates were sonicated then

centrifuged at 10,000 x g for 10 min at 4°C. The protein concentration of the supernatant was
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estimated using a Bio-Rad protein assay and bovine serum albumin as the standard. Following
SDS-PAGE, the proteins were transferred to nitrocellulose and the membrane incubated with 5%
non-fat dry milk in phosphate buffered saline containing 0.1% Tween 20 (PBST) for 1-2hr at
room temperature. The blots were probed with primary antibodies recognizing Hsp70 or b-actin
at 4°C overnight. The membranes were washed with PBST and subsequently incubated with
HRP-conjugated secondary antibodies and immunoreactive proteins were visualized using
chemiluminescence detection (GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire,
UK). The films were digitally scanned and densitometrically analyzed using Imagel (NIH)

software. Client protein degradation in MCF-7 cells was performed as previously described.”

C-jun assay

Immortalized sensory neurons ®

were rendered quiescent to decrease c-jun levels by
placing them in serum free medium for 24 hours. During this interval, the cells were treated with
vehicle (DMSO or Captisol) or 1 uM of the indicated compound. C-jun was then upregulated by
placing the cells in medium containing 10% serum for 2 hour and cell lysates were collected for

western blot analysis. All the data were normalized to c-jun levels in the presence of serum plus

vehicle.

Mitochondrial Bioenergetic (mtBE) Assessment
Oxygen consumption rate (OCR) was assessed in the 50B11 transformed sensory neuron
cell line, using an XF96 Extracellular Flux Analyzer (Seahorse Biosciences, North Billerica,
MA). 50B11 cells were seeded into the 96 well plates at 40,000 cells per well and maintained in

high glucose DMEM supplemented with 10% fetal bovine serum (Atlas Biologics, fort Collins
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CO), 5 ug/ml blasticidin and antibiotics at 37 °C. The maintenance media was changed to serum
free unbuffered DMEM supplemented with ImM pyruvate and 5.5 mM D-glucose and the cells
incubated at 37 °C in room air for one hour before starting the assay. After introducing the plate
into the XF96 analyzer, the basal oxygen consumption rate (OCR) was measured prior to the
addition of 1 pg/ml oligomycin to inhibit the ATP synthase to measure the portion of the basal
OCR that was coupled to ATP synthesis; residual OCR after oligomycin treatment is from
uncoupled respiration (proton leak). Next, 1 uM of the protonophore FCCP was injected to
dissipate the proton gradient across the inner mitochondrial membrane to measure maximal
respiratory capacity (MRC). The final injection of 1xM rotenone + 1M antimycin A was used
to assess non-mitochondrial respiration. The XF96 analyzer also measures the rate of
extracellular acidification as a marker of glycolytic activity coincident with the assessment of
mitochondrial OCR.

After the respiratory measures, the cells were harvested and the protein content of each
well determined using a Bradford protein assay. OCR values were normalized to the total protein
content of each well and ATP-linked respiration, proton leak, maximal respiratory capacity,

spare respiratory capacity and respiratory control ratio were determined as described.””*

Chemistry General.

'"H NMR were recorded at 500 MHz (Avance AVIII 500 MHz spectrometer with a dual
carbon/proton cryoprobe) or 400 (Bruker AVIIIHD 400 MHz NMR with a broadband X-channel
detect gradient probe) and *C NMR were recorded at 125 MHz (Bruker AVIII spectrometer
equipped with a cryogenically cooled carbon observe probe). Chemical shifts are reported in &

(ppm) relative to the internal standard (CDCl;, 7.26 ppm, or as stated). HRMS spectra were
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recorded with a LCT Premier with ESI ionization. 'H and ?C NMR was used to verify that all
tested compounds were >95% pure. TLC analysis was performed on glass backed silica gel
plates and visualized by UV light. All solvents were reagent grade and used without further

purification.

Synthesis and Compound Characterization

N
’ "Ac

\ /

HO

F
N-(2-(3'-Fluoro-5-hydroxy-[1,1'-biphenyl]-2-yl)ethyl)acetamide (2.9).

Compound 2.9 was synthesized following a previously reported procedure.*'

. /O/OTS
Cr

4-(Benzyloxy)cyclohexyl 4-methylbenzenesulfonate.
This compound and the similar side chains were synthesized following a previously reported

procedure. **

N-(2-(5-((4-(Benzyloxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2yl)ethyl)acetamide

24).
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Potassium carbonate (30 mg, 0.19 mmol) was added to a solution of 2.9 (45 mg, 0.16 mmol)
in DMF (1 mL) and stirred at rt for 30 min, before 4-(benzyloxy)cyclohexyl 4-
methylbenzenesulfonate (75 mg, 0.19 mmol) were added. The solution was heated to 80 °C for
16h. Distilled water (3x 5 mL) was added to the mixture and the organic layer extracted with
ethyl acetate. After removal of the solvent on a Rotovap, the crude mixture was purified by
column chromatography (Silica gel, 40% EtOAc in hexane) to give 2.4 (8 mg) as a white solid in
75% yield: '"H NMR (500 MHz, CDCl,) 8 7.67-7.58 (m, 1H), 7.50-7.46 (m, 1H), 7.41-7.38 (m,
1H), 7.30-7.27 (m, 3H), 7.12 (d,J = 5 Hz, 1H), 7.01-6.92 (m, 3H), 6.82-6.79 (dt,J, = 10 Hz, J, =
5 Hz, 1H), 6.70-6.67 (dd, J, = 10 Hz, J, = 5 Hz, 1H), 5.24 (s, 1H), 4.48 (s, 2H), 4.25 (m, 1H),
344 (m, 1H), 3.33-3.15 (q, J = 6.7 Hz, 2H), 2.78-2.66 (t,J = 7.2 Hz, 2H), 2.07-1.80 (m, 4H),
1.79 (s, 3H), 1.69-1.61 (m, 2H), 1.50-1.46 (m, 2H). °C NMR (100 MHz, CDCl;) § 169.8, 163 4,
156.1, 142.0, 139.0, 132.0, 130.8, 129,8, 128.5, 128.4, 128.3, 128.1, 128.0, 127.4, 124 .8, 117.5,
1160, 1155, 114.2, 114.1, 74.3, 72.8, 70.1, 40.5, 31.8, 309, 284, 28.3, 274, 23.3. HRMS

(ESI+), m/z [M+Na'] calculated for C,,H;,FNO;Na 484.2264; found 484.2249.

N-(2-(3'-Fluoro-5-((4-((2-methoxybenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.14b).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (400 MHz, Chloroform-d) 6 7.33 (tt, J = 14.7,7.3
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Hz, 2H), 7.23 — 7.06 (m, 2H), 7.04 — 6.85 (m, 4H), 6.79 (dd, J = 8.0, 5.7 Hz, 2H), 6.69 (dd, J =
5.3,2.2 Hz, 1H), 523 (t,J = 5.5 Hz, 1H), 4.51 (s, 2H), 431 — 4.17 (m, 1H), 3.75 (s, 3H), 345
(td,J=79,72,35 Hz, 1H),3.19 (d,J = 6.7 Hz, 2H), 2.65 (t,J = 7.1 Hz, 2H), 2.04 (t,J = 4.1
Hz, 2H), 1.90 (ddd, J = 28.1, 12.7, 6.2 Hz, 2H), 1.79 (s, 3H), 1.67 — 1.58 (m, 2H), 1.55 — 141
(m, 2H). "C NMR (126 MHz, CDCl;) 8 168.92, 162.45, 160.49, 155.11, 142.58, 141.00, 129.76,
128.84,127.41,127.19, 127.02, 126.89, 126.36, 123.81, 11942, 116.53, 114.46, 112.99, 109.04,
74.57, 73.58, 63.86, 54.26, 39.52, 30.81, 27.44, 2643, 22.19. HRMS (ESI+), m/z [M+Na']

calculated for C; H;,FNO,Na 514.2370; found 514.2352.

N-(2-(3'-Fluoro-5-((4-((2-methylbenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.14c).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.36 (dddd, J = 14.7,
10.8,6.6,2.0 Hz, 2H), 7.21 — 7.13 (m, 4H), 7.09 — 7.03 (m, 2H), 7.00 (dq, J = 9.5, 1.1 Hz, 1H),
6.88 (ddd, J =8.5,4.1,2.7 Hz, 1H), 6.76 (dd, J = 5.8,2.7 Hz, 1H), 5.32 — 526 (m, 1H), 4.53 (s,
2H), 4.36 (dt,J = 6.6,3.4 Hz, 1H), 4.30 (dq, J = 8.5, 5.0, 4.1 Hz, 1H, minor diast.), 3.52 (tt, J =
6.0,34Hz, 1H),3.27 (td,J=7.2,59 Hz,2H),2.72 (t,J =7.2 Hz,2H), 2.34 (d, J = 2.4 Hz, 3H),
2.11 (qt,J =6.5,3.9 Hz, 2H), 1.97 (m, 3H), 1.92 (tdd,J =7.5,4.2,2.0 Hz, 2H), 1.77 - 1.67 (m,
2H), 1.64 — 1.48 (m, 2H). "C NMR (126 MHz, CDCl,) & 169.75, 161.40, 155.80, 143.48,
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141.87, 136.64, 136.37, 130.03, 129.67, 128.25, 127.89, 127.49, 125.71, 125.68, 124.73, 117 40,
115.52, 114.08, 113.88, 74.39, 68.66, 68.27, 40.39, 31.74, 30.49, 28.30, 27.40, 27.27, 23.18,

18.76. HRMS (ESI+), m/z [M+Na'] calculated for C,,H,,FNO,Na 498.2420; found 498.2405.

Br

N-(2-(5-((4-((4-Bromobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.14d).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, CDCL,) & 7.49-7.46 (m, 2H), 7.41-7.36
(m, 1H), 7.26-7.19 (m, 3H) 7.09-6.99 (m, 3H), 6.09-6.87 (m, 1H), 6.77 (dd,J, = 10 Hz,J, =5
Hz, 1H), 5.30 (br, s, 1H), 4.50 (s, 2H), 4.38-4.36 (m, 1H), 4.35-4.30 (m, 1H, minor diast.), 3.52-
348 (m, 1H), 3.28 (q, J = 3 Hz, 2H), 2.73 (t, J = 3 Hz, 2H), 2.13-1.88 (m, 4H), 1.87 (s, 3H).
1.73-1.67 (m, 2H), 1.59-1.51 (m, 2H), "C NMR (125 MHz, CDCl,) 6 170.09, 161.80, 156.34,
143.87,142.32, 138.30, 131.73, 131.09, 130.14, 129.35, 128.46, 125.14, 121.53, 117.82, 116 .30,
11590, 11448, 74.64, 73.05, 69.71, 40.78, 32.15, 28.58, 27.73, 23.57. HRMS (ESI+), m/z

[M+Na'] calculated for C,,H,;,BrFNO;Na 562.1369; found 562.1344.
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Cl

N-(2-(5-((4-((4-Chlorobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.14e).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, CDCL,) & 7.37-7.32 (m, 1H), 7.29-7.22
(m, 4H), 7.16 (d,J = 5 Hz, 1H), 7.05-6.95 (m, 3H), 6.86-6.83 (m, 1H), 6.73-6.71 (m, 1H), 5.33
(br,s, 1H), 4.49 (s, 2H), 4.35-4.26 (m, 1H), 3.49-3.44 (m, 1H), 3.24 (q,J =5 Hz, 2H),2.71 (t,] =
5 Hz, 2H), 2.09-1.81 (m, 4H), 1.84 (s, 3H), 1.71-1.63 (m, 2H), 1.57-1.46 (m, 2H). "C NMR (125
MHz, CDCly) 6 170.15, 161.79, 156.33, 14391, 142.32, 137.79, 133.42, 131.07, 130.15, 129.01,
128.85, 128.78, 128.45, 125.14, 117.82, 116.46, 115.89, 11447, 75.84, 74.65, 73.05, 69.68,
40.80, 32.14, 27.73, 23.53. HRMS (ESI+), m/z [M+Na'] calculated for C,,H;,CIFNO;Na

518.1874; found 518.1866.
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N-(2-(3'-Fluoro-5-((4-((2-fluorobenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.14f).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: '"H NMR (400 MHz, CDCL,) 6 7.50-7.36 (m, 2H), 7.28-7.24
(m, 1H), 7.21-7.13 (m, 2H), 7.09-7.00 (m, 4H), 6.91-6.76 (m, 2H), 5.32 (br, s, 1H), 4.62 (s, 2H),
4.38-4.36 (m, 1H), 4.32-4.31 (m, 1H, minor diast.), 3.56-3.52 (m, 1H), 3.27 (q, J = 5 Hz, 2H),
2.75-2.71 (t,J = 7.2 Hz, 2H), 2.14-1.89 (m, 4H), 1.87 (s, 3H), 1.76-1.53 (m, 4H). "C NMR (100
MHz, CDCl;) 6 170.1, 163.7, 159.8, 156.2, 142.3, 131.0, 130.6, 130.0, 1294, 129.2, 1264,
1262, 125.1, 1243, 1178, 1164, 115.7, 1144, 114.2, 746, 73.1, 63.9, 40.7, 32.1, 28.5, 27.6,

23.5. HRMS (ESI+), m/z [M+Na'] calculated for C,,H;;F,NO;Na 502.2170; found 502.2158.

N-(2-(5-((4-((2-Bromobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.14g).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, CDCL,) & 7.57-7.47 (m, 2H), 7.42-7.30
(m, 2H), 7.21-7.12 (m, 2H), 7.10-7.00 (m, 3H), 6.91-6.88 (m, 1H), 6.78-6.76 (m, 1H), 5.33 (br,
s, 1H), 4.60 (s, 2H), 4.39-4.33 (m, 1H), 3.60-3.56 (m, 1H), 3.29 (q,J =5 Hz,2H),2.74 (t,J =5
Hz, 2H), 2.15-1.92 (m, 4H), 1.88 (s, 3H), 1.78-1.56 (m, 4H). "C NMR (125 MHz, CDCl,) 6

169.93,161.07,155.98, 142.45, 136.02, 132.79, 131.30, 130.26, 130.19, 129.08, 128.89, 128.77,
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128.35, 128.06, 127.06, 125.67, 11743, 116.38, 115.62, 114.88, 72.06, 71.26, 68.56, 40.81,
3245, 27.79, 23.38. HRMS (ESI+), m/z [M+Na'] calculated for C,,H;;BrFNO;Na 562.1369,

found 562.1358.

N-(2-(5-((4-((2-Chlorobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.14h).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, CDCL,) & 7.57-7.51 (m, 1H), 7.14-7.34
(m, 2H), 7.30-7.26 (m, 1H), 7.24-7.19 (m, 2H), 7.09-7.00 (m, 3H), 6.91-6.88 (m, 1H), 6.78-
6.6.76 (m, 1H), 5.31 (br, s, 1H), 4.64 (s, 2H), 4.39-4.32 (m, 1H), 3.59-3.56 (m, 1H), 3.27 (q,J =
5 Hz, 2H), 2.74 (t,J = 5 Hz, 2H), 2.16-1.92 (m, 4H), 1.88 (s, 3H), 1.78-1.55 (m, 4H). "C NMR
(125 MHz, CDCly) 6 170.13, 163.77, 156.38, 142.35, 137.02, 132.99, 131.10, 130.16, 130.09,
12948, 129.39, 129.07, 128.67, 128.33, 127.06, 125.15, 117.83, 11648, 115.92, 11448, 74.66,
7323, 67.25, 40.79, 32.15, 27.77, 23.58. HRMS (ESI+), m/z [M+Na'] calculated for

C,,H,,CIFNO;Na 518.1874; found 518.1862.
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N-(2-(5-((4-((3-Bromobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.14i).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, CDCL,) § 7.53-7.51 (m, 1H), 7.43-7.36
(m, 2H), 7.30-7.26 (m, 1H), 7.23-7.19 (m, 2H), 7.10-7.05 (m, 2H), 7.03-6.99 (m, 1H), 6.91-6.86
(m, 1H), 6.79-6.76 (m, 1H), 5.30 (br, s, 1H), 4.52 (s, 2H), 4.39-4.29 (m, 1H), 3.53-3.49 (m, 1H),
329(q,J=5Hz,2H),2.74 (t,] =5 Hz, 2H), 2.15-1.87 (m, 4H), 1.87 (s, 3H), 1.67-1.44 (m, 4H).
"C NMR (125 MHz, CDCl,) 6 170.12, 163.77, 156.16, 143.92, 141.70, 131.10, 130.77, 130.72,
130.62, 130.22, 130.10, 128.45, 127.81, 126.14, 125.15, 117.84, 116.48, 11591, 115.36, 71.54,
69.63, 69.24, 40.79, 32.15, 28.46, 27.74, 27.59, 23.58. HRMS (ESI+), m/z [M+Na'] calculated

for C,,H,,BrENO;, 562.1369; found 562.1364.
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N-(2-(5-((4-((3-Chlorobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.14j).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, CDCL,) 6 7.41-7.36 (m, 2H), 7.29-7.19
(m 4H), 7.07-7.00 (m, 3H), 6.91-6.87 (m, 1H), 6.78-6.76 (m, 1H), 5.31 (br, s, 1H), 4.53 (s, 2H),
4.39-4.36 (m, 1H), 3.53-3.49 (m, 1H), 3.28 (q,J = 5 Hz, 2H), 2.73 (t,J = 5 Hz, 2H), 2.14-2.1.87
(m, 4H), 1.87 (s, 3H), 1.75-1.52 (m, 4H). "C NMR (125 MHz, CDCl,) & 170.10, 161.80, 156.34,
143.92,142.34, 134.56, 131.09, 130.16, 12991, 128 46, 128.36, 127.78, 127.69, 125.64, 125.14,
117.83, 116.47, 11590, 114.47, 75.98, 74.62, 69.68, 40.78, 32.15, 28.55, 27.73, 23.57. HRMS

(ESI+), m/z [M+Na'] calculated for C,,H;;CIFNO;Na 518.1874; found 518.1863.

" 0CHj

N-(2-(3'-Fluoro-5-((4-((3-methoxybenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.14Kk).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: '"H-NMR (500 MHz, CDCL,) 6 7.41-7.36 (m, 1H), 7.28-7.25
(m, 1H), 7.10 (d,J = 5 Hz, 1H), 7.09-7.00 (m, 3H), 6.95-6.87 (m, 3H), 6.84-6.81 (m, 1H), 6.78-
6.75 (m, 1H), 5.35 (br, s, 1H), 4.54 (s, 2H), 4.37-4.30 (m, 1H), 3.82 (s, 3H), 3.53-3.49 (m, 1H),
328(q,J=5Hz,2H),2.73 (t,] =5 Hz, 2H), 2.14-1.88 (m, 4H), 1.88 (s, 3H), 1.78-1.51 (m, 4H).
"C NMR (125 MHz, CDCl,) 6 170.18, 163.76, 159.98, 156.38, 143.93, 142.33, 140.96, 131.08,
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130.16, 129.67, 128.40, 125.14, 11997, 117.83, 116.47, 115.78, 114.47, 114.30, 113.17, 75.66,
74.77, 70.29, 5549, 40.80, 32.13, 28.58, 27.71, 27.62, 23.54. HRMS (ESI+), m/z [M+Na']

calculated for C; H;,FNO,Na 514.2370; found 514.2350.

F

N-(2-(3'-Fluoro-5-((4-((4-fluorobenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.141).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: '"H-NMR (500 MHz, CDCl;) 6 7.41-7.30 (m, 3H), 7.20 (d, J
=5 Hz, 1H), 7.10-6.99 (m, 5H), 6.90-6.87 (m, 1H), 6.78-6.75 (m, 1H), 5.33 (br, s, 1H), 4.51 (s,
2H), 4.39-4.29 (m, 1H), 3.53-3.49 (m, 1H), 3.28 (q,J =5 Hz, 2H), 2.73 (t,J = 5 Hz, 2H), 2.14-
1.87 (m, 4H), 1.88 (s, 3H), 1.74-1.48 (m, 4H). "C NMR (125 MHz, CDCl,) 8170.14, 163.76,
161.79, 156.16, 143.92, 142.30, 131.09, 130.14, 12947, 128.34, 125.14, 125.12, 117.79, 116 47,
11591, 115.53, 115.36, 114.47, 74.80, 73.06, 69.37, 40.79, 32.14, 27.74, 27.71, 27.60, 23.56.

HRMS (ESI+), m/z [M+Na'] calculated for C,,H;,F,NO;Na 502.2170; found 502.2152.
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OCHjq

N-(2-(3'-Fluoro-5-((4-((4-methoxybenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.14m).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, CDCL,) 8 7.61-7.51 (m, 2H), 7.49-7.46
(m, 2H), 7.41-7.35 (m, 1H), 7.20 (d,J = 5 Hz, 1H), 7.09-6.99 (m, 3H), 6.91-6.87 (m, 1H), 6.77-
6.75 (m, 1H), 5.38 (br, s, 1H), 4.61 (s, 2H), 4.37-4.31 (m, 1H), 3.83 (s, 3H), 3.55-3.51 (m, 1H),
328 (q,J =5Hz,2H),2.73 (t,] =5 Hz, 2H), 2.15-1.86 (m, 4H), 1.87 (s, 3H), 1.75-1.53 (m, 4H).
"C NMR (125 MHz, CDCl,) 6 170.21, 161.80, 159.34, 156.40, 143.88, 142.33, 131.08, 130.16,
129.34, 128.37, 125.14, 117.84, 11648, 116.31, 115.78, 11431, 114.07, 75.39, 74.85, 70.11,

55.57, 40.83, 32.13, 28.75, 23.52. HRMS (ESI+), m/z [M+Na'] calculated for C,,H,,FNO,Na

514.2370 found 514.2347.
H
~ Nox
0 =
@ F
0
CHg
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N-(2-(3'-Fluoro-5-((4-((4-methylbenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.14n).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.41 — 7.34 (m, 1H),
7.26 —7.21 (m, 3H), 7.20 — 7.11 (m, 2H), 7.10 — 7.04 (m, 2H), 7.00 (ddd, J = 9.6, 2.6, 1.6 Hz,
1H), 6.87 (ddd, J = 8.6, 6.0, 2.7 Hz, 1H), 6.75 (dd, J = 7.6, 2.7 Hz, 1H), 5.33 — 5.28 (m, 1H),
451 (s, 2H), 4.35 (dt, J = 6.7, 3.4 Hz, 1H), 4.29 (tt, J = 8.2, 3.4 Hz, 1H, minor diast.), 3.53 —
345 (m, 1H), 3.27 (tdd, J = 7.3,5.9, 1.4 Hz, 2H), 2.72 (t, J = 7.2 Hz, 2H), 2.34 (s, 3H), 2.15 -
2.02 (m, 2H), 2.00 (dtd, J = 12.6, 6.7, 2.4 Hz, 2H), 1.87 (s, 3H), 1.68 (tq, J = 8.7, 3.9 Hz, 2H),
1.54 (dddd, J = 20.1, 15.8, 10.5, 2.8 Hz, 2H). "C NMR (126 MHz, CDCl;) 8 170.08, 161.65,
156.24, 143.73, 142.12, 137.29, 137.20, 136.05, 130.01, 129.93, 129.19, 128.23, 128.10, 127.72,
125.00, 12498, 117.68, 116.33, 115.78, 114.30, 74.68, 70.14, 69.72, 40.65, 31.98, 28.57, 28 48,
27.59,27.48,23.42,21.31. HRMS (ESI+), m/z [M+Na'] calculated for C,,H;,FNO;Na 498.2420;

found 498.2410.

CF3

N-(2-(3'-Fluoro-5-((4-((4-(trifluoromethyl)benzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-

ylethyl)acetamide (2.140).
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The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: "H-NMR (500 MHz, CDCl,) 6 7.61 (d,J = 5 Hz, 2H), 7.48 (t,
J =5 Hz, 2H), 742-7.37 (m, 1H), 7.20 (d, J = 5 Hz, 1H), 7.09 (d, J = 5 Hz, 1H), 7.09-7.00 (m,
2H), 6.92-6.86 (m, 1H), 6.80-6.75 (m, 1H), 5.38 (br, s, 1H), 4.61 (s, 2H), 4.40-4.30 (m, 1H),
3.55-3.50 (m, 1H), 3.29 (q,J =3 Hz, 2H), 2.74 (t,J = 3 Hz, 2H), 2.15-1.87 (m, 4H), 1.88 (s, 3H),
1.77-1.52 (m, 4H). "C NMR (125 MHz, CDCl,) & 170.21, 163.77, 161.81, 156.34, 156.16,
14391, 143.44,142.35,131.11, 130.17, 128 45, 128.36, 127.62, 125.63, 125.14, 117.82, 116 47,
11590, 114.50, 76.11, 74.56, 69.68, 69.30, 40.84, 32.15, 28.52, 28.41, 27.73, 27.61, 23.53.

HRMS (ESI+), m/z [M+Na'] calculated for C, H;,F,NO;Na 552.2138; found 552.2111.

N-(2-(5-((4-((4-(tert-Butyl)benzyl)oxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.14p).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: '"H-NMR (500 MHz, CDCL,) & 7.40-7.36 (m, 3H), 7.31-7.27
(m, 2H), 7.20 (d, J = 5 Hz, 1H), 7.09-6.99 (m, 3H), 6.91-6.87 (m, 1H), 6.78-6.76 (m, 1H), 5.30
(br, s, 1H), 4.53 (s, 2H), 4.36 (dt, J = 6.7, 3.4 Hz, 1H), 429 (dt, J = 8.4, 4.5 Hz, 1H, minor
diast.), 3.54-3.51 (m, 1H), 3.29 (q,J = 5 Hz, 2H), 2.74 (t,J = 5 Hz, 2H), 2.14-1.88 (m 4H), 1.88

(s, 3H), 1.75-1.51 (m, 4H), 1.32 (s, 9H). "C NMR (126 MHz, CDCl,) 6 169.98, 163.62, 161.66,

90



156.25, 150.58, 143.74, 142.13, 135.97, 130.94, 129.95, 128.25, 127 .49, 125.46, 12498, 117.70,
116.34, 115.63, 114.34, 74.70, 70.10, 69.67, 40.64, 34.66, 32.00, 31.51, 28.56, 27.60, 27 .49,

23.45. HRMS (ESI+), m/z [M+Na'] calculated for C,,H;,FNO,;Na 540.2890; found 540.2890.

N-(2-(5-((4-((2,6-Dichlorobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.14q).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: '"H-NMR (500 MHz, CDCL,) 6 7.41-7.36 (m, 1H), 7.33-7.31
(m, 1H), 7.20-7.16 (m, 2H) 7.09-6.99 (m, 3H), 6.90-6.87 (m, 1H), 6.78-6.76 (m, 1H), 5.29 (br, s,
1H),4.77 (s, 2H), 4.38-4.35 (m, 1H), 4.33-4.28 (m, 1H, minor diast.), 3.61-3.56 (m, 1H), 3.27 (q,
J =3 Hz,2H),2.73 (t,J = 3 Hz, 2H), 2.16-1.89 (m, 4H), 1.87 (s, 3H). 1.78-1.67 (m, 2H), 1.63-
1.51 (m, 2H), "C NMR (125 MHz, CDCl;) 8 170.08, 163.76, 161.80, 156.39, 143.89, 137.09,
134.08, 131.08, 130.13, 128.70, 125.15, 117.82, 117.79, 116 .47, 115.76, 114.46, 114.30, 74.71,
65.36, 40.77, 32.15, 28.59, 27.79, 23.58. HRMS (ESI+), m/z [M+Na'] calculated for

C,,H,,CL,FNO,Na 552.1484; found 552.1494.
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Cl

N-(2-(5-((4-((4-Chloro-2-methoxybenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.14r).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, CDCL,) 8 7.41-7.31 (m, 2H), 7.21-7.19
(m, 1H), 7.10-7.05 (m, 2H), 7.03-7.00 (m, 1H), 6.97-6.94 (m, 1H), 6.90-6.87 (m, 1H), 6.85-6.84
(m, 1H), 6.78-6.76 (m, 1H), 5.27 (br, s, 1H), 4.53 (s, 2H), 4.38-4.29 (m, 1H), 3.82 (s, 3H), 3.53-
349 (m, 1H), 3.29 (q, J = 5 Hz, 2H), 2.73 (t,J = 5 Hz, 2H), 2.15-1.87 (m, 4H), 1.88 (s, 3H),
1.75-1.49 (m, 4H). "C NMR (125 MHz, CDCl,) 6 169.27, 161.88, 156.87, 155.57, 144.82,
142.63, 131.10, 131.07, 12949, 120.72, 117.83, 116.49, 116.32, 115.92, 115.78, 111.13, 64.74,
55.83,40.79, 32.16, 27.77, 23.59. HRMS (ESI+), m/z [M+Na'] calculated for C;,H;;CIFNO,Na

548.1980; found 548.1957.

Br

Cl
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N-(2-(5-((4-((2-Bromo-4-chlorobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.14s).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, CDCL,) & 7.56-7.54 (m, 1H), 7.50-7 44
(m, 1H), 7.41-7.36 (m, 1H), 7.32-7.30 (m, 1H), 7.21-7.19 (m, 1H), 7.09-7.00 (m, 3H), 6.91-6.87
(m, 1H), 6.78-6.76 (m, 1H), 5.30 (br, s, 1H), 4.55 (s, 2H), 4.38-4.32 (m, 1H), 3.59-3.55 (m, 1H),
329(q,J=5Hz,2H),2.74 (t,J =5 Hz, 2H), 2.15-1.88 (m, 4H), 1.88 (s, 3H), 1.77-1.55 (m, 4H).
"C NMR (125 MHz, CDCl,) 8 170.09, 163.76, 156.33, 14391, 142.35, 137.27, 133.86, 132.26,
132.16,131.10, 130.16, 129.93, 128.47, 127.90, 125.14, 122.87,117.81, 116.47, 115.89, 114 48,
76.44, 69.34, 40.78, 32.16, 28.49, 28.38, 27.75, 27.69, 23.58. HRMS (ESI+), m/z [M+Na']

calculated for C,,H;,BrCIFNO;Na 596.0979; found 596.0958.

N-(2-(3'-Fluoro-5-((4-(naphthalen-2-ylmethoxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.14t).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, CDCL,) 8 7.86-7.80 (m, 4H), 7.51-7.46
(m, 3H), 7.41-7.37 (m, 1H), 7.21 (d,J = 5 Hz, 1H), 7.09-7.00 (m, 3H), 6.91-6.87 (m, 1H), 6.79-

6.76 (m, 1H), 5.31 (br, s, 1H), 4.73 (s, 2H), 4.39-4.31 (m, 1H), 3.58-3.55 (m, 1H),3.29 (q,J =5
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Hz, 2H), 2.74 (t, J = 5 Hz, 2H), 2.17-1.89 (m, 4H), 1.88 (s, 3H), 1.77-1.55 (m, 4H). "C NMR
(125 MHz, CDCly) 6 170.12, 163.76, 156.37, 142.33, 136.77, 133.57, 133.17, 131.08, 130.15,
12841, 128.10, 127.96, 126.34, 126.00, 125.14, 117.83, 11647, 115.78, 114.30, 74.78, 70.58,
70.17, 40.78, 32.14, 28.73, 27.78, 27.66, 23.57. HRMS (ESI+), m/z [M+Na'] calculated for

C:,H,,FNO,Na 534.2420; found 534.2397.

OCHg

CHg

N-(2-(3'-Fluoro-5-((4-((2-methoxy-4-methylbenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.14u).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, CDCL,) 8 7.41-7.36 (m, 1H), 7.31-7.26
(m, 1H), 7.20-7.18 (m, 1H), 7.10-7.05 (m, 2H), 7.03-7.00 (m, 1H), 6.90-6.87 (m, 1H), 6.79-6.76
(m, 2H), 6.69-6.68 (m, 1H), 5.28 (br, s, 1H), 4.55 (s, 2H), 4.37-4.28 (m, 1H), 3.83 (s, 3H), 3.54-
348 (m, 1H), 3.28 (q,J =5 Hz, 2H), 2.73 (t,J = 5 Hz, 2H), 2.35 (s, 3H), 2.14-1.89 (m, 4H), 1.88
(s, 3H), 1.75-1.48 (m, 4H). "C NMR (125 MHz, CDCl;) 6 170.10, 163.77, 157.19, 156.43,
14391, 142.33,138.79, 131.07, 130.15, 128.94, 128.36, 125.15, 124.57, 121.28, 117.84, 116 48,
116.31, 11594, 115.77, 11446, 11443, 111.47, 74.96, 65.07, 55.57, 40.77, 32.14, 28.80, 27.78,
23.59, 21.88. HRMS (ESI+), m/z [M+Na'] calculated for C;H,;FNO,Na 528.2526; found

528.2516.
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Cl
4-((4-Chlorobenzyl)oxy)cyclohex-2-enol (2.17).

This compound was synthesized following a previously reported procedure.”

N-(2-(5-((4-((4-Chlorobenzyl)oxy)cyclohex-2-en-1-yl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.18).

Phenol 2.9 (0.12 g, 0.298 mmol), triphenylphosphine (0.156 g, 0.597 mmol) and alcohol 2.17
(0.128g, 0.597mmol) were dissolved in anhydrous THF (2mL) at rt. After 5 minutes DIAD (0.12
mL, 0.597mmol) was added dropwise to the mixture. After 3 h, the reaction was concentrated,
and purified via column chromatography (SiO,, 1:4, EtOAc: hexane) to afford 2.18 as a solid
(58% yield): '"H NMR (500 MHz, Chloroform-d) & 7.40 — 7.35 (m, 1H), 7.33 — 7.26 (m, 4H),
7.20 (d,J = 8.5 Hz, 1H), 7.09 — 7.05 (m, 2H), 7.00 (ddd, J = 9.6, 2.6, 1.6 Hz, 1H), 6.89 (dd, J =
8.5,2.8 Hz, 1H), 6.77 (d,J=2.8 Hz, 1H), 6.00 (td, J = 2.3, 1.1 Hz, 2H), 5.25 (s, 1H),4.87 — 4.82
(m, 1H),4.10 - 4.04 (m, 1H),3.27 (td,J=7.2,59 Hz,2H),2.73 (t,J =7.2 Hz,2H),2.28 — 2.22
(m, 1H), 2.22 — 2.14 (m, 1H), 1.87 (s, 3H), 1.80 — 1.65 (m, 2H). °C NMR (126 MHz, CDCL,) 6

169.95, 161.68, 156.08, 143.57, 142.30, 137.17, 133.50, 131.88, 131.06, 130.06, 129.67, 129.07,
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128.71, 12498, 117.47,116.32, 115.51, 114.41, 72.80, 71.63, 69.74, 40.64, 32.04, 26.79, 26.67,

23.46.

o) ‘
\OH
“‘OH

o)

Cl

N-(2-(5-(((2R,3S)-4-((4-Chlorobenzyl)oxy)-2,3-dihydroxycyclohexyl)oxy)-3'-fluoro-[1,1'-
biphenyl]-2-yl)ethyl)acetamide (2.19).

050, (0.001g, 0.002mmol) was added at rt to a solution of 2.18 (0.01g, 0.02mmol) and NMO
(0.006g, 0.05mmol) in THF/H,O (1:1,0.6 mL). The resulting solution was stirred at rt on. After
12 h the THF was evaporated and the residue was extracted with EtOAc (3 x SmL). The organic
layers were collected, dried, concentrated and purified by column chromatography (SiO,, 1:10,
MeOH: DCM) to obtain product 2.19 as a white solid (83% yield): 'H-NMR (500 MHz, CDCI,)
0 7.41-7.27 (m, 5H),7.20 (d,J = 5 Hz, 1H), 7.10-7.06 (m, 2H), 7.01-6.99 (m, 1H), 6.92-6.90 (m,
1H), 6.79 (d,J =3, 1H), 5.29 (br, s, 1H), 4.62 (dd, J, = 3Hz, J, = 7.5Hz, 2H), 4.53-4.50 (m, 1H),
4.17-4.15 (m, 1H), 4.06-4.04 (m, 1H), 3.72-3.69 (m, 1H), 3.28 (q,J =3 Hz, 2H), 2.74 (t,J =3
Hz, 2H), 2.64 (d,J = 3 Hz, 2H), 1.94-1.72 (m, 4H), 1.88 (s, 3H). "C NMR (125 MHz, CDCl,) 6
170.13, 161.81, 156.01, 143.65, 142.49, 137.12, 133.77, 130.22, 129.17, 128.92, 125.11, 117.72,
116.45, 115.75, 114.59, 75.83, 72.12, 71.46, 70.52, 40.76, 23.59, 23.45. HRMS (ESI+), m/z

[M+Na'] calculated for C,,H,,CIFNOsNa 550.1773; found 550.1746.
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HO/E:(OH

4-Methylbenzene-1,3-diol (2.20).

A solution of 2 4-dihydroxybenzaldehyde (0.69 g, 5.0 mmol) and NaBH,CN (1.0 g, 15 mmol)
in THF (30 mL) was stirred at rt. Methyl orange was added as an indicator until the reaction was
a light orange color. 1.0 N HCI (15 mL) was added drop wise until the solution turned deep red.
After 3 h the reaction was quenched with water (40 mL), extracted with Et,0 (3 x 40 mL), dried
(Na,S0,), filtered and concentrated to afford 2.20 a light pink solid (0.69g, 5.56 mmol): 'H NMR
(500 MHz, Chloroform-d) § 6.95 (d,J = 8.7 Hz, 1H), 6.33 (dd, J = 4.3, 2.0 Hz, 2H), 4.67 (s, 1H),
4.62 — 4.56 (m, 1H), 2.17 (s, 3H). "C NMR (126 MHz, CDCl;) 6 154.90, 154.69, 131.53,

115.85,107.67,102.72,15.01.

HO OH

2.4-Dihydroxy-5-methylbenzaldehyde.

Silver triflate (8.66g, 33.85mmol) was added to a dry round bottom flask, which was then
cooled to -78°C. 4-methylbenzene 1,3-diol (1.40g, 11.28mmol) was dissolved in anhydrous
DCM (84mL) was added to the round bottom flask drop wise. Dichloromethyl methyl ether
(3.063mL, 33.85mmol) in DCM (17.1mL) was then added to the mixture. The reaction was left
to stir for 3 h. Saturated NaHCO; (45mL) was added to quench the reaction and after stirring for
30 minutes the mixture was filtered through a pad of Celite. The organic layer from the filtrate
was removed the aqueous layer was washed with EtOAc (3X60mL). The organic layers were
combined, dried, and concentrated. Column chromatography (SiO,, 5:1, Hex: EtOAc) was used

to obtain the purified product, a white solid in 40% yield: 'H NMR (500 MHz, Chloroform-d) &
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11.03 (s, 1H), 10.09 (s, 1H), 7.24 (m, 1H), 7.19 (d,J = 1.1 Hz, 1H), 6.37 (s, 1H), 2.12 (d,J = 1.1
Hz, 3H). "C NMR (126 MHz, CDCl,) 8 194.72, 163.42, 161.56, 134.86, 129.05, 117.53, 99.95,

15.90.

CHO

Bnojiji OH

4-(Benzyloxy)-2-hydroxy-5-methylbenzaldehyde (2.21).

A solution of diol 24-dihydroxy-5-methylbenzaldehyde (0.025 g, 0.16 mmol), NaHCO;
(0.018 g, 0.21 mmol), and BnBr (0.02 mL, 0.18 mmol) in anhydrous acetonitrile (1.6mL) were
stirred and heated at reflux for 16 h. The reaction was then quenched by the addition of water (3
mL), extracted with EtOAc (3 x 2mL), dried (Na,SO,), filtered and concentrated. The residue
was purified by column chromatography (SiO,, 6:1, Hex: EtOAc) to afford solid phenol 4 (0.015
g,0.06 mmol): 'H NMR (500 MHz, Chloroform-d) 6 11.33 (s, 1H), 9.59 (s, 1H), 7.35 — 7.29 (m,
4H),7.28 —=7.23 (m, 1H), 7.16 (d,J = 1.1 Hz, 1H), 6.37 (s, 1H), 5.02 (s, 2H),2.12 (d,J = 1.1 Hz,
3H). "C NMR (126 MHz, CDCl;) & 194.72, 163.42, 134.86, 129.05, 128.58, 127.53, 99.95,

70.60, 15.90.

CHO
5-(Benzyloxy)-2-formyl-4-methylphenyl trifluoromethanesulfonate (2.22).
A solution of 4-(benzyloxy)-2-hydroxy-5-methylbenzaldehyde (0.29 g, 1.lmmol), N-
bisphenyltriflate (0.59 g, 1.7 mmol), K,CO; (0.61 g, 4.4 mmol) in anhydrous THF (15.7 mL) was

stirred in a septum-capped tube. The reaction was heated to 120 °C for 20 minutes in a

microwave synthesizer. Upon completion the reaction was cooled to rt and quenched with water
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(10 mL), extracted with EtOAc (3 x 5 mL), dried (Na,SO,), filtered and concentrated. The
residue was used without further purification, a yellow oil (0.16 g, 0.41 mmol): '"H NMR (500
MHz, Chloroform-d) 6 10.30 (s, 1H), 7.59 (s, 1H), 7.33 (t,J = 2.2 Hz, 5H), 6.42 (s, 1H), 5.05 (s,
2H), 2.13 (s, 3H). "C NMR (126 MHz, CDCl;) & 188.38, 163.02, 161.56, 136.15, 129.98,

128.75,128.29, 127.25, 127.06, 120.23, 118.46,96 .98, 70.15, 15 .48.

I CHO

F

BnO

5-(Benzyloxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-carbaldehyde (2.23).

2.22 (0.672g, 2.1 mmol) was dissolved in anhydrous DMF (20mL). 3-fluorophenyl boronic
acid (0.32g, 2.31mmol), K,CO; (0.53g, 3.78 mmol), Pd(dppf)Cl, (0.154g, 0.21mmol) were added
to the mixture. The reaction was degassed and then heated to reflux on. Upon completion of the
reaction, it was cooled to rt. The reaction was extracted with saturated LiCl and EtOAc (3 x
50mL). The organic layers were combined, dried, concentrated, and purified via column
chromatography (SiO,, 6:1, Hex: EtOAc) to afford the purified product as a yellow oil: 'H NMR
(400 MHz, Chloroform-d) & 9.83 (s, 1H), 7.89 (s, 1H), 7.51 — 7.31 (m, 5H), 7.12 (ddd, J = 16.5,
8.6, 2.0 Hz, 3H), 6.86 (s, 1H), 5.19 (s, 2H), 2.36 (d, J = 0.8 Hz, 3H). "C NMR (126 MHz,
CDCly) & 190.82, 163.49, 161.01, 136.13, 130.12, 129.87, 129.80, 128.70, 128.22, 127.70,
127.21,126.71, 12598, 12595, 116.98, 114.93, 112.37,70.19, 16.14. HRMS (ESI+) m/z: [M +

H'] calculated for C,H,;FO, 321.0215; found 321.0222.
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! X -NO,
BnO O

F

(E)-5-(Benzyloxy)-3'-fluoro-4-methyl-2-(2-nitrovinyl)-1,1'-biphenyl.

2.23 (0.11g, 0.327mmol) was dissolved in Nitromethane (0.7mL). NH,OAc (0.05g,
0.654mmol) was added, and then the mixture was heated at reflux for 4 h. After 4 h the reaction
was cooled to rt. The product was extracted with EtOAc (3X10mL). The organic layers were
combined, dried, concentrated. The residue was purified by column chromatography (Si0,, 4:1,
Hex: EtOAc) to afford the purified product as a yellow solid in 90% yield: '"H NMR (500 MHz,
Chloroform-d) 6 7.89 (s, 1H), 7.86 (s, 1H), 7.44 — 7.41 (m, 2H), 7.40 — 7.26 (m, 6H), 7.08 (tdd, J
=8.5,2.6,1.0 Hz, 1H), 6.98 — 6.95 (m, 1H), 6.93 (ddd, J =95, 2.6, 1.6 Hz, 1H), 5.08 (s, 2H),
2.28 (s, 3H). "C NMR (126 MHz, CDCl;) & 163.62, 159.68, 137.60, 136.17, 135.74, 130.19,
130.12, 129.69, 128.70, 128.23, 128.01, 127.22, 125.61, 125.59, 120.14, 116.70, 115.07, 113.09,

70.15,16.26.

BnO O

E

2-(5-(Benzyloxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-yl)ethanamine (2.24).

A suspension of Lithium Aluminum Hydride (0.11g, 2.75mmol) in anhydrous THF (5.5mL)
was cooled to 0°C. (E)-5-(Benzyloxy)-3'-fluoro-4-methyl-2-(2-nitrovinyl)-1,1'-biphenyl (0.5g,
1.377mmol) was dissolved in anhydrous THF (1.96mL) and added drop wise to the reaction.
The reaction slowly warmed to rt and stirred for 12 h. Upon completion, 3N NaOH (ImL),

water (ImL), and EtOAc (3mL) were added sequentially to quench the reaction. After stirring
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for one h the mixture was filtered through a pad of Celite. The solid was washed with warm
EtOAc (100mL). The filtrate was collected, dried, and concentrated. The oil was purified using
column chromatography (SiO,, 2:1, DCM: MeOH) and used directly in the next step: 'H NMR
(500 MHz, Chloroform-d) 6 7.40 — 7.27 (m, 6H), 7.01-6.95 (m, 3H), 6.58 (d, 1H), 5.02 (s, 2H),
3.01 —2.89 (m, 2H), 2.87 — 2.74 (m, 2H), 2.05 (s, 3H). "C NMR (126 MHz, CDCl,) 6 163.42,
161.72,157.77,143.49, 143.11, 136.84, 12991, 129.48, 128.06, 127.67, 127.09, 124.79, 116 .37,
11431, 70.28, 40.64, 29.62, 26.89, 16.76. HRMS (ESI+) m/z: [M + H'] calculated for

C,,H,,FNO 336.1764; found 336.1765.

NHAc
BnO I O

F

N-(2-(5-(Benzyloxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-yl)ethyl)acetamide.

Amine 2.24 (0.10g, 0.29mmol) was dissolved in anhydrous DCM (3mL) and cooled to 0°C.
Triethylamine (0.03mL, 0.27mmol) was added dropwise. After 15 minutes acetic anhydride
(0.02mL, 0.27mmol) was added and the reaction warmed to rt. The reaction was stirred for 12 h
and was then quenched by the addition of water. The mixture was extracted with DCM (2 x
10mL) and the organic layers were combined, dried, and concentrated. The mixture was purified
via column chromatography (SiO,, 2:1, DCM: MeOH) to obtain the product as a white solid in
72% yield: 'H NMR (500 MHz, Chloroform-d) 8 7.39 — 7.22 (m, 6H), 7.06 — 6.85 (m, 4H), 6.67
(s, 1H), 497 (s, 2H), 3.31 — 3.17 (m, 2H), 2.65 (t,J = 7.2 Hz, 2H), 2.24 (s, 3H), 1.97 (s, 3H),
1.55 (s, 1H). "C NMR (126 MHz, CDCl;) & 169.87, 161.56, 139.23, 137.17, 132.11, 129.87,

129.80, 128.53, 127.85, 127.83, 127.20, 127.19, 126 .97, 125,01, 116.16, 114.06, 113.02, 69.98,
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40.68, 31.81, 24.15, 16.12. HRMS (ESI+) m/z: [M + H] calculated for C,,H,,FNO, 378.3264;

found 378. 3249.

NHAc
e

E
N-(2-(3'-Fluoro-5-hydroxy-4-methyl-[1,1'-biphenyl]-2-yl)ethyl)acetamide (2.25).
Palladium on carbon (10% w/w, 20 mg) was added to a solution of N-(2-(5-(benzyloxy)-3'-

fluoro-4-methyl-[1,1'-biphenyl]-2-yl)ethyl)acetamide (223 mg, 1.0 mmol) in EtOAc (3 ml)

and the suspension was stirred at rt under a hydrogen atmosphere. After 12 h, the reaction

mixture was filtrated through Celite and the filtrate was concentrated to get 2.25 as an off-white

amorphous solid (~100%): '"H NMR (500 MHz, Chloroform-d) 6 7.33 — 7.24 (m, 1H), 6.98 (d, J

= 1.0 Hz, 3H), 6.87 (s, 1H), 6.57 (s, 1H), 5.20 (s, 1H), 3.20 (td,J = 7.3, 5.9 Hz, 2H), 2.63 (t,]J =

7.3 Hz, 2H), 2.22 (s, 3H), 1.80 (s, 3H), 1.51 (s, 1H). "C NMR (126 MHz, CDCl,) 6 169.93,

163.49,152.19, 132.38, 129.85, 129.79, 128.84, 127.99, 126.34, 124.93, 116.06, 114.10, 113.93,

40.70,31.75, 23.30, 15.50. HRMS (ESI+), m/z [M+Na"] calculated for C,;H FNO,Na 310.1219;

found 310.1213.

HE\\
CCl
Meo#fo |
O}(O
(6]

(3aR,7R,7aR)-7-Methoxy-6,6-dimethyl-2-oxotetrahydro-3aH-[1,3]dioxolo[4,5-c]pyran-4-
yl 2,2 2-trichloroacetimidate (2.26).

This compound was synthesized following a previously reported procedure. *'->'
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H
N
MeO o \”/
< O
HO : 0
HO
F

N-(2-(5-(((3R 4S,5R)-3 4-Dihydroxy-5-methoxy-6,6-dimethyltetrahydro-2H-pyran-2-
yloxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-yl)ethyl)acetamide (2.27).

2.26°"** (0.023g, 0.150mmol) in anhydrous DCM (0.5mL) was added to a mixture of 2.25
(0.035g, 0.066mmol) in anhydrous DCM (0.5mL) at rt. Boron trifluoride diethyl etherate
(0.07mL) was then added drop wise. The reaction was monitored via TLC. Upon completion of
the reaction (~1 h), triethylamine (0.ImL) was added. The mixture was concentrated and
purified via column chromatography (SiO2, 3:1, Hexane: EtOAc- 20:1, DCM:MeOH). The
product was obtained as a white solid in 30% yield and used directly in the next step. The
product (0.019g, 0.03mmol) was dissolved in MeOH (12mL) and triethylamine (4mL) was
added. The mixture was stirred on. After 12 h the reaction was concentrated and purified via
column chromatography (S102, 20:1, DCM: MeOH). The product was obtained in 70% yield to
produce a white solid: '"H NMR (500 MHz, Methylene Chloride-d2) 6 7.38 (td, J =7.9, 6.0 Hz,
1H),7.10-6.97 (m,4H),5.52 -5.49 (m, 1H), 548 (d,/=2.4 Hz, 1H),4.20 (dd,J=9.1,3.4 Hz,
1H),4.13 (dd,J=34,24 Hz, 1H), 3.56 (s,3H),3.29 (d,/=9.1 Hz, 1H),3.22 (tdd, /=75, 5.8,
20Hz,2H),2.69 (td,J=7.1,4.8 Hz,2H), 2.20 - 2.17 (s, 3H), 1.81 (s, 3H), 1.30 (s, 3H), 1.17 (s,
3H). "C NMR (126 MHz, CD,Cl,) 8 170.53, 164.23, 162.27, 154.05, 144.64, 144.58, 140.03,
132.70, 130.57, 130.50, 129.48, 127.29, 125.97, 125.95, 117.05, 116.88, 115.60, 114.53, 114.36,
98.49,85.07,78.84,72.14, 6945, 62.36,41.37,32.62, 30.45, 29.54, 23.67, 23.26, 16.61. HRMS

(ESI+), m/z [M+Na'] calculated for C,sH;,FNONa 500.2061; found 500.2054.
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OH
CHO

BnO OH

4-(Benzyloxy)-2,6-dihydroxybenzaldehyde (2.28).

A solution of 24 ,6-trihydroxybenzaldehyde (0.025 g, 0.16 mmol), K,CO, (0.022 g, 0.16
mmol), and BnBr (0.02 mL, 0.16 mmol) in anhydrous DMF (1.6 mL) was stirred at 0 °C for 6 h
and then rt for 12 h. The reaction was quenched by the addition of water, extracted with EtOAc
(3 x 5 mL), washed with saturated aqueous NaCl solution and a saturated aqueous LiCl solution,
dried (Na,SO,), filtered and concentrated. The residue was purified by column chromatography
(Si0,, 4:1. Hex: EtOAc) to afford solid 2.28 (0.014 g, 0.06 mmol): " NMR (500 MHz,
Chloroform-d) 6 12.36 (s, 1H), 10.09 (s, 1H), 7.38 — 7.26 (m, 5H), 5.93 — 5.87 (m, 2H), 5.03 (s,
2H). "C NMR (126 MHz, CDCl;) & 191.95, 166.08, 164.56, 163.41, 135.55, 128.78, 128.46,

127.39, 106.26, 96.04,91.76, 70.63.

OMe
CHO

BnO OH

4-(Benzyloxy)-2-hydroxy-6-methoxybenzaldehyde (2.29).

A solution of 2.28 (0.20g, 0.82 mmol) and K,CO; (0.06 g, 0.41 mmol) in water (0.4 mL) and
acetone (0.4 mL) was stirred for 30 minutes. A solution of Me,SO, (0.08 mL, 0.82 mmol) in
acetone (0.3 mL) was then added drop wise. After 2 h the acetone was evaporated using a
Rotovap, water was added (10mL), extracted with EtOAc (3 x 5 mL), dried (Na,SO,), filtered
and concentrated. The residue was purified by column chromatography (Si0,, 4:1, Hex: EtOAc)
to afford phenol 2.29 as a colorless solid (0.08 g, 0.31 mmol): 'H NMR (400 MHz, Chloroform-

d) 6 12.52 (s, 1H), 10.17 (s, 1H), 7.48 — 7.32 (m, 6H), 6.03 (d,J = 2.1 Hz, 1H), 599 (d,J =22
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Hz, 1H), 5.09 (s, 2H), 3.82 (s, 3H). "C NMR (126 MHz, CDCl,) & 191.87, 166.30, 164 .41,

163.48,135.77, 12891, 128.81, 127.52, 111.66, 98.54, 91 .46, 70.65, 56.62.

OMe
/©:CHO
BnO oTf
5-(Benzyloxy)-2-formyl-3-methoxyphenyl trifluoromethanesulfonate.
The compound was synthesized following the procedure used for the synthesis of 2.22: 'H
NMR (400 MHz, Chloroform-d) 6 10.39 (s, 1H), 7.48 — 7.33 (m, 6H), 6.58 (d,J = 2.1 Hz, 1H),

641 (d,J=2.1Hz, 1H), 5.19 (s, 2H), 3.88 (s, 3H).

OMe

I CHO

F

BnO

5-(Benzyloxy)-3'-fluoro-3-methoxy-[1,1'-biphenyl]-2-carbaldehyde.

The compound was synthesized following the procedure used for the synthesis of 2.23: 'H
NMR (400 MHz, Chloroform-d) & 10.01 (s, 1H), 7.46 — 7.32 (m, 6H), 7.13 — 6.97 (m, 3H), 6.60
(d,J =2.3 Hz, 1H), 6.50 (d, J = 2.3 Hz, 1H), 5.14 (s, 2H), 3.92 (s, 3H). "C NMR (126 MHz,
CDCly) & 189.28, 164.17, 162.57, 147.03, 136.22, 129.69, 128.87, 128.25, 127.75, 127.22,
125.10, 116.31, 114.56, 108.92, 99.32, 70.80, 55.76. HRMS (ESI+) m/z: [M + H"] calculated for

C,,H,,FO, 413.0283; found 413.0273.
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OMe

l o NO,
BnO O

E

(E)-5-(Benzyloxy)-3'-fluoro-3-methoxy-2-(2-nitrovinyl)-1,1'-biphenyl.

The compound was synthesized following the procedure used for the synthesis of (E)-5-
(benzyloxy)-3'-fluoro-4-methyl-2-(2-nitrovinyl)-1,1'-biphenyl: 'H NMR (500 MHz,
Chloroform-d) 6 7.89 — 7.75 (m, 2H), 7.41 — 7.24 (m, 7H), 7.11 — 7.04 (m, 1H), 7.02 - 6.92 (m,
3H), 6.84 (d,J =9.0 Hz, 1H), 6.53 (d,J = 2.4 Hz, 1H), 5.17 (s, 2H), 3.78 (s, 3H). "C NMR (126
MHz, CDCly) 6 162.58, 160.76, 157.41, 138.14, 137.98, 135.31, 133.50, 130.14, 128.99, 128.61,

128.16, 127.56, 125.50, 116.67, 115.38,110.99, 108.07,99.38, 71.19, 55.69.

OMe

O NH,
BnO O

E
2-(5-(Benzyloxy)-3'-fluoro-3-methoxy-[1,1'-biphenyl]-2-yl)ethanamine.

The compound was synthesized following the procedure used for the synthesis of 2.24: 'H
NMR (500 MHz, Chloroform-d) 6 7.44 — 7.39 (m, 3H), 7.37 — 7.29 (m, 3H), 7.01 (dd,J =728,
1.8 Hz,2H), 6.98 — 6.93 (m, 1H), 6.52 (d,J =2.5 Hz, 1H), 6.34 (d,J = 2.5 Hz, 1H), 5.12 (s, 2H),
3.75 (s, 3H), 2.91 — 2.85 (m, 2H), 2.83 — 2.79 (m, 2H). "C NMR (126 MHz, CDCl;) 6 163 .48,
161.52,158.75, 157.70, 143.39, 143.17, 136.64, 129.95, 129.88, 128.76, 127.97, 127.24, 124.70,
116.57, 114.30, 106.54, 99.46, 70.28, 55.37, 40.60, 29.72, 27.09. HRMS (ESI+) m/z: [M + H']

calculated for C,,H,,FNO, 352.1713; found 352.1693.
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OMe

NHAc
BnO l O

E

N-(2-(5-(Benzyloxy)-3'-fluoro-3-methoxy-[1,1'-biphenyl]-2-yl)ethyl)acetamide.

The compound was synthesized following the procedure used for the synthesis of N-(2-(5-
(benzyloxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-yl)ethyl)acetamide: 'H NMR (500 MHz,
Chloroform-d) 6 7.44 — 7.26 (m, 6H), 7.02 — 6.96 (m, 2H), 6.92 (ddd,J = 9.5, 2.5, 1.6 Hz, 1H),
6.53 (d,J=2.5Hz, 1H),6.32 (d,J =2.5 Hz, 1H), 5.62 (s, 1H), 5.23 (s, 1H), 5.04 (s, 2H), 3.72 (s,
3H), 3.24 — 3.18 (m, 2H), 2.68 (t,J = 6.5 Hz, 2H), 1.62 (s, 3H). "C NMR (126 MHz, CDCl,) 6
169.96, 163.44, 161.48, 158.61, 143.29, 136.46, 129.84, 129.77, 128.83, 128.33, 127.50, 124.87,
116.05, 114.29, 106.61, 99.31, 70.55, 55.45, 40.68, 25.87, 22.98. HRMS (ESI+), m/z [M+Na']

calculated for C,,H,,FNO;Na 393.3302; found 393.3311.

N-(2-(3'-Fluoro-5-hydroxy-3-methoxy-[1,1'-biphenyl]-2-yl)ethyl)acetamide.

The compound was synthesized following the procedure used for the synthesis of 2.25: 'H
NMR (500 MHz, Chloroform-d) & 8.69 (s, 1H), 7.27 (ddd, J = 8.3, 7.5, 6.0 Hz, 1H), 6.96 (dddd,
J=126,66,2.6,1.1 Hz,2H), 6.88 (ddd,J =9.7,2.6, 1.6 Hz, 1H), 6.48 (d,J =2.6 Hz, 1H), 6.23
(d,J =2.6 Hz, 1H), 6.17 (s, 1H), 3.69 (s, 3H), 3.14 (ddd, J = 9.0, 7.6, 5.8 Hz, 2H), 2.63 — 2.56

(m, 2H), 1.91 (s, 3H). "C NMR (126 MHz, CDCl,) 6 171.11, 162.29, 160.33, 156.08, 143.12,
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141.54, 128.53, 123.67, 114.99, 113.68, 112.99, 106.07, 100.65, 54.26, 39.95, 21.86. HRMS

(ESI+), m/z [M+Na'] calculated for C,;H,;;FNO;Na 302.1192; found 302.1183.

OMe
Meo\éo\ O NHAc
HO\“ . O
OH
F

N-(2-(5-(((3R 4S,5R)-3 4-Dihydroxy-5-methoxy-6,6-dimethyltetrahydro-2H-pyran-2-
yl)oxy)-3'-fluoro-3-methoxy-[1,1'-biphenyl]-2-yl)ethyl)acetamide (2.30).

The compound was synthesized following the procedure used for the synthesis of 2.27 with
phenol N-(2-(3'-fluoro-5-hydroxy-3-methoxy-[1,1'-biphenyl]-2-yl)ethyl)acetamide to obtain
the product as a white solid: '"H NMR (400 MHz, Chloroform-d) 6 7.36 (ddd,J =8.3,7.6,5.9 Hz,
1H),7.09 - 6.99 (m, 1H), 6.95 (ddd,J=9.6,2.6, 1.5 Hz, 1H), 6.87 (d,J =2.6 Hz, 1H), 6.37 (d,J
=2.5Hz, 1H), 5.64 (s, 1H),5.46 (d,J = 6.7 Hz, 1H), 5.30 (s, 1H), 4.38 (t,J =4.2 Hz, 1H), 4.14
(dd,J =6.7,3.7 Hz, 1H), 3.78 (s, 3H), 3.50 (s, 3H), 3.19 (d,J = 4.6 Hz, 1H), 2.85 — 2.80 (m, 2H),
248 (dd,J = 11.7, 7.0 Hz, 2H), 2.17 (s, 3H), 1.93 (s, 3H), 1.88 — 1.69 (s, 3H). "C NMR (126
MHz, CD,Cl,) 6 160.01, 154.63, 144.29, 129.07, 124.22, 115.35, 113.40, 111.65, 105.36, 88.50,
84.79, 75.27, 70.20, 69.23, 60.33, 54.98, 39.26, 25.66, 25.32, 21.78. HRMS (ESI+), m/z

[M+Na"] calculated for C,sH;,FNO,Na 500.2061; found 500.2054.

OMOM
CHO

BnO OH

4-(Benzyloxy)-2-hydroxy-6-(methoxymethoxy)benzaldehyde (2.31).
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A solution of 2.28 (0.45 g, 1.85 mmol) and DIPA (0.71mL, 0.74 mmol) in anhydrous DCM
(18mL) was stirred at O °C. Chloromethyl methyl ether (0.84 mL, 11.1 mmol) was added drop
wise after 10 minutes. After 16 h the reaction was quenched by the addition of water (SmL),
extracted with DCM (3 x 10mL), dried (Na,SO,), filtered and concentrated. The residue was
purified by column chromatography (Si0,, 8:1, Hex:EtOAc) to afford the product as a white
solid (0.40 g, 1.38 mmol): 'H NMR (500 MHz, Chloroform-d) 6 12.36 (s, 1H), 10.20 (s, 1H),
7.44 — 740 (m, 5H), 6.97 — 6.94 (m, 2H), 5.18 (s, 2H), 5.10 (s, 2H), 3.48 (s, 3H). "C NMR (126
MHz, CDCl,) 6 192.17, 149.99, 136.21, 128.84, 128.75, 127.48, 126.34, 95.98, 94.12, 92.39,

70.57,56.52.

OMOM
CHO

BnO OTf

5-(Benzyloxy)-2-formyl-3-(methoxymethoxy)phenyl trifluoromethanesulfonate.

The compound was synthesized following the procedure used for the synthesis of 2.22: 'H
NMR (500 MHz, Chloroform-d) 6 10.39 (d,J = 1.5 Hz, 1H), 7.43 (dt,J = 4.7, 1.1 Hz, 5H), 6.76
(s, 1H),6.57 (d,J =1.7 Hz, 1H), 5.21 (d,J = 1.7 Hz, 2H), 5.18 (t,J = 1.6 Hz, 3H), 349 (d, ] =
1.6 Hz, 3H). "C NMR (126 MHz, CDCl,) & 185.73, 163.19, 162.85, 149.39, 134.78, 128.76,

127.45,112.66, 103.39, 100.54, 94.53,71.32,56.52, 29.60.

OMOM

O CHO
BnO O

F

5-(Benzyloxy)-3'-fluoro-3-(methoxymethoxy)-[1,1'-biphenyl]-2-carbaldehyde.
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The compound was synthesized following the procedure used for the synthesis of 2.23: 'H
NMR (500 MHz, Chloroform-d) & 10.18 (s, 1H), 7.52 — 7.49 (m, 2H), 7.43 — 7.39 (m, 2H), 7.38
—7.32 (m, 2H), 7.10 - 7.04 (m, 2H), 7.02 (ddd, J = 9.5, 2.6, 1.8 Hz, 1H), 6.74 (d,J = 2.2 Hz,
1H), 6.56 (d,J = 2.3 Hz, 1H), 5.22 (d, 4H), 3.49 (s, 3H). "C NMR (126 MHz, CDCl,) 6 189.76,
163.70, 162.55,161.95, 147.20, 142.27, 136.33, 129.90, 129.08, 128.52, 127.56, 125.35, 118 46,

116.59,114.90, 111.27,101.03,94.62,71.11, 56.83. HRMS (ESI+) m/z: [M + H"] calculated for

C,,H,,FO, 367.1404; found 367.1409.

OMOM

O NH,
BnO O

F
2-(5-(Benzyloxy)-3'-fluoro-3-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethanamine.

The compound was synthesized following the procedure used for the synthesis of 2.24: 'H
NMR (500 MHz, Chloroform-d) § 7.46 — 7.41 (m, 2H), 7.41 — 7.36 (m, 2H), 7.33 (td,J = 7.8,
7.3,1.7Hz,2H),7.03 (dd,J =7.8,1.5 Hz, 2H), 6.97 (ddd,J =9.6,2.6, 1.6 Hz, 1H), 6.69 (d,]J =
24 Hz, 1H), 6.52 (d, J = 2.4 Hz, 1H), 5.14 (s, 2H), 5.09 (s, 2H), 3.47 (s, 3H), 2.80 — 2.75 (m,
2H), 2.73 (dd, J = 6.4, 2.0 Hz, 2H). °C NMR (126 MHz, CDCl;) & 163.78, 161.82, 158.17,
156.53, 144.04, 143.50, 137.15, 130.11, 130.04, 129.08, 128.40, 127.73, 125.19, 119.38, 114.51,
114.34, 109.88, 101.10, 95.01, 70.66, 56.48, 42.01, 30.10. HRMS (ESI+) m/z: [M + H']

calculated for C,;H,,FNO;382.1662; found 382.1657.
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OMOM

NHAc
BnO I O

F
N-(2-(5-(Benzyloxy)-3'-fluoro-3-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)acetamide.
The compound was synthesized following the procedure used for the synthesis of N-(2-(5-

(benzyloxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-yl)ethyl)acetamide: 'H NMR (500 MHz,

Chloroform-d) 6 7.49 — 7.45 (m, 2H), 7.45 — 7.40 (m, 2H), 7.39 — 7.33 (m, 2H), 7.06 (dd,J = 7.8,

1.6 Hz, 2H), 7.00 — 6.96 (m, 1H), 6.73 (d,J = 2.4 Hz, 1H), 6.55 (d,J =2.4 Hz, 1H), 5.70 — 5.65

(m, 1H), 5.16 (s, 2H), 5.11 (s, 2H), 3.49 (s, 3H), 3.33 — 3.24 (m, 2H), 2.76 (t, J = 6.6 Hz, 2H),

1.68 (s, 3H). "C NMR (126 MHz, CDCl;) & 168.97, 162.38, 160.42, 156.62, 155.25, 142.30,

135.38, 128.77, 127.77, 127.28, 126.52, 123.86, 118.36, 115.04, 113.08, 108.75, 99.64, 93.58,

69.52, 55.11, 39.53, 24.89, 21.99. HRMS (ESI+) m/z: [M + H] calculated for C,;H,;FNO,

423.1891; found 423.1895.

N-(2-(3'-Fluoro-5-hydroxy-3-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)acetamide.

The compound was synthesized following the procedure used for the synthesis of 2.25: 'H
NMR (500 MHz, Chloroform-d) 6 7.09 — 6.93 (m, 2H), 6.84 (d,J =2.5 Hz, 1H), 6.77 (d,J = 2.1
Hz, 1H),6.74 (d,J =24 Hz, 1H),6.56 (dd,J =7.5,2.2 Hz, 1H), 6.52 (d,J =2.5 Hz, 1H), 5.71 —
5.67 (m, 1H), 5.17 (d,J =4.1 Hz,2H),3.49 (d,J = 3.2 Hz, 3H), 3.29 (q,J = 6.5 Hz, 2H), 2.75

(dt,J =99, 6.8 Hz, 2H), 1.38 (s, 3H). "C NMR (126 MHz, CDCl,) 6 169.02, 161.94, 160.41,
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142.29, 135.38, 128.36, 123.85, 118.34, 115.20, 113.07, 108.75, 99.63, 93.57, 55.59, 39.52,
28.67, 21.96. HRMS (ESI+), m/z [M+Na'] calculated for C,,H,,)FNO,Na 356.1274; found

356.1241.

OH H
N
MeO, o W]/
v 0
HO T O O
HO
F

N-(2-(5-(((3R 4S,5R)-3 4-Dihydroxy-5-methoxy-6,6-dimethyltetrahydro-2H-pyran-2-
yloxy)-3'-fluoro-3-hydroxy-[1,1'-biphenyl]-2-yl)ethyl)acetamide (2.32).

The compound was synthesized following the procedure used for the synthesis of 2.27 using
phenol  N-(2-(3'-fluoro-5-hydroxy-3-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)acetamide.
Addition of a slight excess of boron trifluoride diethyl etherate (~0.02mL) resulted in coupling of
the activated sugar 2.26 and subsequent removal of the methoxymethyl protecting group® to
produce the prodcut as a white solid: 'H NMR (500 MHz, Methylene Chloride-d2) & 7.40 — 7.31
(m, 1H), 7.05 (ddddd,J=9.0,7.9,3.7,2.6,1.2 Hz, 2H), 6.96 (ddd,J =9.7,2.6, 1.6 Hz, 1H), 6.38
(d,J=25Hz, 1H), 630 (d,J =24 Hz,1H), 546 (d,J =2.5 Hz, 1H), 4.11 (dd,J =9.0, 3.5 Hz,
1H), 4.04 (dd,J =3.5,24 Hz, 1H), 3.54 (s, 3H), 3.35 (p,J = 1.7 Hz, 1H), 3.28 (d,J = 9.0 Hz,
1H), 2.67 — 2.61 (m, 2H), 1.88 (s, 3H), 1.35 (s, 3H), 1.33 (s, 3H), "C NMR (126 MHz, CD,Cl,)
0 170.94, 162.62, 155.96, 15495, 143.21, 142.14, 128.92, 124.14, 115.61, 115.08, 112.93,
108.46, 102.21, 97.09, 77.38, 70.39, 67.66, 60.76, 39.64, 27.69, 22.89, 21.99, 21.77, HRMS

(ESI+), m/z [M+Na'] calculated for C,,H;,FNO,Na 486.1904; found 486.1884.
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CHO

BnO OH
OH

4-(Benzyloxy)-2,3-dihydroxybenzaldehyde.

A solution of 2,3 4-trihydroxybenzaldehyde (5g, 32.5mmol) and NaHCO; (5.45g, 64.9
mmol) in anhydrous acetonitrile (320mL) was heated at reflux. BnBr (6.9mL, 58.4 mmol) was
added over 10 minutes. After 16 h the reaction was cooled to rt, quenched by the addition of
water (50ml), extracted with EtOAc (3 x 50mL), washed with saturated aqueous NaCl solution,
dried (Na,SO,), filtered and concentrated. The residue was purified by column chromatography
(Si0,, 10:1, DCM: MeOH) to afford the product as a light brown solid (1.5 g, 6.2 mmol): 'H
NMR (500 MHz, DMSO-d6) 6 10.38 (s, 1H), 9.97 (s, 1H), 8.93 (s, 1H), 7.51 — 7.47 (m, 2H),
741-737 (m,2H),7.33(d,J=7.3Hz,1H),7.18 (d,J = 8.8 Hz, 1H), 6.76 (d, J = 8.8 Hz, 1H),
5.25 (s, 2H). "C NMR (126 MHz, DMSO) & 192.45, 152.91, 150.23, 136.60, 133.88, 128.36,
127.87, 127.59, 122.14, 116.97, 105.46, 69.82. HRMS (ESI+) m/z: [M - H'] calculated for

C4,H,:N,0, 243.0657; found 243.0667.

CHO

BnO OH
OMOM

4-(Benzyloxy)-2-hydroxy-3-(methoxymethoxy)benzaldehyde (2.34).

A solution of 4-(benzyloxy)-2,3-dihydroxybenzaldehyde (0.45 g, 1.85 mmol) and DIPEA
(0.71mL, 0.74 mmol) in anhydrous DCM (18mL) was stirred at 0 °C. MOMCI (0.84 mL, 11.1
mmol) was added drop wise after 10 minutes. After 16 h the reaction was quenched by the
addition of water (SmL), extracted with DCM (3 x 10mL), dried (Na,SO,), filtered and

concentrated. The residue was purified by column chromatography (Si0,, 8:1, Hex:EtOAc) to
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afford 23 as a light yellow solid (0.40 g, 1.38 mmol): 'H NMR (400 MHz, Chloroform-d) &
11.29 (s, 1H), 9.77 (s, 1H), 7.52 — 748 (m, 1H), 742 —7.28 (m, 5SH), 6.79 (d,J = 8.8 Hz, 1H),

5.22 (s,2H),5.13 (s, 2H), 3.45 (s, 3H).

CHO

BnO OTf
OMOM

3-(Benzyloxy)-6-formyl-2-(methoxymethoxy)phenyl trifluoromethanesulfonate.

The compound was synthesized following the procedure used for the synthesis of 2.22: 'H
NMR (500 MHz, Chloroform-d) 6 10.00 (s, 1H), 7.62 (d, J = 8.7 Hz, 1H), 7.37 — 7.24 (m, 5H),
7.02 (dd, J = 8.9, 0.5 Hz, 1H), 5.18 (s, 2H), 5.13 (s, 2H), 3.48 (s, 3H). "C NMR (126 MHz,
CDCly) & 19493, 157.81, 144.06, 138.45, 134.80, 130.51, 128.89, 128.73, 128.36, 127.63,

126.46, 112.58, 105.34,98.76,71.64, 58 .06.

I CHO
BnO “l;
MOMO

E
5-(Benzyloxy)-3'-fluoro-6-(methoxymethoxy)-[1,1'-biphenyl]-2-carbaldehyde.

The compound was synthesized following the procedure used for the synthesis of 2.23: 'H
NMR (500 MHz, Chloroform-d) 8 9.55 (s, 1H), 7.76 (d, J = 8.7 Hz, 1H), 7.39 — 7.27 (m, 6H),
7.26 —7.19 (m, 2H), 7.08 — 7.04 (m, 2H), 5.15 (s, 2H), 4.83 (s, 2H), 2.82 (s, 3H). "C NMR (126
MHz, CDCl;) 6 190.84, 163.26, 156.34, 135.63, 133.76, 129.67, 129.41, 128.79, 128 45, 128.14,
127.47,127.03, 125.16, 123.64, 118.16, 114.86, 112.97,98.61, 70.93, 56.76. HRMS (ESI+) m/z:

[M + H'] calculated for C,,H,,FO,367.1404; found 367.1401.
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! % NO,
BnO
MOMO

E
(E)-3-(Benzyloxy)-3'-fluoro-2-(methoxymethoxy)-6-(2-nitrovinyl)-1,1'-biphenyl.
The compound was synthesized following the procedure used for the synthesis of (E)-5-
(benzyloxy)-3'-fluoro-4-methyl-2-(2-nitrovinyl)-1,1'-biphenyl: 'H NMR (400 MHz,
Chloroform-d) 6 7.84 (d,J = 8.7 Hz, 1H), 7.73 (d,J = 13.6 Hz, 1H), 7.48 — 7.33 (m, 5SH), 7.19 —

7.11 (m, 1H),7.11 - 7.03 (m, 2H), 5.22 (s, 2H), 4 .91 (s, 2H), 2.90 (s, 3H).

O NH,
BnO
MOMO

F
2-(5-(Benzyloxy)-3'-fluoro-6-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethanamine.
The compound was synthesized following the procedure used for the synthesis of 2.24: 'H
NMR (400 MHz, Chloroform-d) 6 7.43 — 7.29 (m, 6H), 7.06 — 6.96 (m, 4H), 6.93 (d,J = 8.4 Hz,
1H), 5.07 (s, 4H), 4.86 (s, 2H), 2.85 (s, 3H), 2.79 — 2.63 (m, 4H). HRMS (ESI+) m/z: [M + H']

calculated for C,;H,,FNO, 382.1662; found 382.1676.

l NHAc
BnO
MOMO

E
N-(2-(5-(Benzyloxy)-3'-fluoro-6-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)acetamide.
The compound was synthesized following the procedure used for the synthesis of N-(2-(5-

(benzyloxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-yl)ethyl)acetamide: 'H NMR (500 MHz,

Chloroform-d) 6 7.38 — 7.24 (m, 6H), 7.00 — 6.88 (m, 6H), 5.24 (t,J = 5.8 Hz, 1H), 5.04 (s, 2H),
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481 (s,2H), 3.15(tdd,J =7.0,5.7, 3.7 Hz, 2H), 2.80 (s, 3H), 2.51 (t,J = 7.2 Hz, 2H), 1.80 (s,
3H). "C NMR (126 MHz, CDCl;) & 168.85, 160.45, 149.09, 142.85, 138.19, 135.68, 129.01,
128.51, 128.44, 127.56, 127.00, 126.34, 125.14, 124.16, 116.31, 112.93, 112.50, 97.60, 69.76,
55.54,39.21, 31.36, 22.25. HRMS (ESI+) m/z: [M + H'] calculated for C,sH,,FNO, 423.1891;

found 423.1886.

NHAc

HO
MOMO

F
N-(2-(3'-Fluoro-5-hydroxy-6-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)acetamide.
The compound was synthesized following the procedure used for the synthesis of 2.25: 'H

NMR (500 MHz, Chloroform-d) & 7.33 (td, J = 8.0, 6.0 Hz, 1H), 7.03 — 6.79 (m, 5H), 5.27 (s,

1H), 4.60 (s, 2H), 3.35 (s, 3H), 3.18 — 3.10 (m, 2H), 2.48 (t,J = 7.2 Hz, 2H), 1.81 (s, 3H). °C

NMR (126 MHz, CDCl;) & 168.93, 160.56, 146.67, 142.23, 137.91, 133.79, 128.86, 127.78,

125.36, 124.57, 11590, 115.44, 113.22, 98.69, 56.15, 39.30, 31.28, 22.23. HRMS (ESI+), m/z

[M+Na"] calculated for C,;H,,FNO,Na 356.1274; found 356.1258.

Meo\g o x NHAc
|
HO™ :/ko 7
OH OH
F -
N-(2-(5-(((3R 4S,5R)-3 4-Dihydroxy-5-methoxy-6,6-dimethyltetrahydro-2H-pyran-2-
yloxy)-3'-fluoro-3-hydroxy-[1,1'-biphenyl]-2-yl)ethyl)acetamide (2.34).

The compound was synthesized following the procedure used for the synthesis of 2.27 using

phenol N-(2-(3'-fluoro-5-hydroxy-6-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)acetamide.
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Addition of a slight excess of boron trifluoride diethyl ethrate (~0.02mL) resulted in coupling of
the activated sugar 2.26 and subsequent removal of the methoxymethyl protecting group to
produce the prodcut as a white solid: 'H NMR (500 MHz, Methylene Chloride-d2) 8 7.04 (d,J =
8.4 Hz, 1H), 7.00 — 6.80 (m, 3H), 6.65 (dd, J = 8.5, 3.6 Hz, 1H), 6.50 (s, 1H), 5.46 — 5.34 (m,
1H), 4.14 (dd, J =6.5,3.5 Hz, 1H), 3.95 (t,J = 4.1 Hz, 1H), 342 (s,3H),3.14 (dd,/=6.9,5.2
Hz, 1H), 3.09 (q, J = 6.8 Hz, 2H), 2.45 (t, J = 7.3 Hz, 2H), 1.74 (s, 3H), 1.34 (s, 3H), 1.17 (s,
3H). "C NMR (126 MHz, CD,Cl,) 8 170.51, 162.04, 144.87, 143.76, 139.28, 132.66, 130.23,
128.52, 126.40, 120.84, 117.37, 11431, 100.15, 83.82, 78.74, 70.35, 69.47, 61 .05, 40.66, 32.79,
24.54, 23.33. HRMS (ESI+), m/z [M+Na'] calculated for C,,H,;FNO,Na 486.1904; found

486.1902.

CHO
Bn0/©:OH
NO,

4-(Benzyloxy)-2-hydroxy-3-nitrobenzaldehyde (2.37).

24-Dihydroxy-3-nitrobenzaldehyde (0.22g, 1.2mmol)" was dissolved in anhydrous
acetonitrile (6mL). KI catalyst (0.004g, 0.024mmol) was added and BnBr was added dropwise
(0.18mL, 1.56 mmol). The reaction was stirred on at reflux. The reaction was then cool to rt and
quenched with water. The mixture was washed with HCI and brine and extracted with EtOAc (3
x 20mL). The organic layers were combined, dried, and concentrated to obtain 2.37 as a yellow
solid in 75% yield: 'H NMR (500 MHz, Chloroform-d) & 11.75 (s, 1H), 9.80 (s, 1H), 7.60 (d, J
= 8.8 Hz, 1H), 7.42 — 7.35 (m, 5H), 6.70 (d, J = 8.8 Hz, 1H), 5.29 (s, 2H). "C NMR (126 MHz,

CDCly) & 194.27, 156.58, 155.00, 136.36, 134.34, 128.90, 128.71, 127.00, 115.77, 104.97,

71.53.
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CHO

BnO

F
5-(Benzyloxy)-3'-fluoro-6-nitro-[1,1'-biphenyl]-2-carbaldehyde.

The compound was synthesized following the procedure used for the synthesis of 2.23: 'H
NMR (500 MHz, Chloroform-d) 6 12.72 (s, 1H), 7.63 (d, J = 9.1 Hz, 1H), 7.54 — 7.46 (m, 1H),
741 —7.29 (m, 8H), 6.57 (d, J = 9.1 Hz, 1H), 5.27 (s, 2H). "C NMR (126 MHz, CDCL,) 6
205.99, 197.26, 162.38, 160.40, 155.63, 154.99, 137.79, 135.02, 133.47, 129.43, 127.86, 127.63,

125.95,123.67,118.32,115.03, 112.80, 102.91, 70.36.

! = NO,
BnO

E

(E)-3-(Benzyloxy)-3'-fluoro-2-nitro-6-(2-nitrovinyl)-1,1'-biphenyl.

The compound was synthesized following the procedure used for the synthesis of (E)-5-
(benzyloxy)-3'-fluoro-4-methyl-2-(2-nitrovinyl)-1,1'-biphenyl: 'H NMR (500 MHz,
Chloroform-d) 6 7.69 (d,J =9.0 Hz, 1H),7.61 (d,J = 13.7 Hz, 1H), 7.42 — 7.34 (m, 7H), 7.31 (d,
J=13.6 Hz, 1H),7.17 (d,J =89 Hz, 1H),7.03 (ddd,J =7.6,1.6, 1.0 Hz, 1H), 6.98 (ddd,J = 8.9,
2.6, 1.6 Hz, 1H), 5.30 (s, 2H). "C NMR (126 MHz, CDCl,) & 163.50, 161.52, 151.73, 137.67,
135.15,134.51, 130.84, 129.90, 128.95, 128.74, 127.10, 125.26, 122.28, 116.93, 116.60, 114.06,

71.46.

O NH»
BnO
NH,

F
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6-(2-Aminoethyl)-3-(benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-amine.

Lithium Aluminum Hydride (0.22 g, 5.51 mmol) was dissolved in dry THF (10 mL) and
cooled to 0°C. (E)-3-(benzyloxy)-3'-fluoro-2-nitro-6-(2-nitrovinyl)-1,1'-biphenyl (0.5g,
1.377mmol) was dissolved in anhydrous THF (2.0 mL) and added drop wise to the reaction. The
reaction slowly warmed to rt and stirred for 12 h. Upon completion, 3N NaOH (1mL), water
(ImL), and EtOAc (3mL) were added sequentially to quench the reaction. After stirring for one
h the mixture was filtered through a pad of Celite. The solid was washed with warm EtOAc
(100mL). The filtrate was collected, dried, and concentrated and used directly in the next step:

HRMS (ESI+), m/z [M+H"] calculated for C,,H,,FN,O 337.1716; found 337.1729.

l NHAc
BnO
NH,

E

N-(2-(6-Amino-5-(benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)acetamide.

The compound was synthesized following the procedure used for the synthesis of N-(2-(5-
(benzyloxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-yl)ethyl)acetamide: 'H NMR (500 MHz,
Chloroform-d) 6 7.49 — 7.31 (m, 6H), 7.14 — 6.95 (m, 3H), 6.85 (d,J = 8.3 Hz, 1H),6.63 (d,J =
8.3 Hz, 1H), 5.20 (s, 1H), 5.11 (s, 2H), 3.24 — 3.19 (m, 2H), 2.54 — 2.45 (m, 2H), 1.88 (s, 3H).
"C NMR (126 MHz, CDCl,) 6 168.73, 161.24, 146.86, 138.69, 134.41, 133.37, 130.60, 129.31,
128.32, 127.71, 127.05, 126.58, 126.08, 124.73, 117.08, 115.90, 113.76, 112.68, 110.02, 70.07,
39.08, 31.53, 22.32. HRMS (ESI+), m/z [M+H"] calculated for C,;H,,FN,0O, 378.1781; found

378.1785.
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l NHAc
HO
NH,

F

N-(2-(6-Amino-3'-fluoro-5-hydroxy-[1,1'-biphenyl]-2-yl)ethyl)acetamide.

The compound was synthesized following the procedure used for the synthesis of 2.25: 'H
NMR (500 MHz, Chloroform-d) 6 7.51 (ddd,J=8.4,7.5,59 Hz, 1H),7.18 (tdd,J =8.4,2.6,1.0
Hz, 1H), 7.11 (d,J = 8.4 Hz, 1H), 7.06 (d,J = 8.4 Hz, 1H), 7.00 (ddd, J =7.5, 1.6, 1.0 Hz, 1H),
6.96 — 692 (m, 2H), 6.74 (s, 1H), 5.33 (d,J = 6.6 Hz, 1H),3.22 (qd,J =74, 6.0 Hz, 2H), 2.54 -
2.46 (m, 2H), 2.25 (d, J = 0.7 Hz, 2H), 1.89 (s, 3H). "C NMR (126 MHz, CDCl;) & 170.05,
162.27,138.63,136.41, 133.89, 131.41, 128.97, 126 .46, 125.49, 123.92, 120.32, 116 .96, 115.90,
40.31, 32.20, 23.64. HRMS (ESI+), m/z [M+H"] calculated for C,;H;;FN,O, 288.1381; found

288.1385.

N-(2-(6-Amino-5-(((3R 4S,5R)-3 4-dihydroxy-5-methoxy-6,6-dimethyltetrahydro-2H-
pyran-2-yl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)acetamide (2.38).

The compound was synthesized following the procedure used for the synthesis of 2.27 to
obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) & 7.45 (tdd,J =7.7,5.8,
1.7 Hz, 1H), 7.14 — 7.05 (m, 1H), 7.04 - 6.91 (m, 2H), 6.63 (d,J = 8.3 Hz, 1H), 547 (t,J =25
Hz, 1H), 535 - 5.27 (m, 1H), 4.22 (dd, J = 84, 3.2 Hz, 1H), 4.17 (t, J = 3.2 Hz, 1H), 3.58 (s,
3H),3.33 (d,J = 8.4 Hz, 1H), 3.22 (dd, J = 8.3, 4.8 Hz, 2H), 2.48 (t,J = 7.1 Hz, 2H), 1.89 (s,

3H), 1.26 (d,J = 10.5 Hz, 6H). "C NMR (126 MHz, CDCl,) & 169.74, 143.09, 139.42, 134.30,
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130.85, 130.38, 125.68, 118.50, 117.00, 114.76, 114.06, 98.62,78.16,70.91, 68.65, 61.50, 39.98,
32.50, 29.59, 28.40, 23.23. HRMS (ESI+), m/z [M+Na'] calculated for C,,H,; FN,O,Na

485.2064, found 485.2070.

N-(2-(5-((4-(Benzyloxy)cyclohexyl)oxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.39a).

The compound was synthesized following the procedure used for the synthesis of 2.4 using
phenol 2.25 to obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) 6 7.39 —
7.32 (m, 5H), 7.08 — 7.02 (m, 2H), 6.99 (ddd,J=9.5,2.6, 1.5 Hz, 1H), 6.91 — 6.80 (m, 2H), 6.67
(dd,J=15.7,7.1 Hz, 1H),5.29 — 5.23 (m, 1H), 4.56 (dd,J=11.6, 1.6 Hz, 2H), 4.36 (dd, J = 6.0,
3.0 Hz, 1H), 3.53 — 3.44 (m, 1H), 3.30 — 3.24 (m, 2H), 2.70 (dt, J = 9.7, 7.1 Hz, 2H), 2.23 (s,
3H),2.10 — 1.99 (m, 2H), 1.87 (s, 3H), 1.79 — 1.71 (m, 2H), 1.68 — 1.54 (m, 4H). "C NMR (126
MHz, CDCl;) 6 168.82, 162.45, 155.80, 153.00, 142.86, 142.08, 138.02, 134.06, 131.17, 130.83,
130.24,127.43,124.01,119.42,115.31,113.01, 109.02, 63.52, 54.26,39.61, 31.31, 30.74, 2227,
19.04, 15.08. HRMS (ESI+), m/z [M+Na'] calculated for C,H,,FNO,Na 498.2420; found

498.2414.
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N-(2-(3'-Fluoro-5-((4-((2-methoxybenzyl)oxy)cyclohexyl)oxy)-4-methyl-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.39b).

The compound was synthesized following the procedure used for the synthesis of 2.39a to
obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.40 — 7.32 (m, 3H),
7.13 —7.03 (m, 5H), 6.86 (ddd, J = 8.0, 2.7, 1.1 Hz, 1H), 6.70 - 6.63 (m, 1H), 529 (d,J =5.6
Hz, 1H), 459 (d, J = 10.5 Hz, 2H), 439 — 434 (m, 1H), 434 - 424 (m, 1H, minor
diasteriomer), 3.83 (d, J = 2.5 Hz, 3H), 3.57 — 3.46 (m, 1H), 3.31 — 3.23 (m, 2H), 2.70 (t,/=7.3
Hz,2H),2.31 (s,3H),2.11 - 1.99 (m, 2H), 1.88 (d, /= 16.7 Hz,3H), 1.81 — 1.70 (m, 2H), 1.71 —
1.53 (m, 4H). "C NMR (126 MHz, CDCl;) 8 168.79, 162.45, 160.49, 152.94, 142.88, 137.95,
134.38, 134.06, 131.19, 130.83, 130.24, 128.78, 127.33, 126.75, 126 .48, 126.40, 124.01, 123 .98,
115.30, 115.14, 112.99, 68.78, 39.60, 30.74, 26.77, 26.38, 22.28, 19.05, 15.14. HRMS (ESI+),

m/z [M+Na'] calculated for C,;H,;,FNO,Na 528.2526; found 528.2534.
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N-(2-(3'-Fluoro-4-methyl-5-((4-((2-methylbenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.39c¢).

The compound was synthesized following the procedure used for the synthesis of 2.39a to
obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.29 (dddd, J = 13.5,
8.2,6.5,2.7Hz,2H),7.14 - 707 (m, 3H),6.99 (td,J=4.2,3.4,1.6 Hz, 3H), 6.92 (ddd, J = 9.7,
26,1.6 Hz, 1H), 6.59 (d,J = 64 Hz, 1H), 523 (t,J = 5.7 Hz, 1H), 446 (d, J = 11.1 Hz, 2H),
4.30 (dt,J=6.0,29 Hz, 1H),4.22 (dt,J =8.2,4.8 Hz, 1H), 3.44 (dtt,J =23.4,7.9,3.6 Hz, 1H),
320 (td,J =7.2,59 Hz, 2H), 2.62 (t,J = 7.2 Hz, 2H), 2.27 (d, J = 9.0 Hz, 3H), 2.17 (dd, J =
11.8, 0.7 Hz, 3H), 2.06 — 1.92 (m, 2H), 1.79 (s, 3H), 1.74 — 1.66 (m, 2H), 1.64 — 1.54 (m,
4H).”C NMR (126 MHz, CDCl;) & 169.86, 163.50, 161.54, 153.99, 144.00, 139.09, 136.73,
132.24, 130.22, 128.46, 127.69, 125.82, 125.03, 116.35, 114.06, 75.20, 74.49, 72.36, 6845,
40.66, 31.79, 27.86, 27.43, 23.32, 18.90, 16.18. HRMS (ESI+), m/z [M+Na'] calculated for

C,,H,.,FNO,Na 528.2526; found 528.2504.

Br
N-(2-(5-((4-((4-Bromobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.39d).
The compound was synthesized following the procedure used for the synthesis of 2.39a to

obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.49 — 7.44 (m, 2H),
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741 —7.30 (m, 2H), 7.23 (dd, J = 12.4, 84 Hz, 2H), 7.09 — 7.03 (m, 3H), 6.67 (d, J = 9.5 Hz,
1H), 531 — 5.23 (m, 1H), 4.51 (s, 2H), 4.36 (dt, / = 6.0, 3.0 Hz, 1H), 347 (dq, J =8.0,4.3,3.8
Hz, 1H),3.27 (td,J=7.2,5.8 Hz, 2H), 2.71 (dd, J = 9.6, 7.2 Hz, 2H), 2.26 (s, 3H), 2.02 (td, J =
11.9, 5.7 Hz, 2H), 1.87 (s, 3H), 1.73 (ddd, J = 13.9, 7.0, 3.8 Hz, 2H), 1.67 — 1.54 (m, 4H). °C
NMR (126 MHz, CDCl;) & 169.95, 161.68, 154.09, 144.04, 139.23, 138.18, 132.39, 131.60,
12997, 129.28, 12791, 127.73, 127.53, 125.18, 121.38, 11648, 114.63, 114.18, 113.98, 7242,
69.52, 56.14, 40.79, 36.05, 31.94, 29.86, 29.48, 28.20, 27.54, 23.46, 16.32. HRMS (ESI+), m/z

[M+Na'] calculated for C;,H,;BrFNO;Na 576.1526; found 576.1499.

Cl

N-(2-(5-((4-((4-Chlorobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.39e).

The compound was synthesized following the procedure used for the synthesis of 2.39a to
obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.41 — 7.35 (m, 1H),
7.34 - 7.29 (m, 3H), 7.10 — 7.03 (m, 3H), 6.66 (d, J = 6.3 Hz, 1H), 5.33 — 5.28 (m, 1H), 4.52 (s,
1H), 4.37 (dt,J = 6.0,3.0 Hz, 1H), 3.49 — 3.44 (m, 1H), 3.31 — 3.24 (m, 2H), 2.70 (t,J = 7.2 Hz,
2H),2.26 (d,J=0.7 Hz,3H), 2.12 - 1.99 (m, 2H), 1.87 (s, 3H), 1.77 - 1.70 (m, 4H), 1.68 — 1.58
(m, 2H). "C NMR (126 MHz, CDCl;) 8 170.00, 161.66, 154.08, 144.09, 139.23, 137.64, 135.55,

133.25,132.38,131.41, 129.96, 128.94, 128.87, 128.64, 127.89, 127.51, 125.15, 11647, 116.30,
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114.63, 114.17, 113.97, 75.30, 72.40, 69.22, 40.80, 32.49, 31.92, 28.20, 27.93, 27.53, 2343,
20.22, 16.31. HRMS (ESI+), m/z [M+Na'] calculated for C;,H;;CIFNO,Na 532.2031; found

532.2019.

N-(2-(5-((4-(Benzyloxy)cyclohexyl)oxy)-3'-fluoro-3-methoxy-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.40a).

The compound was synthesized following the procedure used for the synthesis of 2.4 using
phenol N-(2-(3'-fluoro-5-hydroxy-3-methoxy-[1,1'-biphenyl]-2-yl)ethyl)acetamide to obtain
the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.41 — 7.32 (m, 5H), 7.30 —
7.27 (m, 1H), 7.08 — 7.04 (m, 1H), 6.99 (ddt, J = 8.1, 3.1, 1.5 Hz, 1H), 6.50 (t,J = 2.9 Hz, 1H),
6.34 (t,J =2.8 Hz, 1H), 5.87 (s, 1H),5.74 (s, 1H), 4.56 (d,J = 1.8 Hz, 2H),4.42 (dq,J =6.5,3.3
Hz, 1H), 3.79 (d,J = 1.9 Hz, 3H), 3.55 (dt, J = 6.7, 3.5 Hz, 1H), 3.28 (qd, J = 6.0, 5.4, 3.1 Hz,
2H),2.75 - 2.64 (m, 2H),2.21 — 2.15 (m, 2H), 2.11 — 2.01 (m, 2H), 1.94 — 1.88 (m, 2H), 1.85 (d,
J =49 Hz, 3H), 1.78 (tq, J = 12.6, 4.6, 4.1 Hz, 2H). "C NMR (126 MHz, CDCl;) & 169.94,
163.43,161.46,156.41, 143.82, 138.85, 129.79, 128.40, 127.52, 124.85, 118.92, 116.19, 116 .02,
114.23, 114.06, 106.09, 100.02, 73.99, 73.57, 69.90, 55.43, 40.78, 28.33, 27.69, 27.58, 25 .81,

23.23. HRMS (ESI+), m/z [M+Na'] calculated for C;,H;;FNO,H 492.2550; found 492.2543.
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N-(2-(3'-Fluoro-3-methoxy-5-((4-((2-methoxybenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-
2-ylethyl)acetamide (2.40b).

The compound was synthesized following the procedure used for the synthesis of 2.40a to
obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.45 — 7.41 (m, 1H),
7.37 (td, J = 8.0, 59 Hz, 1H), 7.24 — 7.23 (m, 1H), 7.08 — 7.03 (m, 1H), 7.00 — 6.93 (m, 2H),
6.87 (ddd,J=8.2,3.5,1.0 Hz, 1H), 6.50 (d,J =2.5 Hz, 1H),6.34 (t,J =24 Hz, 1H),5.84 (t,] =
49 Hz, 1H),5.69 (q,J=5.2,45Hz,1H),4.59 (d,J =3.3 Hz, 2H),4 .41 (tt,] = 8.9,4.5 Hz, 1H),
3.81(d,J=213Hz,6H),3.57 (td,J =59,4.8,2.6 Hz, 1H),3.27 (td, ] = 6.6, 4.8 Hz, 2H), 2.70
(dt,J =15.2,6.7Hz,2H),2.19 (ddd,J = 14.7,6.0,3.3 Hz, 1H), 2.13 - 2.00 (m, 1H), 1.94 (dt,J =
11.9, 7.7 Hz, 1H), 1.84 (s, 3H), 1.77 (ddt, J = 18.3, 9.1, 2.6 Hz, 2H), 1.66 — 1.56 (m, 2H). "°C
NMR (126 MHz, CDCl;) & 169.96, 163.56, 161.60, 158.58, 156.59, 143.97, 143.56, 129.90,
128.61, 127.44, 125.00, 120.61, 119.15, 116.33, 114.18, 110.23, 106.20, 100.16, 73.91, 64.76,
55.56, 5544, 40.93, 29.85, 28.52, 2791, 27.74, 2593, 23.43. HRMS (ESI+), m/z [M+Na']

calculated for C;H;,FNOsNa 544.2475, found 544.2455.
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N-(2-(3'-Fluoro-3-methoxy-5-((4-((2-methylbenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.40c).

The compound was synthesized following the procedure used for the synthesis of 2.40a to
obtain the product as a white solid: '"H-NMR (500 MHz, Chloroform-d) & 6.43 (d, J = 2.7 Hz,
1H),6.26 (t,J =23 Hz, 1H),5.77 (t,] =4.9 Hz, 1H), 5.64 (d,J =5.1 Hz, 1H), 4.46 (s, 2H), 4.38
—-4.29 (m, 1H),3.71 (d,J=1.6 Hz,3H),3.48 (dt,J =7.5,3.7 Hz, 1H), 3.23 — 3.16 (m, 2H), 2.63
(q,J =64 Hz, 2H), 2.28 (d,J = 1.6 Hz, 3H), 2.15 - 2.10 (m, 1H), 2.05 — 1.96 (m, 1H), 1.90 —
1.81 (m, 1H), 1.77 (d,J = 10.1 Hz, 3H), 1.74 — 1.64 (m, 2H), 1.63 — 1.48 (m, 1H). "C NMR (126
MHz, CDCl;) 6 168.82, 162.37,160.41, 157 .40, 155.36, 142.36, 135.53, 129.19, 128.73, 127.38,
126.70, 124.78,123.81,117.89, 115.14, 113.16, 105.01, 98.95, 74.30, 73.25, 72 .43, 67 .46, 54 .38,
39.65, 27.24, 26.63, 26.58, 24.81, 22.22, 17.84, 16.68, 11.25. HRMS (ESI+), m/z [M+Na']

calculated for C;H;,FNO,Na 528.2526, found 528.2532.

Br
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N-(2-(5-((4-((4-Bromobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-3-methoxy-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.40d).

The compound was synthesized following the procedure used for the synthesis of 2.40a to
obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.50 — 7.45 (m, 2H),
7.37 (td,J =79, 6.0 Hz, 1H), 723 (dd,J =8.5,2.0 Hz, 1H), 7.06 (tdd,J =7.4,2.8, 1.9 Hz, 2H),
701 - 6.96 (m, 1H), 6.49 (t,J =29 Hz, 1H), 6.33 (t,J = 2.7 Hz, 1H), 5.74 (s, 1H), 5.62 (s, 1H),
450 (s,2H),4.41 (dtd,J =14.2,7.7,7.2,34 Hz, 1H), 3.79 (d,J = 1.8 Hz, 3H), 3.53 (dt,J = 7.2,
3.7 Hz, 1H), 3.30 — 3.23 (m, 2H), 2.70 (dt, J = 18.8, 6.7 Hz, 2H), 2.21 — 2.14 (m, 2H), 2.05 (ddd,
J=14.8,75,34Hz,2H), 1.90 — 1.85 (m, 2H), 1.84 (s, 3H), 1.82 — 1.73 (m, 2H), 1.67 — 1.60 (m,
1H). C NMR (126 MHz, CDCl,) 6 168.70, 162.39, 160.42, 155.36, 142.73, 142.37, 136.85,
130.44, 128.68, 128.10, 123.80, 120.26, 117.87, 115.16, 114.99, 113.19, 113.02, 105.01, 98.96,
68.12, 54.39, 39.60, 28.67, 26.60, 26.53, 24.83, 22.27. HRMS (ESI+), m/z [M+Na'] calculated

for C;,H;;BrFNO,Na 592.1475; found 592.1473.

cl
N-(2-(5-((4-((4-Chlorobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-3-methoxy-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.40e).
The compound was synthesized following the procedure used for the synthesis of 2.40a to

obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) 6 7.33 — 7.28 (m, 1H),
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7.27-7.22 (m,3H),7.01 —6.96 (m, 2H), 6.94 — 6.89 (m, 1H), 6.43 (t,J = 2.8 Hz, 1H), 6.27 (t,J
=2.8 Hz, 1H), 5.74 (s, 1H), 5.63 (s, 1H), 4.45 (s, 2H), 4.34 (ddq,J = 14.7,7.6,3.7,3.3 Hz, 1H),
372 (,J=1.7Hz,3H),3.46 (dt,J =7.2,3.7 Hz, 1H), 3.23 — 3.17 (m, 2H), 2.63 (dt, J = 18.6,
6.7 Hz, 2H), 2.10 (ddd,J =10.4,8.0,3.9 Hz, 1H),2.03 — 1.93 (m, 1H), 1.86 — 1.80 (m, 1H), 1.78
(s, 3H), 1.70 (dddt, J = 15.7, 12.3, 8.4, 3.5 Hz, 2H), 1.61 — 1.47 (m, 1H). "C NMR (126 MHz,
CDCly) & 170.01, 163.56, 161.60, 156.53, 143.95, 143.54, 137.50, 133.33, 129.94, 128.95,
128.92, 128.67, 12498, 119.00, 116.32, 116.15, 114.37, 114.20, 106.20, 100.15, 73.54, 69.28,
55.56, 40.82, 28.39, 27.78, 25.99, 23.39. HRMS (ESI+), m/z [M+Na'] calculated for

C,H,,CIFNO,Na 548.1980; found 548.1996.

N-(2-(5-((4-(Benzyloxy)cyclohexyl)oxy)-3'-fluoro-3-hydroxy-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.41a).

The compound was synthesized following the procedure used for the synthesis of 2.4 using
phenol N-(2-(3'-fluoro-5-hydroxy-3-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)acetamide
to obtain the coupled product in 75% yield (0.lmmol), which was then dissolved in MeOH
(5mL) and PTSA (0.017g, 0.1mmol) was added. After 12 hr the reaction was quenched via
addition of sat. NH,Cl (1mL), and then extracted with EtOAc (3 x 7mL). The organic layers
were combined, dried, and concentrated. The product was purified by column chromatography
(Silica gel, 50% MeOH in DCM) to give 2.41a as a white solid in 55% yield: 'H-NMR (500

MHz, Chloroform-d) 6 7.38 — 7.31 (m, 4H), 7.31 — 7.27 (m, 1H), 7.07 — 6.96 (m, 2H), 6.91 (dtd,
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J=85,27,13Hz,1H),646 (d,J =24 Hz, 1H),6.26 (dd,J =3.8,24 Hz, 1H),5.88 (d,]J =5.6
Hz, 1H), 5.83 = 5.79 (m, 1H), 5.74 - 5.69 (m, 1H), 4.56 (d,J = 1.8 Hz, 2H), 4.38 (dtd, ] = 194,
8.0,7.3,3.3 Hz, 1H), 3.55 (dt,J =7.4,3.7 Hz, 1H), 3.29 — 3.20 (m, 2H), 2.67 (dt,J = 17.5, 6.7
Hz,2H),2.17 (dd,J=119,4.3 Hz, 1H), 2.12 - 1.98 (m, 1H), 1.96 — 1.86 (m, 2H), 1.84 (s, 3H),
1.76 (qt,J =9.7,3.7 Hz, 2H), 1.61 (d, J = 16.1 Hz, 2H). "C NMR (126 MHz, CDCl;) & 170.56,
163.78, 156.93, 155.23, 143.88, 139.21, 130.10, 130.04, 128.81, 127.92, 125.17, 118.66, 116 48,
114.56, 114.39, 10947, 100.60, 74.40, 70.63, 70.29, 41.30, 28.76, 28.07, 27.98, 26.05, 23.66.

HRMS (ESI+), m/z [M+Na'] calculated for C,,H;,FNO,Na 500.221; found 500.2192.

N-(2-(3'-Fluoro-3-hydroxy-5-((4-((2-methoxybenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-
2-yhethyl)acetamide (2.41b).

The compound was synthesized following the procedure used for the synthesis of 2.41a to
obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.44 — 7.40 (m, 1H),
7.37 —7.30 (m, 1H), 7.06 — 6.90 (m, 4H), 6.87 (ddd,J =8.2,39, 1.0 Hz, 1H), 647 (d,J =24
Hz, 1H), 6.28 — 6.23 (m, 1H), 5.90 (s, 1H), 5.73 (s, 1H), 4.59 (s, 2H), 4.38 (ddq, J = 152, 7.8,
34 Hz, 1H),3.83 (d,J=4.7 Hz, 3H), 3.56 (dd,J =7.1,3.5 Hz, 1H), 3.33 - 3.18 (m, 2H), 2.69 (t,
J=6.7Hz,2H),2.17 (d,J =5.6 Hz, 1H), 2.12 — 1.99 (m, 2H), 1.97 — 1.88 (m, 1H), 1.84 (d,]J =
6.3 Hz, 3H), 1.82 — 1.71 (m, 2H), 1.65 — 1.51 (m, 2H). "C NMR (126 MHz, CDCl,) 6 170.26,

163.53,157.01, 156.75, 154.86, 143.55, 129.86, 128.69, 128.64, 128.55, 127.41, 124.93, 120.61,
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118.58, 116.24, 116.07, 114.32, 114.15, 110.24, 109.16, 100.32, 74.31, 73.89, 64.78, 55.44,
41.05, 28.56, 27.90, 27.75, 25.80, 23.40, 22.50. HRMS (ESI+), m/z [M+Na'] calculated for

C,,H,,FNO.Na 530.2319; found 530.2319.

N-(2-(3'-Fluoro-3-hydroxy-5-((4-((2-methylbenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.41c).

The compound was synthesized following the procedure used for the synthesis of 2.41a to
obtain the product as a white solid: '"H-NMR (500 MHz, Chloroform-d) & 7.33 (ddd, J = 10.0,
7.3,2.2 Hz,2H),7.18 (dqt,J =6.3,4.0, 1.7 Hz, 3H), 7.06 — 6.95 (m, 2H), 6.91 (ddd,J =9.5, 2.6,
1.5 Hz, 1H), 6.47 (d,J = 2.4 Hz, 1H), 6.25 (d, J = 2.4 Hz, 1H), 591 (s, 1H), 4.54 (s, 2H), 4.40
(dt,J =7.1,3.6 Hz, 1H), 3.55 (dq,J =7.2,3.8,3.3 Hz, 1H), 3.24 (q,J = 6.2 Hz, 2H), 2.68 (t,J =
6.6 Hz, 2H), 2.35 (d, J = 2.0 Hz, 3H), 2.09 — 2.00 (m, 1H), 1.95 — 1.86 (m, 1H), 1.84 (s, 2H),
1.81 — 1.73 (m, 4H), 1.63 (q, J = 10.6 Hz, 2H). "C NMR (126 MHz, CDCl;) 6 170.34, 163.77,
156.92,155.24, 143.87, 136.98, 130.64, 130.12, 128.16, 126.23, 125.20, 118.61, 116 .48, 114.39,
10947, 100.62, 74.70, 73.88, 68.91, 41.30, 28.03, 26.04, 23.64, 22.75, 19.28. HRMS (ESI+),

m/z [M+H"] calculated for C,H,,FNO, 492.2501; found 492.2510.
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Br

N-(2-(5-((4-((4-Bromobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-3-hydroxy-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.41d).

The compound was synthesized following the procedure used for the synthesis of 2.41a to
obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.49 — 7.43 (m, 2H),
7.36 —7.28 (m, 1H), 7.25 - 7.21 (m, 1H), 7.02 (dddd,J = 11.1, 8.5,2.6,0.9 Hz, 1H), 6.96 (ddt, J
=7.6,52,12Hz, 1H), 6.89 (dddd,J =9.5,6.3,2.6, 1.6 Hz, 1H), 646 (d,J =24 Hz, 1H), 6.25
(d,J=24Hz, 1H),6.23 (d,J = 14.1 Hz, 1H), 5.86 (t,J = 5.0 Hz, 1H), 5.73 (t,J = 5.1 Hz, 1H),
4.50 (s, 2H), 442 — 4.30 (m, 1H), 3.52 (dt,J = 7.5, 3.8 Hz, 1H), 3.24 (td,J = 6.7, 4.9 Hz, 2H),
2.66 (dt,J = 16.8, 6.7 Hz, 2H), 2.19 — 2.11 (m, 1H), 2.09 — 1.97 (m, 2H), 1.84 (d, J = 4.4 Hz,
4H), 1.75 (ddt,J = 15.0, 11.8, 7.4 Hz, 2H), 1.65 — 1.51 (m, 2H). "C NMR (126 MHz, CDCL,) &
170.40, 163.52, 156.62, 155.16, 143.57, 137.99, 131.62, 129.84, 129.78, 129.30, 129.27, 124.90,
12146, 118.16, 116.21, 116.04, 114.28, 114.12, 109.27, 10040, 74.44, 73.51, 69.31, 41.05,
28.43, 27.77, 25.78, 23.39. HRMS (ESI+), m/z [M+Na'] calculated for C,,H;BrFNO,Na

578.1318; found 578.1342.
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Cl

N-(2-(5-((4-((4-Chlorobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-3-hydroxy-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.41e).

The compound was synthesized following the procedure used for the synthesis of 2.41a to
obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.35 — 7.27 (m, 4H),
702 (dddd,J=11.1,8.5,2.7,1.0 Hz, 1H), 6.99 — 6.94 (m, 1H), 6.90 (dddd,J =9.6,5.8,2.6,1.5
Hz, 1H), 6.46 (d,J =2.4 Hz, 1H),6.26 (dd,J =3.8,2.4 Hz, 1H),6.03 (d,J = 13.1 Hz, 1H), 5.85
(t,J =5.0 Hz, 1H), 5.71 (t,J = 5.2 Hz, 1H), 4.51 (s, 2H), 442 — 431 (m, 1H), 3.52 (tt,J = 6.9,
3.1 Hz, 1H), 3.24 (td,J = 6.7,5.0 Hz, 2H), 2.71 — 2.63 (m, 2H), 2.18 — 2.12 (m, 1H), 2.03 (tdd, J
=1238,10.5,7.9 Hz, 2H), 1.91 — 1.85 (m, 1H), 1.84 (s, 3H), 1.81 — 1.69 (m, 2H), 1.61 (s, 2H).
"C NMR (126 MHz, CDCl,) 8 169.16, 162.34, 155.46, 153.90, 142.41, 136.29, 132.17, 128.67,
127.78, 12749, 123.72, 117.07, 115.04, 114.87, 113.12, 112.95, 108.06, 99.19, 73.25, 72.34,
68.11, 39.83, 26.60, 24.62, 22.22. HRMS (ESI+), m/z [M+Na'] calculated for C,,H;,CIFNO,Na

534.1823; found 534.1820.
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N-(2-(5-((4-(Benzyloxy)cyclohexyl)oxy)-3'-fluoro-6-hydroxy-[1,1'-biphenyl]-2-
ylethyl)acetamide (2.42a).

The compound was synthesized following the procedure used for the synthesis of 2.42a using
phenol N-(2-(3'-fluoro-5-hydroxy-6-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)acetamide
to obtain the product as a white solid: "H-NMR (500 MHz, Chloroform-d) 6 7.44 — 7.39 (m, 1H),
7.36 — 7.33 (m, 4H), 7.30 — 7.26 (m, 1H), 7.10 — 7.03 (m, 2H), 6.99 (ddd, J = 9.5, 2.6, 1.5 Hz,
1H), 6.86 (d,J = 8.4 Hz, 1H), 6.76 (d,J = 8.4 Hz, 1H), 5.74 (s, 1H), 5.25 (s, 1H), 4.55 (s, 2H),
439 (dq,J =7.2,3.6 Hz, 1H),3.56 (tt,J =6.7,3.3 Hz, 1H),3.24 (q,J = 6.8 Hz, 2H), 2.59 (t,] =
7.2 Hz, 2H), 2.03 (dtd, J = 12.3, 8.4, 3.7 Hz, 2H), 1.88 (s, 5SH), 1.80 (ddt, J = 12.0, 7.7, 3.6 Hz,
2H), 1.71 (tt, J = 12.6, 3.5 Hz, 2H). "C NMR (126 MHz, CDCl,) & 169.93, 163.82, 161.86,
144.19, 143.06, 139.01, 138.70, 130.09, 130.00, 128.53, 127.58, 125.89, 120.40, 117.12, 114 41,
112.75,73.72, 69.97, 40.44, 32.44,27.78, 27.63, 23.48. HRMS (ESI+), m/z [M+Na'] calculated

for C,,H,,FNO,Na 500.2213; found 500.2210.

H
N

TK

0]
OH
F

0}

é/OMe

N-(2-(3'-Fluoro-6-hydroxy-5-((4-((2-methoxybenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-
2-ylhethyl)acetamide (2.42b).

The compound was synthesized following the procedure used for the synthesis of 2.42a to
obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.45 — 7.38 (m, 2H),
711 -7.02 (m, 2H), 7.02 — 6.93 (m, 2H), 6.88 — 6.82 (m, 2H), 6.76 (d,J = 8.3 Hz, 1H), 5.75 (s,
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1H),5.26 (d,J =6.4 Hz, 1H), 4.58 (s, 2H), 4.39 (tt,J = 7.3, 3.5 Hz, 1H), 3.82 (s, 3H), 3.58 (dt, J
=6.6,33 Hz,1H),3.24 (q,J = 6.8 Hz, 2H), 2.59 (t,J =7.2 Hz, 2H),2.08 — 1.98 (m, 2H), 1.98 —
1.89 (m, 2H), 1.88 (s, 3H), 1.80 (ddt,J =11.6,7.3,3.4 Hz, 2H), 1.72 (dtd,J = 12.9,5.2,44,2.2
Hz, 2H). "C NMR (126 MHz, CDCIL,) 6 168.78, 162.63, 160.68, 155.75, 143.03, 141.93, 137.55,
137.48, 128.85, 128.81, 127.35, 127.28, 126.29, 124.71, 11945, 119.20, 116.11, 115.94, 11338,
111.57, 109.01, 72.76, 63.55, 54.26, 39.26, 31.25, 26.69, 2648, 22.30. HRMS (ESI+), m/z

[M+H"] calculated for C;,H,,FNO, 508.2425; found 508.2429.

N-(2-(3'-Fluoro-6-hydroxy-5-((4-((2-methylbenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.42c).

The compound was synthesized following the procedure used for the synthesis of 2.42a to
obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.38 — 7.32 (m, 1H),
7.31-7.25 (m,2H),7.15 - 7.06 (m, 5SH), 7.04 — 6.97 (m, 2H), 6.96 — 6.90 (m, 1H), 6.79 (dd, J =
84,4.8 Hz, 1H), 6.70 (dd, J = 8.4, 3.6 Hz, 1H), 5.67 (s, 1H), 5.62 (s, 1H), 5.19 (d,J = 6.4 Hz,
1H), 5.05 (s, 1H),4.49 — 441 (m,2H), 4.31 (ddt,J =19.9,8.4,4.2 Hz, 1H),3.69 (dt,J] =7.8,3.9
Hz, 1H),3.49 (dt,J = 6.8,3.4 Hz, 1H, minor diast.), 3.44 (tt,J = 6.3,3.1 Hz, 1H),3.17 (q,J = 6.8
Hz, 2H), 2.52 (t,J = 7.2 Hz, 2H), 2.28 (d, ] = 3.6 Hz, 3H), 2.16 — 2.08 (m, 1H), 2.02 (dd, J =
12.0,49 Hz, 1H), 1.98 — 191 (m, 1H), 1.88 — 1.83 (m, 2H), 1.81 (s, 3H), 1.74 (dd,J = 8.7, 4.0

Hz, 2H), 1.69 — 1.56 (m, 2H). "C NMR (126 MHz, CDCl,) & 169.97, 163.82, 161.86, 144.18,
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143.05, 138.65, 136.67, 130.27, 130.06, 128 .40, 127.70, 125.94, 12040, 117.28, 11441, 112.74,
7574 .05, 69.00, 68.44, 40.44, 32.45, 30.76, 29.85, 28.66, 27.80, 23.48, 19.02. HRMS (ESI+),

m/z [M+H"] calculated for C,H,,FNO, 492.2501; found 492.2505.

Br

N-(2-(5-((4-((4-Bromobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-6-hydroxy-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.42d).

The compound was synthesized following the procedure used for the synthesis of 2.42a to
obtain the product as a white solid: '"H-NMR (500 MHz, Chloroform-d) & 7.45 (s, 1H), 7.42
(ddd,J =84,7.6,6.0 Hz, 1H), 7.24 — 720 (m, 2H), 7.11 — 7.04 (m, 3H), 6.99 (ddd,J =9.6,2.7,
14 Hz, 1H),6.86 (dd,J =8.4,43 Hz, 1H),6.77 (dd,J =8.4,3.2 Hz, 1H),5.73 (s, 1H), 5.25 (d,J
= 6.8 Hz, 1H), 4.49 (s, 2H), 4.39 (dq,J = 6.9, 3.5 Hz, 1H), 3.53 (dq, J = 6.7, 3.3 Hz, 1H), 3.49
(dq,J=59,3.2Hz,2H),2.59 (td,J =7.2, 1.6 Hz, 2H), 2.20 — 2.14 (m, 1H), 2.02 (dtd, J = 20.5,
8.0,7.4,4.6 Hz,3H), 1.88 (s, 3H), 1.79 (ddt, J = 12.0, 7.7, 3.5 Hz, 2H), 1.75 — 1.66 (m, 2H). °C
NMR (126 MHz, CDCl;) & 169.96, 163.82, 161.86, 144.18, 143.01, 138.67, 138.03, 131.61,
130.14, 129.20, 127.49, 125.88, 121.41, 12042, 117.28, 117.11, 114.59, 114.43, 112.78, 74.00,
69.26, 40.45, 32.44, 29.85, 27.74, 27.60, 23.47. HRMS (ESI+), m/z [M+Na'] calculated for

C,,H;,BrFNO,Na 578.1318; found 578.1342.
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N-(2-(5-((4-((4-Chlorobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-6-hydroxy-[1,1'-biphenyl]-2-
yl)ethyl)acetamide (2.42e).

The compound was synthesized following the procedure used for the synthesis of 2.42a to
obtain the product as a white solid: 'H-NMR (500 MHz, Chloroform-d) & 7.45 — 7.39 (m, 1H),
7.33 - 727 (m, 4H), 7.10 - 7.03 (m, 2H), 6.99 (ddd, J =9.6,2.7, 1.4 Hz, 1H), 6.86 (dd,J = 8 4,
43 Hz, 1H), 6.77 (dd, J = 8.4, 3.2 Hz, 1H), 5.73 (s, 1H), 5.26 (s, 1H), 4.50 (s, 2H), 4.42 — 4.34
(m, 1H), 3.54 (dt,J =6.8,3.4 Hz, 1H), 3.28 - 3.19 (m, 2H), 2.59 (td,J = 7.2, 1.6 Hz, 2H), 2.19 -
2.14 (m, 2H), 2.09 — 1.96 (m, 2H), 1.88 (s, 3H), 1.79 (ddt,J = 12.0,7.7,3.6 Hz, 2H), 1.75 - 1.66
(m, 2H). "C NMR (126 MHz, CDCl;) 6 169.81, 163.68, 161.72, 144.04, 142.87, 138.53, 137.37,
133.16, 130.00, 128.73, 128.52, 127.35, 125.74, 120.28, 117.14, 116 .97, 114.45, 114.29, 112.64,
73.85,69.10,40.31, 32.30, 28.45, 27.60, 27.47, 23.34. HRMS (ESI+), m/z [M+H"] calculated for

C,,H,,CIFNO, 511.1987; found 511.1980.

9 s
Bn”~ N
(0]
F

N-(2-(5-((4-(Dibenzylamino)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-

ylethyl)acetamide (2.46).
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A solution of 2.9 (0.025g, 0.06mmol) and 4-(dibenzylamino)cyclohexanol (0.014mL,
0.12mmol) in anhydrous benzene (0.6 mL) was cooled to 0°C. Tributylphosphine (0.03mL,
012mmol) and TMAD (0.021g, 0.12mmol) were added to the mixture. The reaction mixture was
stirred at reflux for 12 h. After 12 h the reaction was cooled to rt and purified via column
chromatography (SiO,, 1:20 MeOH:DCM) to afford 2.46 as white amorphous solid (30%): 'H
NMR (500 MHz, Chloroform-d) & 7.40 — 7.36 (m, 4H), 7.30 — 7.26 (m, 5H), 7.23 — 7.16 (m,
3H), 7.10 — 7.04 (m, 2H), 7.00 (ddd, J = 9.7, 2.6, 1.6 Hz, 1H), 6.87 (dd, J = 8.5, 2.7 Hz, 1H),
6.76 (d,J =2.7 Hz, 1H), 5.25 (s, 1H), 4.46 (t,J = 2.9 Hz, 1H), 3.67 (s,4H),3.27 (td,J=7.2,59
Hz,2H),2.72 (t,J =7.2 Hz, 2H), 2.58 (ddd, J = 11.8,8.3,3.5 Hz, 1H), 2.11 (dt,/ = 14.9,3.0 Hz,
2H), 1.90 — 1.78 (m, 2H), 1.70 (dd, J = 12.9, 3.4 Hz, 2H), 1.56 (s, 3H), 1.45 — 1.33 (m, 2H). °C
NMR (126 MHz, CDCl;) & 169.95, 163.62, 156.02, 142.17, 141.17, 131.47, 130.92, 129.93,
12942, 128.54, 128.24, 128.07, 126.70, 125.00, 117.84, 116.18, 115.66, 114.14, 71.26, 56.92,
53.98,40.64,32.00,29.46, 23.47,22.49. HRMS (ESI+), m/z [M+H"] calculated for C;sH;,FN,O,

551.3089; found 551.3077.

OO Y
s

N-(2-(5-((4-Aminocyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)acetamide (2.47).

Pd/C (10%wt., 0.05 g) was added to a sealed tube containing a mixture of 2.46 (0.10 g,
0.182mmol) and cyclohexene (3mL). The tube was sealed and heated at 120°C on. After 12 h
the mixture was cooled to rt and the mixture was filtered through a pad of Celite. The filtrate
was collected, concentrated and purified by column chromatography (Silica gel, 30% EtOAc in
Hexane) to give 2.47 as a white solid in 55% yield: 'H NMR (500 MHz, Chloroform-d) & 7.33
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(td,J =8.1,60 Hz, 1H), 7.15 (d,J = 8.5 Hz, 1H), 7.04 (dt,J = 7.7, 1.2 Hz, 2H), 6.96 (ddd, J =
95,2.6,1.5 Hz, 1H), 6.84 (dd,J =8.5,2.6 Hz, 1H), 6.73 (d,J = 2.7 Hz, 1H), 5.70 (q, J = 10.8,
8.3 Hz, 1H), 446 — 4.40 (m, 1H), 3.79 — 3.61 (br m, 1H), 3.26 — 3.19 (m, 2H), 2.86 — 2.78 (m,
1H), 2.69 (t,J =7.2 Hz, 2H), 2.06 — 1.99 (m, 2H), 1.83 (s, 3H), 1.74 — 1.67 (m, 2H), 1.67 — 1.48
(m, 4H). PC NMR (126 MHz, CDCl;) 8 169.77, 163.22, 155.51, 141.77, 130.57, 129.56, 127.93,
124.66, 117.28, 115.94, 115.37, 113.90, 70.55, 49.15, 40.32, 31.65, 29.33, 2801, 22.99. HRMS

(ESI+), m/z [M+H"] calculated for C,,H,,FN,0O, 371.2135; found 371.2145.

N N
Bn”~ =
(6]
F

N-(2-(5-((4-(Benzylamino)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)acetamide
(248).

Benzyl Bromide (0.006mL, 0.05mmol) was added to a solution of K,CO; (0.011g, 0.08mmol)
and 2.47 (0.04g, 0.Immol) in MeCN (1mL). The mixture was heated at reflux and monitored by
TLC. After 12 h the reaction mixture was determined to be complete and cooled to rt. The
reaction was quenched with water (3mL) and extracted with EtOAc (3x 5SmL). The organic
layers were combined, dried, concentrated, and purified by column chromatography (Silica gel,
30% EtOAc in Hexane) to give 2.48 as a white solid in 40% yield: '"H NMR (500 MHz,
Chloroform-d) 6 7.39 — 7.35 (m, 3H), 7.35 — 7.30 (m, 3H), 7.18 (d, J = 8.5 Hz, 1H), 7.06 (dd, J =
79,1.3 Hz,2H), 6.99 (ddd,J=9.7,2.6,1.6 Hz, 1H), 6.88 (dd, J=8.5,2.7 Hz, 1H), 6.76 (d, J =
2.7 Hz, 1H), 532 (t,J =59 Hz, 1H), 4.46 (dt, J = 4.6, 1.9 Hz, 1H), 3.86 (s, 2H), 3.26 (td, J =
7.2,5.8 Hz, 2H), 2.72 (t,J = 7.2 Hz, 2H), 2.66 (dt, J = 9.6, 4.0 Hz, 1H), 2.09 — 2.02 (m, 2H),
1.86 (s, 3H), 1.79 — 1.66 (m, 4H), 1.61 — 1.50 (m, 2H). "C NMR (126 MHz, CDCl,) & 169.98,
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163.60, 155.95, 142.13, 130.92, 129.99, 128.64, 128.56, 128.12, 127.33, 125.00, 117.63, 116.32,
115.81, 114.29, 71.64, 54.74, 50.62, 40.64, 31.99, 28.25, 23.43. HRMS (ESI+), m/z [M+H"]

calculated for C,,H;;FN,0,461.2523; found 461.2544.

N-(7-Hydroxy-8-methyl-2-oxo-2H-chromen-3-yl)acetamide (2.55).

This compound was synthesized following a previously reported procedure.'>*"* %

N-(7-((4-(Benzyloxy)cyclohexyl)oxy)-2-0x0-2H-chromen-3-yl)acetamide (2.56a).

The compound was synthesized following the procedure used for the synthesis of 2.4 to
obtain the product as a white solid: 'H-NMR (500 MHz, CDCl,) 6 8.62 (s, 1H), 8.00 (s, 1H),
7.38-7.35 (m, 2H), 7.30-7.27 (m, 2H), 7.23-7.17 (m, 2H), 6.89-6.86 (m, 1H), 4.56 (s, 2H), 4.51-
448 (m, 1H), 3.54-3.51 (m, 1H), 2.37 (s, 3H), 2.33 (s, 3H), 2.24 (s, 3H), 2.12-2.03 (m, 2H),
1.95-1.87 (m, 2H), 1.82-1.63 (m, 4H). °C NMR (125 MHz, CDCl,) 6 169.46, 159.57, 157.39,
149.73,136 .91, 130.50, 128.71, 128.00, 126.10, 125.66, 124.81, 121.41, 115.50, 113.27, 110.62,
75.37, 73.68, 28.02, 27.67, 25.00, 19.16, 8.59. HRMS (ESI+), m/z [M+Na'] calculated for

C,,H,.NO.Na 430.1630; found 430.1623.
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N-(7-((4-((4-Chlorobenzyl)oxy)cyclohexyl)oxy)-8-methyl-2-oxo-2H-chromen-3-
yl)acetamide (2.56e).

The compound was synthesized following the procedure used for the synthesis of 2.4, using
phenol 2.55, to obtain the product as a white solid: 'H-NMR (500 MHz, CDCI,) 6 8.62 (s, 1H),
7.99 (s, 1H), 7.58-7.52 (m, 2H), 7.36-7.28 (m, 2H), 7.18-7.13 (m, 1H), 6.90-6.87 (m, 1H), 4.62
(s, 2H), 4.52-4.46 (m, 1H), 3.61-3.56 (m, 1H), 2.35 (s, 3H), 2.24 (s, 3H), 2.18-2.05 (m, 2H),
1.97-1.91 (m, 2H), 1.85-1.62 (m, 4H). "C NMR (125 MHz, CDCl,) 8 169.45, 159.58, 157 .40,
149.74,138.48, 132.76, 129.27, 129.05, 127.70, 125.68, 124.81, 122.82, 121.43, 115.50, 113.31,
110.65, 75.63, 69.67, 28.01, 27.74, 25.02, 8.63. HRMS (ESI+), m/z [M+H"] calculated for

C,H,,CINO; 455.1502; found 455.1496.

Br
N-(7-((4-((4-Bromobenzyl)oxy)cyclohexyl)oxy)-8-methyl-2-oxo0-2H-chromen-3-

yl)acetamide (2.56d).
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The compound was synthesized following the procedure used for the synthesis of 2.4, using
phenol 2.55, to obtain the product as a white solid: 'H-NMR (500 MHz, CDCI,) 6 8.62 (s, 1H),
7.99 (s, 1H), 7.58=7.52 (m, 2H), 7.36-7.28 (m, 2H), 7.18-7.13 (m, 1H), 6.90-6.87 (m, 1H), 4.62
(s, 2H), 4.52-4.46 (m, 1H), 3.61-3.56 (m, 1H), 2.35 (s, 3H), 2.24 (s, 3H), 2.18-2.05 (m, 2H),
1.97-1.91 (m, 2H), 1.85-1.62 (m, 4H). "C NMR (125 MHz, CDCl,) 8 169.45, 159.58, 157 .40,
149.74,138.48, 132.76, 129.27, 129.05, 127.70, 125.68, 124.81, 122.82, 121.43, 115.50, 113 .31,
110.65, 75.63, 69.67, 28.01, 27.74, 25.02, 8.63. HRMS (ESI+), m/z [M+Na'] calculated for

C,sH,.BrNO.Na 522.0892; found 552.0880.

CLY

o

o

N-(8-Methyl-7-((4-((2-methylbenzyl)oxy)cyclohexyl)oxy)-2-0x0-2H-chromen-3-
yl)acetamide (2.56c¢).

The compound was synthesized following the procedure used for the synthesis of 2.4, using
phenol 2.55, to obtain the product as a white solid: 'H-NMR (500 MHz, CDCI,) 6 8.62 (s, 1H),
8.00 (s, 1H), 7.38-7.35 (m, 2H), 7.30-7.27 (m, 2H), 7.23-7.17 (m, 1H), 6.89-6.86 (m, 1H), 4.56
(s,2H),4.51-4.48 (m, 1H), 3.54-3.51 (m, 1H), 2.37 (s, 3H), 2.33 (s, 3H), 2.24 (s, 3H), 2.12-2.03
(m, 2H), 1.95-1.87 (m, 2H), 1.82-1.63 (m, 4H). "C NMR (125 MHz, CDCl;) & 169.46, 159.57,
157.39, 149.73, 136 .91, 130.50, 128.71, 128.00, 126.10, 125.66, 12481, 121.41, 115.50, 113.27,
110.62, 75.37, 73.68, 28.02, 27.67, 25.00, 19.16, 8.59. HRMS (ESI+), m/z [M+Na'] calculated

for C,sH,,NO,Na 458.1901; found 458.1927.
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3. Modified Biphenyl Hsp90 C-terminal Inhibitors for the Treatment of

Cancer

Introduction

Heat Shock Protein 90 (Hsp90) is a molecular chaperone that is responsible for the
maturation of more than 300 nascent polypeptides.” Hsp90-dependent client proteins are
associated with all 10 hallmarks of cancer, making it an excellent therapeutic target for the
treatment of cancer.”® As a result, 17 Hsp90 inhibitors have been investigated in clinical trials for
the treatment of cancer.”"” Hsp90 exists as a homodimer and contains a C-terminus, a middle
domain, and an N-terminal ATP-binding site.’ In stressed cells, Hsp90 exists as a heteroprotein
complex bound to various co-chaperones and partner proteins, and Hsp90 inhibitors exhibit 200-
fold higher affinity for the heteroprotein complex versus the homodimer that resides in non-
stressed cells.'** Inhibition of Hsp90 by traditional inhibitors that bind the N-terminal ATP-
binding site results in induction of the heat shock response (HSR) and the overexpression of
Hsp27, Hsp40, Hsp70, and Hsp90.>"* Since N-terminal inhibitors induce this HSR, challenges
associated with dosing and scheduling have arisen in the clinic.”'***** As a result, new inhibitors

that do not induce the heat shock response are actively sought.”*?*’

The natural product, novobiocin, was the first Hsp90 C-terminal inhibitor identified, ***
and preliminary SAR studies resulted in the identification of KU-32, a C-terminal inhibitor that
contains an acetamide in lieu of the benzamide side chain present in novobiocin.” *
Interestingly, KU-32 induces the HSR, but at significantly lower concentrations than that needed
to induce the degradation of client proteins.’** Since KU-32 was able to induce the pro-survival

HSR, it was investigated for the treatment of neurodegenerative diseases. Studies in mice

demonstrated that KU-32 was able to protect against neuronal glucotoxicity and reverse the
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clinical endpoints of diabetic peripheral neuropathy.” A second generation of noviosylated
analogs contained a biphenyl scaffold in lieu of the coumarin ring, and allowed the preparation
of additional analogs. KU-596, the lead compound resulting from this latter generation, was
found to exhibit comparable biological activity to KU-32.** Since the biphenyl scaffold
resulted in improved neuroprotection, compounds containing this new core were investigated for
the treatment of cancer. An initial study found that the biphenyl scaffold in KU-596 could be
modified to append a biaryl side chain in lieu of the acetamide and replace the noviose sugar
with N-methyl piperidine, produced compounds which manifested anti-cancer activity, did not
induce the pro-survival HSR, and were similarly active to known cytotoxic C-terminal inhibitor
KU-174.” Figure 3.1 illustrates this parallel approach taken during the discovery of Hsp90 C-
terminal inhibitors for either the treatment of cancer or neurodegeneration. Furthermore,
modifications on the central biaryl ring have not been investigated, therefore analogs were
prepared to determine whether such modifications could improve the anti-cancer activity of this

class of compounds when compared to parent compound 3.5, Figure 3.1.
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Figure 3.1. Rationale for the development of new analogs.

Design

interactions, and consequently may be more efficacious.

Molecular modeling studies were performed with a homology model of the C-terminal

binding site to identify potential interactions with the biaryl core. Two hydrogen-bonding
interactions appeared attainable by inclusion of a phenol onto the central biphenyl ring as
suggested in Figure 3.2. Molecular modeling studies suggested that compounds containing

substituents pointing toward amino acids Glu537 and Thr540 could also form hydrogen-bonding

attachment of a methyl group onto the biphenyl core could produce hydrophobic interactions
within the binding site and increase affinity. These interactions might be similar to previously

studied Hsp90 C-terminal inhibitors that contain a coumarin core. Additionally, incorporation of
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a methyl group may reinstate interactions lost upon transitioning from the coumarin core to the

biaryl ring system.*** Consequently, analogs were sought to include such modifications.

OMe
OH y OMe H
N OMe O N O OMe
e ok ® Ay
OH
MeO Z2 3.9 MeO L2
HO 3.10 £
HO o4 F

OH

Figure 3.2. Molecular modeling of compounds 3.9 and 3.10 docked into the C-
terminal homology model.

Results
Chemistry
Derivatives of the central ring were selected for initial investigation, as illustrated in
Scheme 3.1A. Synthesis of each derivative began via a different core. Synthesis of the derivative
containing a methyl substituent (3.19) began by reduction of 2 4-dihydroxybenzaldehyde, 3.12,
with sodium cyanoborohydride in acidic THF to yield 3.13 (Scheme 3.1B).” Silver triflate and
dichloro-methyl methyl ether were then used to formylate 3.13, which produced aldehyde 3.14.%

The resultant methylbenzaldehyde, 3.14, was then benzylated to give 3.15, which was then
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transformed unto the trifluoromethanesulfonate derivative under microwave conditions."
Subsequent Suzuki coupling with 3-fluorophenyl boronic acid generated the biaryl core of 3.17.
Henry olefination conditions were used to homologate the aldehyde into the a,f3-unsaturated

nitro compound 3.18, which was subsequently reduced to provide amine 3.19.

OMe
3 H
B 4 N OMe
15 0 O
7 e O
MeO 2 3.5
HO o4 F

OMe

NSRS @ -
NI X @; oy ;\ :a@\
OHC 2 CHO CHO
2 5 _b o _d
HO OH HO OH HO OH BnO OH
3.12 3.13 3.14 3.15

CHO NO, O NH,
I:[ —° »BnO —> BnO _ 9 4 BnO
3 17 3 18 3.19
F

Scheme 3.1. A. Proposed analogs with substitutions off of the central ring.
B. Synthesis of free amine, 3.19. Reagents and Conditions a). NaBH,CN,
HCl, THF, 90%; b). AgOTf, C,CHOMe, DCM, 40%; c). NaHCO;, BnBr,
MeCN, 70%; d). N-PhTf,,K,CO,, THF, 120 °C, microwave, 95%; e).
FC,H,B(OH),, Pd(dppf)Cl,, K,CO;, DMF, 75%; f). NH,OAc, CH;NO,,
90%; g). LAH, THF, 60%.

The remaining analogs required alternative routes for their preparation, however
installment of the triflate and subsequent steps to yield the free amine were identical to the
conditions described for 3.19, as outlined in Scheme 3.1B. Synthesis of the methoxy and phenol
derivatives began by formylation of phloroglucinol, followed by selective benzyl ether formation
to give 3.20 (Scheme 3.2A and B). Aldehyde 3.20 was then treated with dimethyl sulfate in

water and acetone to yield 3.21 (Scheme 3.2A).* Intermediate 3.21 was subjected to conditions
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previously outlined in Scheme 1B to produce amine 3.22. In order to obtain the phenol,
derivative 3.20 was treated with chloromethyl methyl ether to produce 3.23 (Scheme 3.2B),”*
which was then subjected to conditions described in Scheme 3.1B to attain amine 3.24.
Synthesis of amine 3.27 began by selective benzylation of 2,3 4-trihydroxybenzaldehyde, which
was subsequently reacted with chloromethyl methyl ether and diisopropylamine to yield
aldehyde 3.26 (Scheme 3.2C). Compound 3.26 was then subjected to the conditions described in
scheme 1B to afford amine 3.27. Amine 3.30, was attained via treatment with chloromethyl
methyl ether to yield ether 3.29 (Scheme 3.2D), which was subjected to previously described
methods to produce amine 3.30. Analogue 3.33 was synthesized by subjecting 2-nitrobenzene-
1,3-diphenol to Duff reaction conditions to yield 3.31 (Scheme 3.2E). Aldehyde 3.31 then
underwent selective benzylation to produce the key intermediate, 3.32, which was subsequently

modified to give free amine 3.33.
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N-methyl piperidine.*

the free phenols, 3.36-3.41 (Scheme 3.3A).
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F
OMOM

B OH b OMOM
CHO CHO NH
—_— B — 2
—
BnO OH BnO OH
3.20 3.23 BnO O
3.24

F

CHO NH;
_ed, O
BnO OH ~———> BnO O
3.25

3.26 327

NH,

J(F[ MOMO/(;[ ——> MOMO ‘ O

3.30
E

O NH,
/E;[ /@ ——> BnO O

NO, NO, NH;
3.31 3.32 333

Scheme 3.2. Synthesis of free amines 3.22, 3.24, 3.27,
3.30, and 3.33. Reagents and Conditions: a). Me;SOs,
K,CO3, HyO/Acetone (1/1), 55%; b). MOMCI, DIPA,
DCM, 65%; c). NaHCOs, BnBr, MeCN, 45-60%; d).
MOMCI, DIPEA, DCM, 65-70%; ¢). NaHCOs, BnBr,
KI, MeCN, 75%.

Two different amide side chains were investigated with these analogs, the original

prenylated side chain present in novobiocin and the optimized biaryl side chain found in 3.4.

Additionally, compounds were made to contain either the noviose sugar or the noviose surrogate,

previously synthesized 3.35 with the free amine of each central ring derivative (Scheme 3.3A

and 3.3B). Once the coupled product was obtained, hydrogenolysis was employed to produce

methoxymethyl protecting group in the presence of p-Toluenesulfonic acid (Scheme 3.3B). The
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Installation of the biaryl side chain began by an acid chloride coupling of

Phenol 3.42 was obtained via removal of the



free phenols 3.36-3.40 and 3.42 were then coupled with the activated noviose sugar (3.43), using
Schmidt conditions.* The carbonate was then removed under solvolysis conditions to procure
the corresponding noviose products, 3.5-3.10 (Scheme 3.3C). Simultaneously, free phenols
3.37-3.42 were subjected to Mitsunobu conditions with 1-methylpiperidin-4-ol (3.44) to yield the

amine-containing products, 3.6a-3.11a (Scheme 3.3C).
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Scheme 3.3. A. Synthesis of phenols 3.36-3.41. B. Synthesis of phenol
342. C. Synthesis of final products 3.5-3.10 and 3.6a-3.11a. D.
Synthesis of final products 3.5a and 3.6b-3.9b. Reagents and
Conditions: a). DMAP, Pyridine, DCM, 50-60%; b). H» (g), Pd/C,
EtOAc, 70-80%; c). PTSA, MeOH, 65-70%; d). BF; OEt, DCM, 35-
40%; e). EtszN, MeOH, 85-90%; f). PBus, TMAD, Benzene, 30-35%;
g2).DMAP, Et;N, DCM, 35-40%; h). Pd(OAc),, Et;Si, EtzN, DCM, 80-
90%; i). TBAF, THF, 0 °C, 15 min, 55-60%; j). K.COs, MeOH, 60-70%.
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Analogs that contained the prenylated side chain were synthesized by an acid chloride
coupling reaction between 3.47 and the free amine of each analogue (Scheme 3.3D). Coupled
products 3.48-3.52 were subjected to Pd(OAc)Cl,, Et;SiH, Et;N, to give the silyl protected
phenols. Upon cleavage of the silyl ether with TBAF at 0°C, 3.53-3.57 were obtained in good
yields (Scheme 3.3D). The resulting phenols, 3.53-3.57, were then subjected to a Mitsunobu
reaction with 3.44, to give the amino products, 3.6b-3.9b, respectively. Additionally phenol 3.53
was coupled with activated noviose sugar 3.43, followed directly by solvolysis conditions

yielded final product 3.5a.

Biological Evaluation

Upon preparation of these new analogs, an MTS anti-proliferation assay was conducted
against two breast cancer cell lines, MCF-7 (estrogen receptor positive cells) and SkBr3
(estrogen receptor negative HER2 overexpressing), and two prostrate cancer cell lines, LNCap-
LN3 (androgen receptor sensitive prostate cancer cells) and PC3-MM2 (androgen receptor
insensitive prostate cancer cells). These cell lines were selected due to their dependency upon
Hsp90 client proteins. All new analogs exhibited anti-proliferative activity against the 4 cancer
cell lines as detailed in Table 3.1. Compounds containing an N-methyl piperidine exhibited
greater inhibitory activity than those containing noviose. Additionally, compounds with a
prenylated amide side chain were found to be more efficacious than compounds that contain the

biaryl amide side chain.
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Table 3.1. Anti-proliferative values of new analogs

R= AQI\I:' \N \N/
MeO L2 s L
HO [,
A B c

Compound | X Y Z MCF7 SkBr3 | LNCap- | PC3-

R |R' (uM)“ (uM)“ LN3 MM2

(uM)* | (uM)*

33 H H H A - >500 >500 >500 >500
35 H H H Al A >50 >50 >50 >50
3.5a H H H A| B | 154£1.75 | 23.7£0.04 22.5 549
3.6 CH, H H Al A >50 439 +4 4 >100 >100
3.6a CH, H H A| B|914+£272 | 7.81+l1.1 20.8 13.9
3.6b CH, H H B| B |356+303|152+1.67| >100 >100
3.7 H |OCH, | H A| A 447 +4.15 | 494+2.03 8.09 10.6
3.7a H |OCH, | H A| B | 871+1.20 | 572+0.89 | >100 32.1
3.7b H |OCH, | H B| B | 7.86+0.20 | 8.16£0.29 | >100 1.84
3.8 H | OH H Al A | 238+047 | 23.5+0.44 >50 >50
3.8a H | OH H A| B | 122+0.89 | 157+1.5 44.8 >50
3.8b H | OH H B| B | 5.89+0.67 | 7.59 +0.58 22.8 1.32
39 H H |OH | A| A | 13.6+£201 |16.7+093 | >100 9.37
39a H H |OH | A| B | 113+1.62| 9.29+1.07 224 8.61
3.9b H H |OH | B| B | 145+0.87 | 325+1.2 23.1 423
3.10 H H |CH; | A| A | 899+0.28 | 43.5+1.03| 25.1 >50
3.10a H H |CHy | B| A | 1784148 | 21.3£2.82 >50 >50
3.10b H H |[CHy; | C| A| 797+046 | 9.34+0.68 44.8 1.32
3.11a H H |[NH,| A| B | 11.3£13 15.3+2.3 224 18.9

“Values represent mean + standard deviation for at least two separate experiments performed in
triplicate.

Interestingly, the synthesized analogs followed the same trend in activity independent of
the sugar surrogate or amide side chain. The methyl derivatives were more active than the parent
compound; the methoxy derivatives were more active than the methyl derivatives, and the phenol
derivatives more active than both the methoxy and the methyl derivatives. Analogs that

contained the sugar surrogate, N-methyl piperidine, were more active than the analogs containing

the noviose sugar. Additionally, analogs that contained the prenylated side chain were more
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active than analogs containing the biaryl side chain. Analogue 3.6 was similarly active to the
parent compound, 3.5. However analogs 3.6a and 3.6b, which contained N-methyl piperidine in
lieu of noviose, were more active than 3.6. In addition, analogs containing moieties that could
participate in hydrogen bonding interactions manifested improved inhibitory activity as
compared to 3.5. More specifically, it appears that a hydrogen bond donor is more beneficial as
analogs 3.8, 3.8a, and 3.8b exhibited similar or improved activity as compared to analogs 3.7,
3.7a, and 3.7b.

After determination of ICy, values, compounds 3.6a, 3.7b, 3.8b, 3.9. 3.9b, and 3.10 were
further evaluated by western blot analysis of MCF7 cell lysates. Compound 3.10 exhibited
significant Hsp90-dependent client protein degradation at concentrations that mirrored its anti-
proliferative activity, clearly linking Hsp90 inhibition to cell viability, as illustrated in Figure
3.3. In fact, Hsp90 dependent clients Her-2, Cyclin D1, and c-Raf were degraded upon treatment
with 3.10 for 24 hours. 3.6a, 3.8b, and 3.9 also demonstrated client protein degradation, but to a
lesser extent. Compounds 7b and 9b did not demonstrate client protein degradation.
Importantly, no increase in Hsp90 levels was observed with these C-terminal inhibitors, which is

an important attribute manifested by C-terminal inhibitors that exhibit anti-cancer activity.
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Figure 3.3. Western Blot analysis from MCF-7 cells. The high concentration is five times
the ICy, value, and the low concentration is half the ICs, value. Concentrations for each
analog tested were as follows: 3.6a (high: 45.7 uM, low: 4.57 uM), 3.7b (high: 39.3 uM,
low: 3.93uM), 3.8b (high: 29.45 uM, low: 2.95 uM), 3.9 (high: 68 uM, low: 6.8 uM), 3.9b
(high: 7.25 pM, low: 0.725 uM), 3.10 (high: 45 pM, low: 449 uM). The positive control
was GDA (500nM) and DMSO was used as the negative control.

Conclusion
In summary, a series of Hsp90 C-terminal inhibitors with modifications to the central ring
of the biphenyl scaffold were designed, synthesized, and biologically evaluated. Modifications
to the central ring produced compounds that exhibited increased biological activity. Structure-
activity relationship studies revealed that modifications, which include a hydrogen bond donor,
resulted in the most potent anti-proliferative activity. Finally, western blot analysis confirmed

that compounds 3.8b, 3.9 and 3.10 manifest their anti-proliferative activity via Hsp90 inhibition,
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as client protein degradation was observed at concentrations that mirrored anti-proliferative

activity.

Future Directions

Recently we began testing select Hsp90 C-terminal inhibitors in a TR-FRET Assay kit
that evaluates possible isoform selectivity by measuring %activity against both Hsp90o and
Hsp90f. Compounds 3.5 and 3.10 were evaluated for activity against both isoforms using this
assay. Compound 3.5 did not exhibit selectivity for either isoform as is had 72.2% activity for
Hsp90a and 100% activity for Hsp90f3 at 100uM. Interestingly compound 3.10 was found to be
selective for Hsp90a as it exhibited 45% activity at 100uM and 100% activity for Hsp90f. The
cellular activity of these compounds supports this assay data because the ICs, value of 3.10 is
single digit micromolar and only Hsp90f knockout is known to be lethal, so targeting the alpha
isoform could result in a compound that is not very cytotoxic.*’ This initial assay result provides
an excellent starting point for the exploration of potential isoform selective inhibitors with these
compounds and similar analogs, as Hsp90a selectivity occurred from the addition of a methyl
group. Identification of different structural motifs that result in isoform selectivity would be
extremely beneficial for the development of future C-terminal inhibitors. Identifying isoform
selective inhibitors would lead to new and interesting studies that would investigate the

biological effects of targeting one isoform over the other with a C-terminal inhibitor.

Materials and Methods

Anti-proliferation assays.
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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 pg/mL), penicillin (100
units/mL), and 10% FBS. Cells were grown to confluence in a humidified atmosphere (37° C,
5% CO,), seeded (2000/well, 100 pL) in 96-well plates, and allowed to attach overnight.
Compound or GDA 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 MTT/PMS cell proliferation kit (Promega) per the manufacturer’s
instructions. Cells incubated in 1% DMSO were used at 100% proliferation, and values were
adjusted accordingly. IC,, values were calculated from separate experiments performed in

triplicate using GraphPad Prism.

Western blot Analyses.

MCEF-7 cells were cultured as described above and treated with various concentrations of drug,
GDA in DMSO (1% DMSO final concentration), or vehicle (DMSO) for 24 h. Cells were
harvested in cold PBS and lysed in RIPA lysis buffer containing 1 mM PMSF, 2 mM sodium
orthovanadate, and protease inhibitors on ice for 1 h. Lysates were clarified at 14000g for 10 min
at 4° C. Protein concentrations were determined using the Pierce BCA protein assay kit per the
manufacturer’s instructions. Equal amounts of protein (20 pg) were electrophoresed under
reducing conditions, transferred to a nitrocellulose membrane, and immunoblotted with the
corresponding specific antibodies. Membranes were incubated with an appropriate horseradish
peroxidase-labeled secondary antibody, developed with a chemiluminescent substrate, and

visualized.
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Chemistry General.

'"H NMR were recorded at 500 MHz (Avance AVIII 500 MHz spectrometer with a dual
carbon/proton cryoprobe) or 400 (Bruker AVIIIHD 400 MHz NMR with a broadband X-channel
detect gradient probe) and *C NMR were recorded at 125 MHz (Bruker AVIII spectrometer
equipped with a cryogenically cooled carbon observe probe). Chemical shifts are reported in &
(ppm) relative to the internal standard (CDCl3, 7.26 ppm, or as stated). HRMS spectra were
recorded with a LCT Premier with ESI ionization. 'H and ?C NMR was used to verify that all
tested compounds were >95% pure. TLC analysis was performed on glass backed silica gel
plates and visualized by UV light. All solvents were reagent grade and used without further

purification.

Synthesis and Compound Characterization

O NH,
BnO O

F
2-(5-(Benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethanamine (3.34).

This compound was synthesized following a previously reported procedure.™

OMe
H
N O OMe
0)° I

F

BnO I
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N-(2-(5-(Benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)-3' ,6-dimethoxy-[1,1'-biphenyl]-
3-carboxamide.

Thionyl chloride (0.13 ml, 0.75 mmol) was added to a solution of biaryl acid (97 mg, 0.38
mmol) in anhydrous tetrahydrofuran (2 ml) and the solution was refluxed for 3h. The solution
was then concentrated under vacuum to get acid chloride 3.35 (105 mg) as brown semi-solid that
was used directly in the next step. Triethylamine (0.13 ml, 0.75 mmol) was added to an ice-
cooled solution of acid chloride in anhydrous DCM (1 ml), followed by a dropwise addition of
amine 2-(5-(benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethanamine (50 mg, 0.25 mmol). The
solution was then allowed to stir at rt for 12h. The reaction mixture was concentrated and the
residue was purified by column chromatography (Si0O,, 1:25, Acetone: DCM) to afford the
product as a white amorphous solid (65%): '"H NMR (500 MHz, Chloroform-d) 6 8.00 — 7.86 (m,
6H),7.23 (td,J =79, 1.9 Hz, 3H), 7.06 — 6.98 (m, SH), 6.94 — 6.87 (m, 3H), 6.80 (ddt, J = 8.3,
2.6, 1.1 Hz, 2H), 5.19 (s, 1H), 4.23 (s, 2H), 3.76 (s, 3H), 3.73 (s, 3H), 3.56 (t, J = 6.3 Hz, 2H),
2.90 — 2.69 (m, 2H). "C NMR (126 MHz, CDCl,) & 169.38, 160.42, 160.09, 156.59, 138.85,
138.76,132.74,132.17, 131.31, 130.78, 130.29, 128.99, 128.52, 127.42, 122.78, 122.77, 122 26,
121.93, 115.28, 112.78, 112.70, 110.56, 70.59, 55.72, 55.20, 44.56, 26 44. HRMS (ESI+) m/z:

[M + H'] calculated for C,cH;,FNO, 562.3145; found 562.3135.

OMe
H
N

OMe
|O |
HO O ©

F

N\ 7/
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N-(2-(3'-Fluoro-5-hydroxy-[1,1'-biphenyl]-2-yl)ethyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide (3.36).

N-(2-(5-(Benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)-3' ,6-dimethoxy-[1,1'-biphenyl]-
3-carboxamide (0.05g) at rt was dissolved in EtOAc (20mL). Pd/C (10% w/w, 20 mg) was
added, the mixture was degassed and flushed with argon, then degassed and flushed with
hydrogen using a balloon. After 12 h the reaction was filtered through a pad of Celite, washed
with EtOAc. The filtrate was concentrated and purified via column chromatography (20-
50%EtOAc/Hex). Compound was isolated as an oil in 70% yield: '"H NMR (500 MHz,
Chloroform-d) 6 7.92 — 7.80 (m, 2H), 7.23 (td, J = 6.6, 3.9 Hz, 4H), 7.09 — 7.02 (m, 3H), 6.90 —
6.79 (m, 3H), 6.64 (d, 2H), 5.09 (s, 1H), 3.76 (s, 3H), 3.73 (s, 3H), 3.61 (t,/ = 5.7 Hz, 2H), 2.90
—2.69 (m, 2H). "C NMR (126 MHz, CDCl,) 6 169.65, 160.87, 160.11, 159.36, 156.75, 138.43,
132.14, 130.66, 130.43, 128 .91, 128.82, 127.43, 122.73, 122.55, 122.26, 121.03, 115.67, 112.14,
112.07, 11098, 55.66, 5531, 44.31, 26.48. HRMS (ESI+) m/z: [M - H'] calculated for

C,,H,.FNO, 470.1768; found 470.1771.

HSIL
CcCl
MeO 0 O °
(0]
(0]
¥

(3aR,7R,7aR)-7-Methoxy-6,6-dimethyl-2-oxotetrahydro-3aH-[1,3]dioxolo[4,5-c]pyran-4-
yl 2,2,2-trichloroacetimidate (3.43).

This compound was synthesized following a previously reported procedure. ** **

169



OMe

/
ZT
/

OMe

\
o
\

(0]
Meo#ﬁ
HO F

OH

N-(2-(5-(((2R 3R A4S ,5R)-3 4-Dihydroxy-5-methoxy-6,6-dimethyltetrahydro-2H-pyran-2-
yloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)-3' ,6-dimethoxy-[1,1'-biphenyl]-3-carboxamide
@3.5).

Activated noviose sugar 3.47°* * in anhydrous dichloromethane (0.5mL) was added to a
mixture of 3.36 (0.042g, 0.066mmol) in anhydrous dichloromethane (0.5mL) at rt. Boron
trifluoride diethyl etherate (0.07mL) was then added drop wise. The reaction was monitored via
TLC. Upon completion of the reaction (~1 hour), triethylamine (0.ImL) was added. The
mixture was concentrated and purified via column chromatography (SiO2, 3:1, Hexane: EtOAc-
20:1, DCM:MeOH). The product was obtained as a white solid in 30% yield and used directly in
the next step. The product (0.023g, 0.03mmol) was dissolved in MeOH (12mL) and
triethylamine (4mL) was added. The mixture was stirred over night. After 12 hours the reaction
was concentrated and purified via column chromatography (S102, 20:1, DCM: MeOH) to afford
3.5 as white amorphous solid (70%): 'H NMR (500 MHz, Chloroform-d) & 7.67 (dd, J = 8.6,2.4
Hz, 1H), 7.57 (d,J =24 Hz, 1H), 7.35 - 7.29 (m, 2H), 7.24 (d, J = 8.5 Hz, 1H), 7.09 — 6.96 (m,
6H), 6.95 (s, 1H), 6.91 — 6.85 (m, 2H), 5.96 (t, J = 5.6 Hz, 1H), 5.53 (d, J = 2.3 Hz, 1H), 4.19
(dd,J =9.1,34 Hz, 1H), 4.14 (dd, J =34, 2.3 Hz, 1H), 3.84 (d, / = 1.9 Hz, 6H), 3.58 (s, 3H),
3.50-343 (m,2H),3.32(d,J=9.1 Hz, 1H), 2.85 (t,J = 7.2 Hz, 2H), 1.34 (s, 3H), 1.19 (s, 3H).
"C NMR (126 MHz, CDCl,) 8 166.99, 161.62, 159.37, 159.05, 155.28, 143.47, 139.06, 131.06,

13049, 130.03, 12949, 129.21, 128.11, 126.89, 125.03, 122.09, 11791, 11635, 115.56, 115 41,
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114.18, 112.95, 11091, 94.46, 78.33, 71.39, 68.66, 61.98, 55.89, 5545, 41.07, 32.12, 29.83,

29.16. HRMS (ESI+) m/z: [M + H'] calculated for Cy,H,,FNO, 641.2721; found 641.2730.

OAc
H
N

O X
BnO O °
F
4-((2-(5-(Benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)carbamoyl)-2-(3-methylbut-2-
en-1-yl)phenyl acetate (3.48).

Oxalyl chloride (0.10 ml, 0.75 mmol) was added to a solution of prenylated acid (97 mg, 0.38
mmol) in anhydrous tetrahydrofuran (2 ml) and the solution was refluxed for 9h. The solution
was then concentrated under vacuum to get acid chloride 3.47 (105 mg) as brown semi-solid that
was used directly in the next step. Pyridine (0.10 ml, 0.75 mmol) was added to an ice-cooled
solution of acid chloride in anhydrous DCM (1 ml), followed by a dropwise addition of amine 2-
(5-(benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethanamine (50 mg, 0.25 mmol). The solution
was then allowed to stir at rt for 12h. The reaction mixture was concentrated and the residue was
purified by column chromatography (Si0O,, 1:25, Acetone: DCM) to afford the product as a white
amorphous solid (40%): '"H NMR (500 MHz, Chloroform-d) & 7.58 (d, J = 2.2 Hz, 1H), 7.44 (dt,
J=84,22Hz,3H),741 -7.37 (m,3H), 7.36 — 7.32 (m, 2H), 7.09 — 7.06 (m, 1H), 7.05 — 7.00
(m, 3H), 697 (dd, J = 8.5, 2.8 Hz, 1H), 6.87 (d, J = 2.7 Hz, 1H), 6.05 (t, / = 5.8 Hz, 1H), 5.19
(dddd,J=7.2,58,29, 14 Hz, 1H), 5.06 (s,2H), 3.46 (td,/J=7.1,58 Hz,2H),3.25(d, /=73
Hz,2H),2.86 (t,J =7.1 Hz,2H), 2.32 (s, 3H), 1.73 (d, /= 1.3 Hz, 3H), 1.70 (d, J = 1.3 Hz, 3H).

"C NMR (126 MHz, CDCl,) 8 169.16, 166.94, 161.60, 157.28, 151.29, 136.87, 134.15, 133.79,

171



132.54,131.05, 12995, 129.27, 128.68, 128 .48, 128.12, 127.63, 125 .46, 124 .97, 122.46, 121 .03,
116.55, 116.27, 114.58, 114.32, 70.16, 40.99, 31.97, 28.95, 25.84, 20.96, 17.99. HRMS (ESI+)

m/z: [M + H'] calculated for C;sH;,FNO, 552.4525; found 552.4520.

OAc

N\ /
ZT
o
/

HO

F
4-((2-(3'-Fluoro-5-hydroxy-[1,1'-biphenyl]-2-yl)ethyl)carbamoyl)-2-(3-methylbut-2-en-1-
yDphenyl acetate (3.53).

A catalytic amount of Pd(OAc), was added to a solution of Triethylamine (0.15mL, 1.1mmol)
and triethylsilane (0.19 mL, 1.2mmol) in anhydrous dichloromethane (3mL). The reaction was
stirred at rt for 15 min and then 4-((2-(5-(benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-
yDethyl)carbamoyl)-2-(3-methylbut-2-en-1-yl)phenyl acetate ( 0.551 g, 1.0mmol) in
anhydrous dichloromethane (2mL) was added dropwise. After 12 h the reaction was quenched
with sat. NH,OAc and worked up with EtOAc (3 x 20mL). The organic layers were dried,
concentrated, and purified via column chromatography (SiO,, 1:4, EtOAc: Hex). The silyl-
protected product was obtained as a clear oil in 80% yield. The silyl ether (0.8mmol) was
dissolved in anhydrous tetrahydrofuran (2mL) and cooled to 0°C. TBAF, 1.0M in THF (0.1mL,
0.35mmol) was added dropwise and the reaction was stirred at 0oC for 15 minutes. After 15
minutes the reaction progress was monitored by TLC, as soon as the reaction was complete it
was quenched via the addition of sat. NH,Cl. The reaction was worked-up with EtOAc (3 x 5

mL), the organic layers were combined, dried, concentrated and purified via column
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chromatography (SiO,, 1:2, EtOAc: Hex). 4-((2-(3'-Fluoro-5-hydroxy-[1,1'-biphenyl]-2-
yDethyl)carbamoyl)-2-(3-methylbut-2-en-1-yl)phenyl acetate was obtained in 60% yield as a
white solid: 'H NMR (500 MHz, Chloroform-d) 8 7.44 (d, J = 2.3 Hz, 1H), 7.36 — 7.30 (m, 2H),
7.06 —7.02 (m,3H),7.02 - 6.96 (m,2H), 6.94 (d,J=2.5 Hz, 1H), 6.75 (d,J = 8.4 Hz, 1H), 6.08
(t,J=5.8Hz, 1H),5.27 (dddd,J=7.2,5.7,2.8, 1.4 Hz, 1H), 3.50 - 3.44 (m, 2H),3.33 (d, J =
7.2 Hz,2H), 2.88 (t,J = 7.1 Hz, 2H), 2.29 (s, 3H), 1.73 (dd, J = 3.8, 1.4 Hz, 6H). "C NMR (126
MHz, CDCl;) 6 169.61, 167.64, 163.34, 161.38, 157.67, 148.74, 142.43, 141.96, 134 .49, 133.82,
130.75, 129.86, 128.80, 127.35, 126.20, 125.76, 124.75, 122.95, 121.25, 121.00, 115.90, 115.24,
114.16, 40.68, 32.11, 29.12, 25.68, 21.00, 17.77. HRMS (ESI+) m/z: [M + Na'] calculated for

C,,H,,FNO,Na 484.1900; found 484.1883.

OH
N
O X
0 O °
MeO#ﬁ
HO 0, F

N-(2-(3'-Fluoro-5-((1-methylpiperidin-4-yl)oxy)-[1,1'-biphenyl]-2-yl)ethyl)-4-hydroxy-3-
(3-methylbut-2-en-1-yl)benzamide (3.5a).

Compound 3.5a was synthesized following the procedure used for the synthesis of 3.5 to
obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) 6 7.42 (d, J = 2.4 Hz,
1H),7.38 (dd,J =8.5,2.3 Hz, 1H), 7.34 — 7.28 (m, 1H), 7.13 (d,/ =84 Hz, 1H),7.07 (d,/ = 8.6
Hz, 1H), 7.03 — 7.00 (m, 2H), 6.93 (ddd, J =9.6,2.6, 1.6 Hz, 1H), 6.81 (dd, J =8.3,2.7 Hz, 1H),
6.71 (d,J=2.7Hz, 1H),6.01 (t,/=5.7 Hz, 1H), 545 (d,J=2.3 Hz, 1H), 5.13 (tdd, J = 5.6, 2.8,

14 Hz, 1H), 4.18 (dd, /=90, 34 Hz, 1H),4.13 (dd, J = 34, 2.3 Hz, 1H), 3.58 (s, 3H), 345 -
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340 (m, 2H),3.34 (d,/=9.1 Hz, 1H), 3.26 — 3.13 (m, 2H), 2.80 (t,/ = 7.2 Hz, 2H), 1.68 (d, J =
1.3 Hz, 6H), 1.65 (d, J = 1.2 Hz, 6H). "C NMR (126 MHz, CDCl,) & 167.96, 163.57, 161.61,
157.31, 133.09, 131.09, 130.53, 129.96, 128.67, 127.54, 127.25, 126.18, 12498, 122.09, 117 .26,
116.27, 116.10, 115.36, 114.23, 114.06, 113.30, 97.76, 78.59, 71.27, 68.74, 62.00, 41.20, 31.96,
29.09, 25.85, 22.54, 17.99. HRMS (ESI+) m/z: [M + H'] calculated for C;,H,,FNO, 594.0828;

found 594.0837.

O NH,
BnO O

F
2-(5-(Benzyloxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-yl)ethanamine (3.19).

This compound was synthesized following the procedure reported in Chapter 2.

OMe
1 o
e
OGN NA®
BnO O
F
N-(2-(5-(Benzyloxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-yl)ethyl)-3' ,6-dimethoxy-[1,1'-
biphenyl]-3-carboxamide.
The compound was synthesized following the procedure used for the synthesis of N-(2-(5-
(benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide to obtain the product as a white solid: 'H NMR (500 MHz, Chloroform-d) 6 7.62

(dd,J=85,24Hz, 1H),749 (d,J=2.4Hz,1H),7.36 (dd,J =8.2,1.5 Hz, 2H), 7.34 — 7.29 (m,
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2H), 7.29 - 7.23 (m, 3H), 7.10 — 7.06 (m, 1H), 7.01 — 6.96 (m, 3H), 6.96 — 6.88 (m, 3H), 6.83
(ddd, J =83,2.7,1.0 Hz, 1H), 6.67 (s, 1H), 5.85 (d,J =5.7 Hz, 1H),4.97 (s, 2H), 3.77 (d, J =
8.5 Hz, 6H), 3.44 — 3.38 (m, 2H), 2.77 (t, J = 7.1 Hz, 2H), 2.22 (d, J = 0.7 Hz, 3H). "C NMR
(126 MHz, CDCl,)  166.80, 161.54, 159.27, 158.90, 155.28, 139.26, 138.98, 137.19, 132.30,
130.38, 129.88, 129.81, 129.31, 129.08, 128.51, 128.03, 12791, 127.84, 127.20, 126.99, 126 .90,
125.04, 121.95, 116.19, 115.28, 113.88, 113.10, 112.83, 110.79, 69.98, 55.78, 55.31, 41.11,
31.88, 16.07. HRMS (ESI+) m/z: [M + H'] calculated for Cy,H,,FNO, 576.3325; found

576.3329.

AL

F

N-(2-(3'-Fluoro-5-hydroxy-4-methyl-[1,1'-biphenyl]-2-yl)ethyl)-3' ,6-dimethoxy-[1,1'-
biphenyl]-3-carboxamide (3.37).

Compound 3.37 was synthesized following the procedure used for the synthesis of 3.36 to
obtain the product as a white solid: 'H NMR (500 MHz, Chloroform-d) 6 7.67 (dd, J = 8.6,2.4
Hz, 1H), 752 (d,J =2.3 Hz, 1H), 7.33 (t,J = 7.9 Hz, 1H), 7.10 — 7.05 (m, 2H), 7.04 — 6.88 (m,
6H), 6.65 (s, 1H),5.94 (t,/ =52 Hz, 1H),3.84 (d,J = 1.1 Hz, 6H), 3.48 — 3.38 (m, 2H), 2.81 (¢,
J =72 Hz, 2H), 2.23 (s, 3H). "C NMR (126 MHz, CDCl,) 6 167.18, 161.61, 159.35, 159.09,
152.70, 139.70, 139.07, 132.64, 130.47, 129.94, 129.87, 12942, 129.21, 128.25, 127.76, 125.07,
125.05, 122.16, 116.34, 11549, 114.10, 113.94, 112.89, 110.96, 5590, 5548, 41.28, 31.85,

15.67. HRMS (ESI+) m/z: [M + H'] calculated for C,H,,FNO, 486.4220; found 486.4211.
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N-(2-(5-(((2R 3R A4S ,5R)-3 4-Dihydroxy-5-methoxy-6,6-dimethyltetrahydro-2H-pyran-2-
yl)oxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-yl)ethyl)-3' ,6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide (3.6).

Compound 3.6 was synthesized following the procedure used for the synthesis of 3.5 to obtain
the product as a white solid: '"H NMR (500 MHz, Chloroform-d) & 7.61 (ddd, J = 8.6,409, 2.4
Hz,2H),7.49 (d,J =24 Hz, 1H),7.44 (d,J =2.4 Hz, 1H), 7.30 — 7.20 (m, 4H), 7.05 - 7.03 (m,
2H),7.03 — 6.89 (m, 1H), 6.84 (dtd, J =8.2,2.5, 1.0 Hz, 2H), 6.58 (s, 1H), 5.82 (dd,J=12.2,5.9
Hz, 1H),4.17 (dd,J=9.2,3.3 Hz, 1H), 4.12 (dd, J =3.3,2.3 Hz, 1H), 3.78 (d, 6H), 3.77 (s, 3H),
3.69 (dt,J =6.8,3.4 Hz, 1H),3.43 —3.35 (m, 2H), 2.76 (t,J = 7.2 Hz, 2H), 2.18 (s, 3H), 1.34 (s,
3H), 1.18 (s, 3H). "C NMR (126 MHz, CDCL,) 6 166.99, 161.65, 159.40, 159.06, 153.42,
139.12, 132.72, 132.35, 130.53, 129.94, 129.39, 129.22, 128.90, 128.17, 127.02, 126.70, 125.06,
123.98,122.19,116.72,115.44,114.05,112.86,110.97,97.71,73.78,71.50, 68.83, 62.04, 55.92,
5547, 41.18, 32.04, 22.79, 15.61. HRMS (ESI+) m/z: [M + Na'] calculated for CyH,,FNO;

682.2792; found 682.2806.
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N-(2-(3'-Fluoro-4-methyl-5-((1-methylpiperidin-4-yl)oxy)-[1,1'-biphenyl]-2-yl)ethyl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (3.6a).

A solution of 3.41 (0.025g, 0.06mmol) and N-Methyl-4-piperidinol (0.014mL, 0.12mmol) in
anhydrous benzene (0.6 mL) was cooled to 0°C. Tributylphosphine (0.03mL, 012mmol) and
TMAD (0.021g,0.12mmol) were added to the mixture. The reaction mixture was stirred at reflux
for 12 h. After 12 h the reaction was cooled to rt and purified via column chromatography (SiO,,
1:20 MeOH:DCM) to afford 3.6a as white amorphous solid (30%): 'H NMR (500 MHz,
Chloroform-d) & 7.70 (dd, J = 8.6, 2.3 Hz, 1H), 7.40 (s, 1H), 7.35 (d, J = 2.3 Hz, 1H), 7.30 (s,
1H),7.28 (d,J=2.3 Hz, 1H), 7.24 - 7.22 (m, 1H), 7.11 (d, J = 4.3 Hz, 1H), 7.00 — 6.93 (m, 2H),
6.92 (d, J =8.7 Hz, 1H), 6.81 (dd, J = 8.8, 3.1 Hz, 1H), 6.74 (d, J = 3.0 Hz, 1H), 6.54 (s, 1H),
5.81(d,J=19.5Hz, 1H),4.60 (s, 1H),3.77 (s, 3H), 3.74 (s, 3H), 3.70 (d,J = 4.1 Hz,2H), 345 -
3.39 (m, 4H), 3.28 (m, 2H), 3.06 (s, 3H),2.74 (d,J =7.6 Hz,2H),2.57 (d,J =27.2 Hz,2H), 2.21
(s, 3H). "C NMR (126 MHz, CDCl;) 8 166.99, 161.65, 159.40, 159.06, 153.42, 139.12, 132.72,
132.35,130.53, 129.94, 129.39, 129.22, 128.90, 128.17, 127.02, 126.70, 125.06, 123.98, 122.19,
116.72, 11544, 114.05, 112.86, 11097, 97.71, 73.78, 71.50, 68.83, 62.04, 55.92, 5547, 41.18,
32.04,22.79, 15.61. HRMS (ESI+) m/z: [M + H"] calculated for C;sH;,FN,O, 583.2972; found

583.2952.
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4-((2-(5-(Benzyloxy)-3'-fluoro-4-methyl-[1,1'-biphenyl]-2-yl)ethyl)carbamoyl)-2-(3-
methylbut-2-en-1-yl)phenyl acetate (3.49).

Compound 3.49 was synthesized following the procedure used for the synthesis of 3.34 to
obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) 6 7.50 (d, J = 3.0 Hz,
1H),7.42 (dt,J =7.6,2.8 Hz, 3H), 7.36 — 7.30 (m, 3H), 7.22-7.19 (m, 1H), 7.10 (d,J = 8.0, 5.9,
2.1 Hz,1H),7.03 (d,J =119 Hz, 1H), 6.99 - 6.92 (m, 2H), 6.91 — 6.86 (m, 1H), 6.58 (d,/=2.0
Hz, 1H), 5.85 (d, J = 6.3 Hz, 1H), 5.28 - 5.21 (m, 1H), 5.14 - 5.07 (m, 2H), 3.38 (dq, / = 13 4,
7.0 Hz, 2H), 3.17 (d, J = 7.3 Hz, 2H), 2.75 (q, J = 8.1, 7.2 Hz, 2H), 2.22 (s, 6H), 2.09 (s, 3H),
1.63 (d, J = 18.5 Hz, 6H). "C NMR (126 MHz, CDCIl;) 6 168.98, 166.86, 161.38, 152.29,
151.10, 139.51, 13401, 133.61, 132.37, 129.74, 129.04, 127.58, 125.22, 12482, 123.71, 122.29,
120.80, 116.40, 116.09, 11592, 113.93, 113.76, 71.09, 41 01, 31.61, 28.76, 25.61, 20.77, 17.77,

15.41. HRMS (ESI+) m/z: [M + Na'] calculated for C;sH,FNO, 588.2526; found 588.2517.

OAc

ZT
\

4-((2-(3'-Fluoro-5-hydroxy-4-methyl-[1,1'-biphenyl]-2-yl)ethyl)carbamoyl)-2-(3-

methylbut-2-en-1-yl)phenyl acetate (3.54).
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Compound 3.54 was synthesized following the procedure used for the synthesis of 3.53 to
obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) & 7.53 (d, 1H), 7.37 —
7.32 (m, 1H), 7.24-7.21 (m, 1H), 7.18 (d,J =7.7, 6.1, 2.3 Hz, 1H), 7.08 (d, J = 11.6 Hz, 1H),
691 - 6.88 (m,2H), 6.78 - 6.73 (m, 1H), 6.62 (d,J = 2.4 Hz, 1H), 5.88 (d,J = 6.5 Hz, 1H), 5.10
-5.05 (m, 1H), 3.40 (dq,J =13.1,7.3 Hz,2H), 3.21 (d,J = 7.6 Hz, 2H), 2.78 (q, J = 8.3, 7.5 Hz,
2H), 2.32 — 2.26 (m, 6H), 1.66 (d, J = 18.1 Hz, 6H). "C NMR (126 MHz, CDCl;) & 168.07,
165.95,162.43,151.38, 150.19, 138.59, 133.09, 131 .45, 128.82, 128.13, 126.66, 124.30, 123 .91,
122.80,121.37,119.88,115.49,115.01, 113.01, 110.33, 40.09, 30.70, 27.84, 24.70, 19.85, 16.86,

14.50. HRMS (ESI+) m/z: [M + H"] calculated for C,,H,,FNO, 476.2237; found 476.2239.

@r@Y

N-(2-(3'-Fluoro-4-methyl-5-((1-methylpiperidin-4-yl)oxy)-[1,1'-biphenyl]-2-yl)ethyl)-4-
hydroxy-3-(3-methylbut-2-en-1-yl)benzamide (3.6b).

Compound 3.6b was synthesized following the procedure used for the synthesis of 3.6a,
which was utilized to obtain the acetate-protected product. The acetate group was removed by
dissolving the Mitsunobu coupled product (0.02mg) in anhydrous methanol (1mL) and K,CO,
(0.02mg). The mixture was stirred at rt. After 8 h the reaction was concentrated and purified via
column chromatography (SiO,, 1:10, MeOH: DCM) to obtain the product as a white solid (35%):
'H NMR (500 MHz, Chloroform-d) 6 7.53 — 7.51 (m, 1H), 7.43 (dd, J = 8.5, 2.4 Hz, 1H), 7.34

(td,J =8.0,6.0 Hz, 1H), 7.22 (s, 1H), 7.08 — 7.00 (m, 2H), 6.98 (ddd, J = 9.5, 2.6, 1.6 Hz, 1H),
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6.88 (s, 1H), 6.78 (d,J = 8.6 Hz, 1H), 591 (t,J = 5.7 Hz, 1H), 522 (dddd, /= 6.9,55,28, 1.4
Hz, 1H),4.75 (s, 1H), 3.52 - 3.46 (m, 2H), 3.32 (d, /= 6.7 Hz, 2H), 3.07 (s, 2H), 2.88 (t,J =7.2
Hz,2H),2.74 (s,4H), 2.61 (s, 2H), 2.32 (s, 3H), 2.19 (s, 3H), 1.74 (d,J =14 Hz, 3H), 1.71 (d, J
= 1.3 Hz, 3H). "C NMR (126 MHz, CDCl,) 6 169.34, 163.50, 161.54, 156.89, 139.65, 133.94,
133.11, 132.61, 129.90, 129.39, 127.41, 126 .09, 125.07, 123.40, 122.10, 116.33, 116.16, 114.28,
114.11, 111.28, 78.04, 53.51, 44.03, 40.88, 32.11, 30.98, 28.99, 25.86, 18.08, 15.96. HRMS

(ESI+) m/z: [M + H'] calculated for C,;H;yFN,0, 531.3023; found 531.3033.

2-(5-(Benzyloxy)-3'-fluoro-3-methoxy-[1,1'-biphenyl]-2-yl)ethanamine (3.22).

This compound was synthesized following the procedure reported in Chapter 2.

OMe y ‘ OMe
O NTO O OMe
BnO O
F
N-(2-(5-(Benzyloxy)-3'-fluoro-3-methoxy-[1,1'-biphenyl]-2-yl)ethyl)-3' ,6-dimethoxy-[1,1'-
biphenyl]-3-carboxamide.

The compound was synthesized following the procedure used for the synthesis of N-(2-(5-

(benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
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carboxamide to obtain the product as a white solid: 'H NMR (500 MHz, Chloroform-d) 6 7.57
(dd,J=85,24Hz,2H),7.51 (d,J =23 Hz, 2H), 7.34 (s,2H), 7.10 - 6.96 (m, 5H), 6.89 (d,J =
8.6 Hz,3H),6.57 (d,J =2.5 Hz, 3H), 6.37 (d,J =24 Hz, 1H), 6.32 (t,J = 5.0 Hz, 1H), 5.05 (s,
2H), 3.85 (s, 3H), 3.84 (s, 3H), 3.77 (s, 3H), 3.51 — 3.44 (m, 2H), 2.89 (t, J = 6.5 Hz, 2H). °C
NMR (126 MHz, CDCl;) 6 167.22, 161.84, 159.68, 159.04, 158.97, 158.16, 139.55, 136.83,
130.57, 130.23, 130.16, 129.74, 129.43, 129.07, 128.49, 128.36, 127.70, 127.53, 118.71, 116.62,
116.45,115.69, 114.64,114.47,113.22,111.05, 107.32,99.99, 71.15, 56.13, 55.71 (2Cs), 40.37,

26.00. HRMS (ESI+) m/z: [M + Na'] calculated for Cy;H,,FNO, 614.2319; found 614.2322.

OMe ! OMe
O N OMe
U
HO O

F

N-(2-(3'-Fluoro-5-hydroxy-3-methoxy-[1,1'-biphenyl]-2-yl)ethyl)-3' ,6-dimethoxy-[1,1'-
biphenyl]-3-carboxamide (3.38).

Compound 3.38 was synthesized following the procedure used for the synthesis of 3.36 to
obtain the product as a white solid: 'H NMR (500 MHz, Chloroform-d) 6 7.64 (dd, J = 6.6, 2.1
Hz, 2H), 7.56 (d, J = 3.1 Hz, 2H), 7.22 (s, 2H), 7.16 — 7.02 (m, 2H), 6.91 (d, J = 7.9 Hz, 2H),
6.61 (d,J=2.7Hz, 2H), 6.39 (d,J = 3.1 Hz, 1H), 6.30 (t, J = 4.8 Hz, 1H), 3.79 (s, 3H), 3.78 (s,
3H), 3.70 (s, 3H), 3.49 — 3.40 (m, 2H), 2.90 (t, J = 6.2 Hz, 2H). "C NMR (126 MHz, CDCl;) 6
167.43,161.64, 159.23, 159.16, 158.96, 158.36, 139.87, 136.33, 130.42, 130.32, 130.06, 129.84,

129.65, 129.37, 128.79, 128.39, 127.60, 127.35, 118.74, 116.66, 116.35, 115.64, 114.74, 114 .07,
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113.52, 111.35, 107.35, 100.01, 56.33, 55.34 (2Cs), 41.07, 28.05. HRMS (ESI+) m/z: [M - H']

calculated for C;,H,sFINO4500.1873; found 500.1897.

(0] I
MeO##
HO

OH

N-(2-(5-(((2R 3R A4S ,S5R)-3 4-Dihydroxy-5-methoxy-6,6-dimethyltetrahydro-2H-pyran-2-
yl)oxy)-3'-fluoro-3-methoxy-[1,1'-biphenyl]-2-yl)ethyl)-3' ,6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide (3.7).

Compound 3.7 was synthesized following the procedure used for the synthesis of 3.5 to obtain
the product as a white solid: '"H NMR (500 MHz, Methylene Chloride-d2) & 7.64 (dd, J = 8.6,
24 Hz,1H),7.53 (d,J =24 Hz, 1H), 733 - 7.27 (m, 1H), 7.27 - 7.21 (m, 1H), 7.02 — 6.97 (m,
3H),6.97 - 691 (m, 2H), 6.81 (ddd,J=8.3,2.6,1.0 Hz, 1H),6.77 (d,J =2.6 Hz, 1H), 6.32 (d, J
=2.5Hz,1H),6.24 (dd,J=8.3,5.0 Hz, 1H),5.37 (d,J = 6.6 Hz, 1H), 5.26 — 5.22 (m, 1H), 4.28
(dd,J=4.7,3.7Hz, 1H),3.99 (dd, J = 6.6, 3.6 Hz, 1H), 3.77 (s, 3H), 3.74 (s, 3H), 3.70 (s, 3H),
341 (s,3H),3.10 (d,J =4.7Hz, 1H),2.82 (td, /= 11.9,4.3 Hz, 2H), 2.51 (td, J = 12.1, 5.7 Hz,
2H), 1.31 (s, 3H), 1.19 (s, 3H). "C NMR (126 MHz, CD,Cl,) & 166.33, 160.69, 158.57, 158.37,
156.57, 141.93, 138.30, 129.65, 129.02, 128.61, 128.20, 127.24, 125.67, 124.19, 121.10, 116.25,
115.30, 114.53,113.18,113.01, 111.86, 110.06, 107.36, 82.14, 76.69, 69 .44, 67.68, 59.02, 54.96,
54.49,38.97,24.71,24.03. HRMS (ESI+) m/z: [M + Na'] calculated for C;;H,,FNO, 698.2741;

found 698.2714.
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N-(2-(3'-Fluoro-3-methoxy-5-((1-methylpiperidin-4-yl)oxy)-[1,1'-biphenyl]-2-yl)ethyl)-
3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (3.7a).

Compound 3.7a was synthesized following the procedure used for the synthesis of 3.6a to
obtain the product as a white solid: '"H NMR (500 MHz, Methylene Chloride-d2) & 7.72 — 7.68
(m, 1H),7.57 (d,J =2.4 Hz, 1H), 7.40 — 7.31 (m, 2H), 7.10 — 6.98 (m, 5H), 6.97 — 6.86 (m, 2H),
6.50 (d,J=24Hz,1H),6.36 (d,J/ =24 Hz, 1H), 6.33 — 6.28 (m, 1H), 4.59 (s, 1H), 3.84 (s, 3H),
3.82 (s,3H),3.77 (s, 3H), 3.44 — 3.34 (m, 2H), 2.87 — 2.78 (m, 2H), 2.75 — 2.65 (m, 2H), 2.36 —
2.26 (m, 2H), 2.23 (s, 3H), 2.10 — 1.98 (m, 2H), 1.61 — 1.54 (m, 2H). "C NMR (126 MHz,
CD,Cl,) O 16645, 163.53, 161.57, 15947, 159.01, 156.18, 143.96, 139.29, 136.76, 130.35,
129.96, 129.89, 129.29, 129.12, 128.71, 128.09, 127.56, 127.06, 126.29, 125.04, 121.96, 116.18,
116.01, 115.48, 112.64, 110.92, 107.74, 106.87, 77.53, 55.01, 54.22 (2Cs), 53.15(2Cs), 47.10,

40.30, 30.18, 29.78, 22.82. HRMS (ESI+) m/z: [M + H'] calculated for CyH:,FN,O; 599.2921;

found 599.2914.
OMe . = | OAc
N S N
BnO I O ©
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4-((2-(5-(Benzyloxy)-3'-fluoro-3-methoxy-[1,1'-biphenyl]-2-yl)ethyl)carbamoyl)-2-(3-
methylbut-2-en-1-yl)phenyl acetate (3.50).

Compound 3.50 was synthesized following the procedure used for the synthesis of 3.48 to
obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) & 7.36 — 7.19 (m, 8H),
701 - 6.84 (m, 3H), 6.49 (d,J =2.5 Hz, 1H), 6.31 — 6.25 (m, 1H), 5.08 — 5.02 (m, 2H), 4.99 (s,
1H), 3.69 — 3.62 (s, 3H), 3.12 (d, J = 7.4 Hz, 2H), 2.80 (d, J = 6.5 Hz, 2H), 2.20 (d, J = 2.5 Hz,
2H), 1.93 (s, 3H), 1.64 — 1.54 (m, 6H). "C NMR (126 MHz, CDCl,) 6 167.92, 165.77, 162.33,
160.37, 157.54, 156.70, 142.20, 135.40, 132.33, 128.78, 128.72, 128.25, 127.69, 127.12, 126.29,
126.18, 124.08, 123.87, 121.14, 120.11, 117.11, 115.13, 113.15, 112.99, 105.84, 69.67, 54.30,
39.96, 28.64, 27.87, 24.67, 19.80, 16.83. HRMS (ESI+) m/z: [M + Na'] calculated for

C,H, FNO, 604.2475; found 604.2467.

4-((2-(3'-Fluoro-5-hydroxy-3-methoxy-[1,1'-biphenyl]-2-yl)ethyl)carbamoyl)-2-(3-
methylbut-2-en-1-yl)phenyl acetate (3.55).

Compound 3.55 was synthesized following the procedure used for the synthesis of 3.53 to
obtain the product as a white solid: "H NMR (500 MHz, Methylene Chloride-d2) & 8.89 (s, 1H),
7.66 (d,J=22Hz, 1H),7.58 (dd,J =8.3,2.3 Hz, 1H), 7.38 (ddd, J = 8.6, 7.6, 6.0 Hz, 1H), 7.08
(ddd,J=9.1,8.2,2.5Hz,2H), 7.03 - 6.96 (m, 1H), 6.81 (t,J =5.7 Hz, 1H), 6.55 (d, J = 2.7 Hz,

1H), 6.31 (d,J =2.6 Hz, 1H), 524 — 5.16 (m, 1H), 3.76 (s, 3H), 3.37 (ddd, J = 9.8, 7.7, 5.6 Hz,
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2H),3.27 (d,J =7.6 Hz, 2H), 2.76 — 2.69 (m, 2H), 2.30 (s, 3H), 1.72 (dd, J/ = 189, 1.3 Hz, 6H).
"C NMR (126 MHz, CD,Cl,) 6 169.53, 169.03, 163.90, 161.95, 157.95, 152.35, 135.01, 13451,
131.71, 130.23, 130.16, 129.53, 126.16, 125 .40, 123.21, 121.30, 116.32, 114.43, 114.26, 107 .58,
102.12, 55.80, 41.87,29.25,26.99, 25.99, 21.22, 18.13. HRMS (ESI+) m/z: [M + H'] calculated

for C,,H,,FNO; 491 .21; found 531.3221.

H
OMe H 0
LT h
ek
F

N-(2-(3'-Fluoro-3-methoxy-5-((1-methylpiperidin-4-yl)oxy)-[1,1'-biphenyl]-2-yl)ethyl)-4-
hydroxy-3-(3-methylbut-2-en-1-yl)benzamide (3.7b).

Compound 3.7b was synthesized following the procedure used for the synthesis of 3.6b to
obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) & 7.41 (ddd, J = 10.8,
54,25 Hz,2H),7.11 (dddd, J =9.5,8.5,2.6, 1.0 Hz, 1H), 7.01 (ddd, J = 9.3, 2.6, 1.5 Hz, 1H),
6.84 (d,J=8.3Hz,1H),6.46 (d,J =24 Hz, 1H),6.36 (d,J =24 Hz, 1H), 6.04 (dt,J =29.0,9.6
Hz, 2H), 5.28 — 5.21 (m, 1H), 4.83 (q, J = 6.3 Hz, 1H), 4.75 (s, 1H), 3.88 (d, J = 6.6 Hz, 2H),
3.79 (s, 3H), 3.73 - 3.60 (m, 2H), 3.37 — 3.32 (m, 2H), 3.29 (d, J = 9.8 Hz, 2H), 3.01 (dd, J =
12.6,5.1 Hz, 2H), 2.80 — 2.73 (m, 2H), 2.66 (t,J = 14.9 Hz, 2H), 2.21 - 2.17 (s, 3H), 1.81 - 1.72
(m, 6H). *C NMR (126 MHz, CDCl3) & 166.85, 158.63, 157.49, 155.59, 143.66, 136.94, 136.16,
135.43, 129.83, 128.73, 127.10, 126.21, 124.54, 120.89, 117.21, 115.94, 115.55, 106.39, 98.91,
66.08, 55.37, 48.88, 43.00, 39.74, 29.56, 27.08, 25.73, 21.73, 17.84. HRMS (ESI+) m/z: [M +

H"] calculated for Cy;H;,FN,0, 547.2972; found 547.2962.
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2-(5-(Benzyloxy)-3'-fluoro-3-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethanamine (3.24).

This compound was synthesized following the procedure reported in Chapter 2.

oMoM O OMe
O NTO O OMe
BnO O
F

N-(2-(5-(Benzyloxy)-3'-fluoro-3-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide.

The compound was synthesized following the procedure used for the synthesis of N-(2-(5-
(benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide to obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) 6 7.57
(dd,J=8.5,24Hz,1H),7.51 (d,J =24 Hz, 1H),7.43 - 7.37 (m, 4H), 7.36 — 7.28 (m, 5H), 7.09
—7.01 (m, 3H), 701 - 6.96 (m, 1H), 6.93 — 6.90 (m, 1H), 6.66 (d,J =24 Hz, 1H), 648 (d,J =
2.5 Hz, 1H), 6.31 (t,J =5.0 Hz, 1H), 5.03 (s, 2H), 5.01 (s, 2H), 3.83 (d, J = 2.4 Hz, 6H), 3.63 (s,
3H), 3.52 — 3.44 (m, 2H), 2.89 (t, J = 6.5 Hz, 2H). "C NMR (126 MHz, CDCl;) 6 166.84,

16145, 159.29, 158.66, 157.82, 139.15, 136.63, 136.40, 130.19, 129.85, 129.78, 129.34, 129 05,

128.67, 128.63, 128.10, 127.97, 127.67, 127.30, 127.13, 124.93, 122.02, 118.60, 116.24, 116 .07,
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115.30, 114.27, 114.10, 112.82, 110.66, 107.93, 100.29, 95.40, 70.23, 55.74, 55.32, 40.98,

25.65.HRMS (ESI+) m/z: [M + H'] calculated for C;,H,FNO, 622.0725; found 622.0731.

oMoM OMe
N OMe
HO ‘ O © ‘

F

N-(2-(3'-Fluoro-5-hydroxy-3-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (3.39).

Compound 3.39 was synthesized following the procedure used for the synthesis of 3.36 to
obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) & 7.58 — 7.47 (m, 2H),
7.19 —7.06 (m, 2H), 6.92 — 6.87 (m, 3H), 6.85 — 6.75 (m, 2H), 6.78 — 6.66 (m, 3H), 6.46 (d, J =
24 Hz, 1H), 6.14 (d,J =24 Hz, 1H), 5.03 (s, 2H), 3.66 (d, J = 1.2 Hz, 6H), 3.63 (s, 3H), 3.32 -
3.27 (m, 2H), 2.66 — 2.58 (m, 2H). "C NMR (126 MHz, CDCL,) & 170.44, 167.60, 162.19,
160.23, 158.14, 158.03, 155.26, 154.06, 142.73, 141.97, 137.69, 129.26, 128.54, 128.00, 127.09,
124.64, 123.69, 120.96, 114.26, 113.73, 111.70, 109.85, 108.09, 102.11, 59.50, 54.61, 54 .21,

40.37,24.92. HRMS (ESI+) m/z: [M + H'] calculated for C,,H;,FNO, 532.7621, found 532.7617.
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N-(2-(5-(((2R 3R A4S ,5R)-3 4-Dihydroxy-5-methoxy-6,6-dimethyltetrahydro-2H-pyran-2-
yl)oxy)-3'-fluoro-3-hydroxy-[1,1'-biphenyl]-2-yl)ethyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide (3.8).

Compound 3.8 was synthesized following the procedure used for the synthesis of 3.5 to obtain
the product as a white solid: 'H NMR (500 MHz, Methylene Chloride-d2) 6 7.80 — 7.74 (m, 1H),
7.70 (dd, J =3.9,2.3 Hz, 1H), 7.31 (d,J = 8.0 Hz, 1H), 7.08 — 7.00 (m, 4H), 6.97 (dtd, J = 7.5,
2.6,12 Hz, 1H), 6.89 (ddd, J =8.3,2.6,0.9 Hz, 1H), 6.72 (s, 1H), 6.67 (d,J = 2.5 Hz, 1H), 6.48
(d,J=25Hz,1H),642 (d,J =2.5 Hz, 1H), 6.24 (d, J = 2.5 Hz, 1H), 5.50 (d, J = 2.4 Hz, 1H),
416 (dd,J=9.0,34 Hz, 1H),4.08 (dd, J =34,2.3 Hz, 1H), 3.86 (d, J = 0.8 Hz, 6H), 3.82 (s,
3H),3.55(d,J=1.0 Hz, 1H), 3.40 — 3.33 (m, 2H), 2.73 (ddd, J = 10.6, 7.8, 5.5 Hz, 2H), 1.30 (s,
3H), 1.22 (s, 3H). "C NMR (126 MHz, CD,Cl,) 6 169.21, 161.95, 160.05, 159.90, 156.48,
155.50, 143.35,139.43, 131.08, 130.07, 129.56, 128.61, 125.96, 125.31, 122.40, 122.39, 116 43,
116.26,115.77,114.43,114.27,113.30, 111.51, 109.48, 98.15, 78.57,71.80, 69.08, 62.14, 56 .31,
55.80, 41.82, 29.22, 23.31. HRMS (ESI+) m/z: [M - H'] calculated for C,,H,,FNO, 660.2609;

found 660.2626.

OH ! OMe
\l\O\ N O OMe
O
F

N-(2-(3'-Fluoro-3-hydroxy-5-((1-methylpiperidin-4-yl)oxy)-[1,1'-biphenyl]-2-yl)ethyl)-

3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (3.8a).
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Compound 3.8a was synthesized following the procedure used for the synthesis of 3.6a, to
obtain the coupled product, which was then dissolved in methanol (3mL). p-TSA (0.Img,
0.63mmol) was added and the mixture was stirred at rt. After 12 h the reaction mixture was
concentrated; the residue was diluted with saturated ammonium chloride and extracted with
EtOAc (3x30mL). The organic layers were combined, dried, concentrated, and purified via
column chromatography (SiO,, 1:20, MeOH: DCM) to give 3.8a as a white solid (60% yield): 'H
NMR (500 MHz, Chloroform-d) 6 7.62 (dd, J = 8.6,2.4 Hz, 1H),7.46 (d,J =24 Hz, 1H),7.32 -
7.22 (m,2H),7.01 (dt,J=7.8,1.1 Hz, 1H), 6.98 — 6.93 (m, 5H), 691 (d, J = 8.7 Hz, 1H), 6.88 —
6.83 (m, 1H), 645 - 642 (m, 1H), 6.27 (d, J = 2.2 Hz, 1H), 4.31 (s, 1H), 3.78 (d, J = 1.2 Hz,
6H), 3.40 — 3.24 (m, 2H), 2.72 (t,J = 7.4 Hz,2H), 2.61 — 2.45 (m, 2H), 2.28 — 2.10 (m, 2H), 1.86
(s, 3H), 1.61 — 1.49 (m, 2H), 1.39 — 1.28 (m, 2H). "C NMR (126 MHz, CDCl;) & 165.99,
162.35,160.39, 158.20, 155.22, 154.84, 142.56, 137.92, 129.27, 128.78, 128.71, 128.27, 128.15,
127.09, 123.70, 121.02, 114.85, 114.60, 113.18, 111.57, 109.86, 108.93, 78.21, 54.77 (2Cs),
54.39 (2Cs), 48.23, 40.90, 28.68, 28.30, 21.67. HRMS (ESI+) m/z: [M + H'] calculated for
C;sH;,FN,O;4 585.2765; found 585.2793.

OMOM & OAc

H
N N
BnO I O

F

AN

4-((2-(5-(Benzyloxy)-3'-fluoro-3-(methoxymethoxy)-[1,1'-biphenyl]-2-
yDethyl)carbamoyl)-2-(3-methylbut-2-en-1-yl)phenyl acetate (3.51).
Compound 3.51 was synthesized following the procedure used for the synthesis of 3.48 to

obtain the product as a white solid: 'H NMR (500 MHz, Chloroform-d) 6 7.54 (dd, J =5.7,2.2
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Hz, 1H), 746 — 7.29 (m, 8H), 7.11 — 6.92 (m, 4H), 6.68 (d,J =2.5 Hz, 1H),6.49 (d,J =2.5 Hz,
1H), 6.35 — 6.24 (m, 1H), 5.13 - 5.05 (m, 2H), 5.05 - 4.97 (m, 2H), 4.46 — 4.24 (m, 2H), 3.52 -
3.36 (m, 3H), 2.96 — 2.82 (m, 4H), 2.16 (s, 3H), 1.95 (dq, J =5.5,2.9 Hz, 3H), 1.74 — 1.69 (m,
3H). "C NMR (126 MHz, CDCl;) & 167.97, 165.81, 162.38, 160.42, 156.80, 154.95, 152.51,
135.58, 135.36, 132.89, 132.41, 131.69, 128.75, 128.31, 127.59, 127.08, 12633, 124 .05, 123 .87,
121.15,120.10,117.45,115.18, 115.01, 113.05, 106.87,99.27, 95.34, 69.75, 59.37, 43.59, 3235,
28.67, 2822, 2791, 24.71, 20.04, 16.87. HRMS (ESI+) m/z: [M + H'] calculated for

C,,H,,FNO, 612.2761; found 612.2791.

OAc

4-((2-(3'-Fluoro-5-hydroxy-3-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)carbamoyl)-2-
(3-methylbut-2-en-1-yl)phenyl acetate (3.56).

Compound 3.56 was synthesized following the procedure used for the synthesis of 3.53 to
obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) 6 8.84 (s, 1H),7.95 (d,J
=22 Hz, 1H),7.66 (d,J =2.3 Hz, 1H), 7.53 (dd, J = 8.4, 2.3 Hz, 1H), 7.32 (td, J = 8.0, 6.0 Hz,
1H),7.07 - 6.90 (m, 4H), 6.69 (d,J =2.5 Hz, 1H), 6.44 (d,J =2.5 Hz, 1H), 5.20 - 5.11 (m, 2H),
345 (s,3H),3.44 -3.37 (m,2H),3.23 (d,J =7.3 Hz, 2H), 2.77 (dt, J = 8.7, 3.6 Hz, 2H), 2.31 (s,
3H), 1.71 (d, J = 1.5 Hz, 3H), 1.67 (d, J = 1.4 Hz, 3H). "C NMR (126 MHz, CDCl,) 8 169.19,
168.28, 163.35,161.39, 156.25, 151.52, 142.80, 134.22, 133.78, 131 .49, 129.62, 129.37, 127 .82,

125.65, 124.81, 122.51, 120.89, 116.09, 115.92, 114.07, 109.31, 104.00, 94.41, 56.06, 41 .45,
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28.89, 26.17, 25.75, 20.89, 17.89. HRMS (ESI+) m/z: [M + H'] calculated for C;,Hy,FNO,

522.2292; found 522.2271.

OH
OH H
LOCT T
ek
F

N-(2-(3'-Fluoro-3-hydroxy-5-((1-methylpiperidin-4-yl)oxy)-[1,1'-biphenyl]-2-yl)ethyl)-4-
hydroxy-3-(3-methylbut-2-en-1-yl)benzamide (3.8b).

Compound 3.8b was synthesized following the procedure used for the synthesis of 3.6b, to
obtain the acetate deprotected product, which was then dissolved in methanol (3mL). p-TSA
(0.1mg, 0.63mmol) was added and the mixture was stirred at rt. After 12 h the reaction mixture
was concentrated; the residue was diluted with saturated ammonium chloride and extracted with
EtOAc (3x30mL). The organic layers were combined, dried, concentrated, and purified via
column chromatography (SiO,, 1:20, MeOH: DCM) to give 3.8b as a white solid (60% yield): 'H
NMR (500 MHz, Chloroform-d) 6 7.21 — 7.01 (m, 2H), 6.83 — 6.70 (m, 2H), 6.59 (t,J = 7.2 Hz,
2H), 6.48 — 6.33 (m, 2H), 6.15 (dd, J = 154,79 Hz, 1H),5.82 (d,J =7.2 Hz, 1H),5.70 (d, J =
7.8 Hz, 1H), 4.71 — 4.59 (m, 1H), 3.33 (dd, J = 20.5, 8.7 Hz, 2H), 3.06 — 2.93 (m, 4H), 2.85 —
2.63 (m, 4H), 2.39 (dt, J = 9.5, 4.0 Hz, 2H), 2.33 — 2.25 (m, 2H), 2.14 (s, 3H), 1.82 - 1.69 (d,
6H). "C NMR (126 MHz, CDCl;) & 168.24, 163.64, 161.69, 143.81, 140.96, 133.24, 129.99,
129.20, 128.68, 126.31, 125.01, 122.19, 116.27, 114.77, 114.08, 109.86, 85.97, 53.21, 53.18,
43.62, 40.10, 32.10, 29.92, 28.58, 27.46, 25.90, 17.91. HRMS (ESI+) m/z: [M + H'] calculated

for C5,H,,FN,0, 533.2816; found 533.2800.
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2-(5-(Benzyloxy)-3'-fluoro-6-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethanamine (3.27).

This compound was synthesized following the procedure reported in Chapter 2.

OMe
H
! NT O ‘ OMe
BnO ©
MOMO

F

N-(2-(5-(Benzyloxy)-3'-fluoro-6-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)-3',6-

dimethoxy-[1,1'-biphenyl]-3-carboxamide.

The compound was synthesized following the procedure used for the synthesis of N-(2-(5-

(benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-

carboxamide to obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) 6 8.06

(d,J =23 Hz, 1H), 7.69 — 7.60 (m, 3H), 7.37 — 7.21 (m, 7TH), 6.98 (s, 1H), 6.93 (dd, J = 11.5,

8.6 Hz, 2H), 6.88 — 6.74 (m, 4H), 6.29 (t, J = 5.5 Hz, 1H), 5.00 (s, 2H), 4.93 (s, 2H), 3.81 (s,

3H), 3.74 (s, 3H), 3.73 (s, 3H), 3.63 — 3.58 (m, 2H), 2.83 — 2.75 (m, 2H). "C NMR (126 MHz,

CDCly) & 16743, 161.35, 159.66, 159.61, 151.56, 144.02, 13943, 139.11, 138.87, 136.98,

133.43,132.14, 131.20, 130.57, 130.18, 129.53, 129.36, 128.95, 12843, 127.22, 125.61, 125.19,

12245, 122.31, 121.30, 115.64, 113.40, 113.26, 112.41, 111.23, 111.01, 98.94, 71.48, 56.26,
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56.09, 55.66, 40.58, 30.10. HRMS (ESI+) m/z: [M + Na'] calculated for C;;H,,FNO, 644.2424;

found 644.2419.

(L
HO ©
MOMO

F

N-(2-(3'-Fluoro-5-hydroxy-6-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (3.40).

Compound 3.40 was synthesized following the procedure used for the synthesis of 3.36 to
obtain the product as a white solid: 'H NMR (500 MHz, Chloroform-d) 6 7.68 (dd, J = 8.6,2.4
Hz, 1H), 7.60 (d,J = 2.4 Hz, 1H), 7.37 - 7.29 (m, 3H), 7.10 — 6.92 (m, 7H), 6.89 (ddd, J = 8.3,
2.6,1.0 Hz, 1H), 6.08 (t,J = 5.8 Hz, 1H), 4.66 (s, 2H), 3.83 (d,J =4.1 Hz, 6H), 3.43 — 3.39 (m,
2H), 3.38 (s, 3H), 2.66 (t, J = 7.1 Hz, 2H). "C NMR (126 MHz, CDCl;) & 165.80, 162.49,
158.20, 157.87, 146.70, 142.22, 137.90, 129.29, 128.85, 128.36, 128.02, 127.86, 126.96, 125.76,
12547, 124.60, 12092, 11591, 11544, 114.21, 113.33, 111.78, 109.76, 98.62, 56.08, 54.71,

54.25,39.70, 31.36. HRMS (ESI+) m/z: [M + H'] calculated for C,;H;,FNO, 532.7621, found

532.7611.
OMe
H
| N N | N OMe
0 = 0] =
OH
Meo#ﬁ
HO F

OH
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N-(2-(5-(((2S 3R 4S5 ,5R)-3 4-Dihydroxy-5-methoxy-6,6-dimethyltetrahydro-2H-pyran-2-
yl)oxy)-3'-fluoro-6-hydroxy-[1,1'-biphenyl]-2-yl)ethyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide (3.9).

Compound 3.9 was synthesized following the procedure used for the synthesis of 3.5 to obtain
the product as a white solid: '"H NMR (500 MHz, Methylene Chloride-d2) & 7.65 (dd, J = 8.5,
24 Hz, 1H),7.58 (d,J =24 Hz, 1H), 742 —7.34 (m, 1H), 7.31 (t,/ =79 Hz, 1H),7.13 (d, J =
8.4 Hz, 1H), 7.07 — 6.94 (m, 6H), 6.88 (ddd, J =8.2,2.6, 1.0 Hz, 1H), 6.79 (d, J = 84 Hz, 1H),
6.10 (t,J =59 Hz, 1H), 530 (d,/ =4.6 Hz, 1H),4.19 (dd, J = 6.9, 3.5 Hz, 1H), 4.05 — 4.01 (m,
1H), 3.83 (s, 3H), 3.81 (s, 3H), 3.80 — 3.79 (m, 1H), 3.56 — 3.50 (m, 1H), 3.49 (s, 3H),3.21 (d, J
= 6.9 Hz, 2H), 2.66 (t, J = 7.2 Hz, 2H), 1.39 (s, 3H), 1.23 (s, 3H). "C NMR (126 MHz, CD,Cl,)
0 167.13, 162.05, 159.71, 159.37, 156.24, 155.31, 144.92, 143.71, 13947, 132.75, 130.70,
130.19, 129.74, 129.37, 128.57, 128.25, 127.10, 126 .42, 122.26, 121.67, 121.02, 117.55, 115.67,
115.12, 11451, 114.34,113.02, 111.19, 100.31, 78.81, 70.52, 69.36, 61.15, 56.09, 55.64, 41 .07,

32.93,24.34. HRMS (ESI+) m/z: [M - H'] calculated for C,,H,,FNO, 660.2609; found 660.2591.

OMe
: i :
(e}
0]
OH
F

N-(2-(3'-Fluoro-6-hydroxy-5-((1-methylpiperidin-4-yl)oxy)-[1,1'-biphenyl]-2-yl)ethyl)-
3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (3.9a).
Compound 3.9a was synthesized following the procedure used for the synthesis of 3.8a to

obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) 6 7.71 (d, J = 8.4 Hz,
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1H),7.56 (d,J=2.1 Hz, 1H), 741 (q,J =74 Hz, 1H), 734 (t,J =7.9 Hz, 1H), 7.11 — 6.96 (m,
S5H), 6.95 - 6.89 (m, 2H), 6.86 (d,J =49 Hz, 1H), 592 (s, 1H), 5.51 (s, 1H), 4.68 (s, 1H), 3.85
(d,J=1.1 Hz, 6H),3.43 (d,J = 6.6 Hz, 2H), 3.27 (s, 2H), 2.75 (s, 2H), 2.68 (t, J = 7.0 Hz, 2H),
2.61 (s,3H),2.20 — 2.14 (m, 2H), 1.35 — 1.16 (m, 2H). "C NMR (126 MHz, CDCl,) 6 167.14,
162.15, 159.70, 159.38, 144 .22, 142.52, 139.33, 138.77, 131.86, 130.98, 130.73, 129.58, 129.52,
128.52, 127.13, 126.21, 122.34, 121.71, 117.65, 117.48, 115.87, 114.60, 113.04, 111.27, 78.30,
56.20, 55.79, 49.83, 44.17, 40.89, 30.10, 27.34 (2Cs). HRMS (ESI+) m/z: [M + H'] calculated

for C4sH,,FN,0, 585.2765; found 585.2738.

OAc

\

H |
N
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4-((2-(5-(Benzyloxy)-3'-fluoro-6-(methoxymethoxy)-[1,1'-biphenyl]-2-
yDethyl)carbamoyl)-2-(3-methylbut-2-en-1-yl)phenyl acetate (3.52).

Compound 3.52 was synthesized following the procedure used for the synthesis of 3.48 to
obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) 6 7.59 (d, J = 2.2 Hz,
1H), 746 — 7.41 (m, 4H), 7.38 (td, J = 8.0, 1.5 Hz, 4H), 7.35 — 7.32 (m, 1H), 7.11 — 7.01 (m,
4H), 6.98 (d,J = 8.5 Hz, 1H), 5.92 - 5.87 (m, 1H), 5.12 (s, 2H), 4.89 (d, J = 2.4 Hz, 2H), 3.46 —
3.37 (m, 2H),3.25 (d,J=7.3 Hz, 2H), 2.87 (s, 3H), 2.70 (t,J = 7.0 Hz, 2H), 2.31 (d, J = 1.5 Hz,
3H), 1.71 (dd, J = 19.8, 1.3 Hz, 6H). "C NMR (126 MHz, CDCl;) 6 16943, 167.17, 163.85,
161.89, 151.60, 150.59, 144.36, 139.56, 137.09, 134.51, 132.89, 130.38, 129.98, 12991, 129.61,

128.98, 128.42, 127.78, 126.56, 125.73, 125.67, 122.78, 121.34, 117.73, 114.54, 113.94, 99.02,
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71.20, 56.96, 41.00, 32.85, 29.27, 26.14, 21.27, 18.30. HRMS (ESI+) m/z: [M + H'] calculated

for C;,H,;FNO, 612.2761; found 612.2770.

OAc
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H |
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F
4-((2-(3'-Fluoro-5-hydroxy-6-(methoxymethoxy)-[1,1'-biphenyl]-2-yl)ethyl)carbamoyl)-2-
(3-methylbut-2-en-1-yl)phenyl acetate (3.57).

Compound 3.57 was synthesized following the procedure used for the synthesis of 3.53 to
obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) 6 7.57 (d, J = 2.2 Hz,
1H),7.44 (dd,J =8.3,2.2 Hz, 1H), 7.37 — 7.32 (m, 2H), 7.08 — 6.91 (m, 5H), 6.13 (t,J = 5.8 Hz,
1H),5.16 (dddd,J=7.1,5.7,2.8,1.4 Hz, 1H), 4.66 (s,2H),3.42 - 3.33 (m,2H),3.23 (d,/ =74
Hz,2H),3.01 (s,3H),2.65 (t,J =7.1 Hz, 2H), 2.30 (d,J = 6.1 Hz,3H), 1.71 (d,J = 1.6 Hz, 3H),
1.67 (d,J = 1.3 Hz, 3H). "C NMR (126 MHz, CDCL,) 6 168.92, 166.78, 163.34, 151.05, 147.60,
143.07, 138.68, 134.74, 133.56, 132.18, 129.72, 129.65, 128.98, 128.56, 126.26, 125.49, 125.23,
122.23, 120.71, 116.59, 114.20, 114.03, 99.43, 56.94, 40.56, 32.13, 28.66, 25.54, 20.68, 17.69.

HRMS (ESI+) m/z: [M + Na'] calculated for C;,H;,FNO,544.2111; found 544.2106.

OH
L
&
F
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N-(2-(3'-Fluoro-6-hydroxy-5-((1-methylpiperidin-4-yl)oxy)-[1,1'-biphenyl]-2-yl)ethyl)-4-
hydroxy-3-(3-methylbut-2-en-1-yl)benzamide (3.9b).

Compound 3.9b was synthesized following the procedure used for the synthesis of 3.8b to
obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) 6 7.53 (d, J = 2.3 Hz,
1H),7.43 (d,J =23 Hz, 1H), 7.38 (ddd,J =8.2,59, 2.4 Hz, 2H), 7.31 (dddd,J=11.0,8.2,5.9,
30 Hz,2H),7.07 (d,J = 8.3 Hz, 1H), 6.85 (d,J = 8.5 Hz, 1H), 6.73 (d, J = 8.6 Hz, 1H), 6 .47 (s,
1H),5.11 (tdd,J=5.7,29, 1.5 Hz, 1H), 4.40 (s, 1H), 3.35 (qd, J=7.3,59 Hz, 2H), 3.18 (d, J =
7.3 Hz,2H),2.63 (t,J=7.0 Hz,2H),2.38 (d,/J =54 Hz,2H),2.29 (d,/ =4.1 Hz,2H),2.25 (d,J
= 5.5 Hz, 2H), 2.07 — 1.94 (s, 3H), 1.89 — 1.80 (m, 2H), 1.67 — 1.61 (m, 6H). "C NMR (126
MHz, CDCl;) 6 167.01, 163.66, 161.73, 143.54, 140.33, 133.74, 129.84, 129.26, 128.53, 126.05,
125.74,122.34,116.41, 114.53, 114.11, 109.46, 85.72, 53 .44, 53.20, 43.02, 40.11, 33.01, 29.22,
28.82,27.55,25.78, 18.01. HRMS (ESI+) m/z: [M + H"] calculated for C,,H;,FN,O, 533. 2816;

found 533.2807.

CHO

MOMO OH

2-Hydroxy-4-(methoxymethoxy)-3-methylbenzaldehyde (3.29).

A solution of 2,4-dihydroxy-3-methylbenzaldehyde (0.45 g, 1.85 mmol) and DIPEA (0.71mL,
0.74 mmol) in anhydrous DCM (18mL) was stirred at O °C. Chloromethyl methyl ether (0.84
mL, 11.1 mmol) was added drop wise after 10 minutes. After 16 h the reaction was quenched by
the addition of water (5SmL), extracted with DCM (3 x 10mL), dried (Na,SO,), filtered and
concentrated. The residue was purified by column chromatography (Si0,, 8:1, Hex:EtOAc) to

afford the product as a white solid (75%): 'H NMR (500 MHz, Chloroform-d) & 11.48 (s, 1H),
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9.73 (d,J=0.6 Hz, 1H), 7.39 - 7.29 (m, 1H), 6.75 (d, J = 8.6 Hz, 1H), 5.28 (s, 2H), 3.49 (s, 3H),
2.13 (s, 3H). "C NMR (126 MHz, CDCl;) 8 195.12, 162.04, 161.45, 132.99, 115.92, 114.49,

105.87,94.16,56.51,7.64.

CHO

MOMO oTf

6-Formyl-3-(methoxymethoxy)-2-methylphenyl trifluoromethanesulfonate.

A solution of 3.29 (0.29 g, 1.1mmol), N-bisphenyltriflate (0.59 g, 1.7 mmol), K,CO, (0.61 g,
4.4 mmol) in anhydrous tetrahydrofuran (15.7 mL) was stirred in a septum-capped tube. The
reaction was heated to 120 °C for 20 minutes in a microwave synthesizer. Upon completion the
reaction was cooled to rt and quenched with water (10 mL), extracted with EtOAc (3 x 5 mL),
dried (Na,SO,), filtered and concentrated. The residue was used without further purification, a

yellow oil (99%).

CHO
MOMO ‘ O

F
3'-Fluoro-5-(methoxymethoxy)-6-methyl-[1,1'-biphenyl]-2-carbaldehyde.
6-Formyl-3-(methoxymethoxy)-2-methylphenyl trifluoromethanesulfonate (5.10 mmol) was

dissolved in Dioxane (25mL). 3-fluorophenyl boronic acid (1.06 g, 7.65 mmol), K,PO, (3.24 g,

15.3 mmol), Pd(dba), (0.117, 0.127 mmol), and S-Phos (0.21g, 0.51mmol) were added to the

mixture. The reaction was degassed and then heated to reflux on. Upon completion of the

reaction, it was cooled to rt. The reaction was extracted with saturated LiCl and EtOAc (3 x

S50mL). The organic layers were combined, dried, concentrated, and purified via column
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chromatography (SiO,, 6:1, Hex: EtOAc) to afford the purified product as a yellow oil (70%): 'H
NMR (500 MHz, Chloroform-d) 6 9.55 (d,J=0.8 Hz, 1H), 7.88 (d,J = 8.7 Hz, 1H), 7.47 — 7.35
(m, 1H), 7.21 (d, J = 8.7 Hz, 1H), 7.13 (tdd, J = 8.5, 2.6, 0.9 Hz, 1H), 7.01 (dt,J = 7.5, 1.2 Hz,
1H), 6.97 (ddd, J = 9.2, 2.6, 1.5 Hz, 1H), 5.33 (s, 2H), 3.52 (s, 3H), 1.99 (s, 3H). "C NMR (126
MHz, CDCly) 6 191.27, 163.51, 161.53, 145.71, 138.97, 129.99, 128 .46, 126.99, 123.61, 117.08,
11492, 114.75, 112.82, 94.18, 56.43, 13.00. HRMS (ESI+) m/z: [M + Na'] calculated for

C,H,.FO, 297.0903; found 297.0904.

~_NO,
MOMO ‘ O

F
(E)-3'-Fluoro-3-(methoxymethoxy)-2-methyl-6-(2-nitrovinyl)-1,1'-biphenyl.
3'-Fluoro-5-(methoxymethoxy)-6-methyl-[1,1'-biphenyl]-2-carbaldehyde (0.11g, 0.327mmol)

was dissolved in Nitromethane (0.7mL). NH,OAc (0.05g, 0.654mmol) was added, and then the

mixture was heated at reflux for 4 h. After 4 h the reaction was cooled to rt. The product was
extracted with EtOAc (3 x 10mL). The organic layers were combined, dried, concentrated. The
residue was purified by column chromatography (Si0,, 4:1, Hex: EtOAc) to afford the purified

product as a yellow solid in 90% yield: 'H NMR (400 MHz, Chloroform-d) 6 7.58 (d, J = 13.6

Hz, 1H),7.45 (d,J=8.8 Hz, 1H), 742 - 7.36 (m, 1H), 7.24 - 7.21 (m, 1H), 7.13 — 7.06 (m, 2H),

6.87 (dt,J=7.5,12Hz, 1H), 6.81 (ddd,J=9.3,2.6, 1.5 Hz, 1H), 5.25 (s, 2H), 3.46 (s, 3H), 1.92

(s, 3H).
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2-(3'-Fluoro-5-(methoxymethoxy)-6-methyl-[1,1'-biphenyl]-2-yl)ethanamine (3.30).
Lithium Aluminum Hydride (0.11g, 2.75mmol) was dissolved in anhydrous tetrahydrofuran

(5.5mL) and cooled to 0°C. (E)-3'-Fluoro-3-(methoxymethoxy)-2-methyl-6-(2-nitrovinyl)-1,1'-

biphenyl (0.5g, 1.377mmol) was dissolved in anhydrous tetrahydrofuran (1.96mL) and added

drop wise to the reaction. The reaction slowly warmed to rt and stirred for 12 h. Upon
completion, 3N NaOH (1mL), water (ImL), and EtOAc (3mL) were added sequentially to
quench the reaction. After stirring for one h the mixture was filtered through a pad of Celite.

The solid was washed with warm EtOAc (100mL). The filtrate was collected, dried, and

concentrated. The oil was purified using column chromatography (Si0O,, 2:1, DCM: MeOH) and

used directly in the next step: '"H NMR (500 MHz, Chloroform-d) & 7.38 (td, J = 8.0, 6.0 Hz,

1H),7.06 —7.02 (m, 3H), 691 (dt,J=7.6,12 Hz, 1H), 6.85 (ddd, /=9.5,2.6,14 Hz, 1H), 5.22

(s,2H),3.51 (s,3H), 2.69 (t,J =7.3 Hz, 2H), 2.46 (t,J = 7.3 Hz, 2H), 2.27 (s, 5SH), 1.90 (s, 3H).

"C NMR (126 MHz, CDCl,) 6 163.72, 153.78, 137.9, 137.1, 130.25, 129.17, 127.27, 125.15,

123.81, 116.26, 113.80, 113.37,94.67, 56.06, 42.92, 36.75, 13.73. HRMS (ESI+) m/z: [M + H']

calculated for C,,H,,FNO, 290.7415; found 290.7422.

OMe
H
N O l OMe
ok

F

MOMO I
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N-(2-(3'-Fluoro-5-(methoxymethoxy)-6-methyl-[1,1'-biphenyl]-2-yl)ethyl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide.

The compound was synthesized following the procedure used for the synthesis of N-(2-(5-
(benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide to obtain the product as a white solid: 'H NMR (500 MHz, Chloroform-d) 6 7.72
(dd,J=8.6,24Hz, 1H),7.63 (d,J =2.4Hz, 1H), 740 — 7.29 (m, 2H), 7.13 (d, J = 8.4 Hz, 1H),
7.09 -7.01 (m,4H),6.99 — 6.85 (m, 4H), 6.09 (t,J =5.7 Hz, 1H), 5.22 (s, 2H), 3.84 (s, 3H), 3.83
(s,3H),3.51 (s,3H),343 (tdd, J =7.2,5.7,2.0 Hz, 2H), 2.62 (t, J = 7.2 Hz, 2H), 1.92 (s, 3H).
C NMR (126 MHz, CDCL,) 6 166.84, 161.85, 159.32, 158.93, 154.00, 141.89, 139.06, 130.37,
130.13, 129.90, 129.47, 129.13, 128.12, 127 .48, 127.01, 126.08, 125.21, 122.03, 116.44, 116.28,
115.35,114.02, 113.44, 112.85, 110.86, 94.68, 56.01, 55.92, 55.89, 40.81, 32.97, 13.84. HRMS

(ESI+) m/z: [M + Na'] calculated for C;,H;,FNO, 552.2161; found 552.2162.

OMe
1 I on
e
OGRS
HO O
F
N-(2-(3'-Fluoro-5-hydroxy-6-methyl-[1,1'-biphenyl]-2-yl)ethyl)-3' ,6-dimethoxy-[1,1'-
biphenyl]-3-carboxamide (3.42).
Compound 3.42 was synthesized following the procedure used for the synthesis of 3.36 to
obtain the product as a white solid: 'H NMR (500 MHz, Chloroform-d) 6 7.62 (dd, J = 8.6,2.4
Hz,1H),7.48 (d,J=2.4Hz, 1H),7.15 (s, 1H), 7.02 - 6.97 (m, 1H), 6.96 — 6.88 (m, 3H), 6.86 (d,

J=85Hz, 1H), 6.85-6.72 (m,4H), 6.52 - 6.41 (m, 1H), 595 (t,J =5.7 Hz, 1H),3.74 (d, J =
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3.0 Hz, 6H), 3.35 — 3.28 (m, 2H), 2.49 (t, J = 7.1 Hz, 2H), 1.79 (s, 3H). "C NMR (126 MHz,
CDCly) & 167.55, 162.14, 159.56, 159.39, 15345, 143.04, 142.14, 139.28, 130.45, 129.74,
12945, 128.71, 128.58, 128.29, 127.88, 126.99, 125.55, 123.35, 12248, 116.77, 116.61, 11586,
115.00, 114.43, 114.26, 113.05, 111.28, 56.14, 55.75, 41.26, 33.20, 13.79. HRMS (ESI+) m/z:

[M + H'] calculated for C,,H,;FNO, 486.1120; found 486.1109.
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N-(2-(5-(((2R 3R A4S ,5R)-3 4-Dihydroxy-5-methoxy-6,6-dimethyltetrahydro-2H-pyran-2-
yl)oxy)-3'-fluoro-6-methyl-[1,1'-biphenyl]-2-yl)ethyl)-3' ,6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide (3.10).

Compound 3.10 was synthesized following the procedure used for the synthesis of 3.5 to
obtain the product as a white solid: 'H NMR (500 MHz, Chloroform-d) 6 7.69 (dd, J = 8.6,2.4
Hz, 1H),7.59 (t,J =2.5 Hz, 1H), 7.33 (t,/ =8.0 Hz, 2H), 7.17 (dd, J = 8.6, 1.1 Hz, 1H), 7.12 (s,
1H),7.08 - 7.00 (m, 3H), 6.97 (d, J = 8.6 Hz, 1H), 6.95 — 6.86 (m, 2H), 5.94 (td, J =5.7,2.0 Hz,
1H),5.53 (d,J=2.2 Hz, 1H),4.23 (dd,/=9.3,32 Hz, 1H),4.19 (t,/=2.8 Hz, 1H),3.84 (d,J =
3.0 Hz, 6H), 3.60 (s, 3H), 3.53 (d, J = 1.3 Hz, 1H), 3.49 — 3.38 (m, 2H), 3.39 — 3.31 (m, 1H),
2.81 —2.77 (m, 1H), 2.64 (d, J = 25.0 Hz, 2H), 1.82 (s, 3H), 1.39 (s, 3H), 1.21 (s, 3H). "C NMR
(126 MHz, CDCI3) 6 166.83, 163.76, 159.25, 15891, 153.55, 142.44, 141.67, 138.96, 130.38,

130.05, 129.49, 129.38, 129.11, 128.00, 127 .49, 126 .87, 125.27,121.97, 116.42, 115.30, 114.15,
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112.93, 112.84, 110.81, 97.83, 7145, 68.75, 61.92, 55.78, 55.34, 40.73, 32.90, 29.25, 22.61,

13.83. HRMS (ESI+) m/z: [M + Na'] calculated for C;;H,,FNOyNa 682.2792; found 682.2806.

OMe
¢ O
YO
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N-(2-(3'-Fluoro-6-methyl-5-((1-methylpiperidin-4-yl)oxy)-[1,1'-biphenyl]-2-yl)ethyl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (3.10a).

Compound 3.10a was synthesized following the procedure used for the synthesis of 3.6a to
obtain the product as a white solid: '"H NMR (500 MHz, DMSO-d6) & 7.65 (t, J = 5.6 Hz, 1H),
712 (dd,J=8.6,2.3 Hz, 1H),7.05 (d,J =2.4 Hz, 1H), 6.80 (ddd, J = 8.1,7.0,5.3 Hz, 1H), 6.65
(t, /=79 Hz, 1H), 6.56 — 6.48 (m, 1H), 6.44 (dd, J = 23.1, 8.7 Hz, 2H), 6.37 — 6.19 (m, 6H),
3.70 (s, 1H), 3.59 (s, 2H), 3.13 (s, 3H), 3.10 (s, 3H), 2.68 (s, 2H), 2.60 — 2.52 (m, 2H), 2.49 (s,
2H), 2.12 (s, 3H), 1.96 (d, J = 20.2 Hz, 4H), 1.92 (s, 3H). "C NMR (126 MHz, DMSO) 6
167.03,162.11, 159.72, 159.30, 158.43, 152.71, 142.12, 142.09, 140.96, 138.50, 129.95, 128.84,
128.57,127.99, 127.57, 126.78, 126.32, 125.03, 124.17, 121.23, 115.61, 114.70, 113.44, 112.06,
111.92, 110.72, 77.62, 55.28, 54.61, 51.54 (2Cs), 48.14, 45.00, 35.35, 32.10 (2Cs), 13.11.

HRMS (ESI+) m/z: [M + H'] calculated for C;,H;,FN,O, 571.2972; found 571.2978.
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N-(2-(5-(3-(Dimethylamino)propoxy)-3'-fluoro-6-methyl-[1,1'-biphenyl]-2-yl)ethyl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (3.10b).

Compound 3.10b was synthesized following the procedure used for the synthesis of 3.6a to
obtain the product as a white solid: '"H NMR (500 MHz, DMSO-d6) 6 8.02 (t, J = 5.6 Hz, 1H),
7.50 (dd,J =8.6,2.3 Hz, 1H), 743 (d,J =24 Hz, 1H), 721 - 7.15 (m, 1H),7.03 (t,J =79 Hz,
1H), 6.90 (td, J = 8.6, 2.5 Hz, 1H), 6.82 (dd, J = 17.9, 8.6 Hz, 2H), 6.76 — 6.66 (m, 4H), 6.65 —
6.60 (m, 2H), 3.68 (t, J = 6.2 Hz, 2H), 3.51 (s, 3H), 3.48 (s, 3H), 2.95 — 2.88 (m, 2H), 2.20 (s,
3H), 2.19 — 2.15 (m, 2H), 2.09 (t, J = 7.1 Hz, 2H), 1.85 (s, 6H), 1.58 — 1.53 (m, 2H). "C NMR
(126 MHz, DMSO) 6 165.36, 161.12, 158.92, 158.68, 158.21, 154.86, 141.16, 138.99, 130.43,
129.33, 129.06, 128.78, 128.48, 127.34, 126.82, 125.42, 123.66, 121.72, 116.11, 115.19, 113.76,
11241, 111.22, 110.70, 65.88, 55.77, 55.09, 48.63, 45.16, 35.80, 32.59, 26.98, 13.43. HRMS

(ESI+) m/z: [M + H'] calculated for C,;H;,FN,O 571.2972; found 571.2965.

l NH,
BnO
NH,

F
6-(2-Aminoethyl)-3-(benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-amine (3.33).

This compound was synthesized following the procedure reported in Chapter 2.
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N-(2-(6-Amino-5-(benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)-3' ,6-dimethoxy-[1,1'-
biphenyl]-3-carboxamide.

The compound was synthesized following the procedure used for the synthesis of N-(2-(5-
(benzyloxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide to obtain the product as a white solid: '"H NMR (500 MHz, Chloroform-d) & 7.70
(t,J=5.5Hz,1H),7.18 (dd,J =8.5,2.2 Hz, 1H), 7.09 (d, J = 2.5 Hz, 1H), 6.85 — 6.79 (m, 5H),
6.60 (t,J = 8.1 Hz, 1H), 6.51 (td, J = 8.5, 2.6 Hz, 1H), 6.42 (dd, J = 18.1, 8.5 Hz, 2H), 6.37 -
6.29 (m, 5SH), 6.26 — 6.21 (m, 3H), 5.58 (s, 1H), 5.09 (s, 2H), 3.68 (s, 3H), 3.63 (s, 3H), 3.40 (d,J
= 6.7 Hz, 2H), 2.58 (t, J = 6.8 Hz, 2H). "C NMR (126 MHz, DMSO) & 167.04, 161.35, 159.25,
159.00, 14432, 139.53, 138.07, 131.77, 130.45, 130.02, 129.82, 129.54, 128.62, 12743, 126.71,
122.34, 121.60, 120.19, 117.67, 11745, 115.72, 114.65, 113.77, 111.07, 11043, 70.11, 56 .45,

55.71, 4201, 38.66. HRMS (ESI+) m/z: [M + H'] calculated for C,;H;;FN,O, 577.2475; found

577.2492.
= OMe
H |
| N N N | N OMe
HO P 0] P
NH,
F
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N-(2-(6-Amino-3'-fluoro-5-hydroxy-[1,1'-biphenyl]-2-yl)ethyl)-3',6-dimethoxy-[1,1'-
biphenyl]-3-carboxamide (3.41).

Compound 3.41 was synthesized following the procedure used for the synthesis of 3.36 to
obtain the product as a white solid which was verified using HRMS and used immediately due to

stability concerns: HRMS (ESI+) m/z: [M + H'] calculated for C,,H,,FN,O, 485.1877; found

485.1863.

OMe
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o (@)
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N-(2-(6-Amino-3'-fluoro-5-((1-methylpiperidin-4-yl)oxy)-[1,1'-biphenyl]-2-yl)ethyl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (3.11a).

Compound 3.11a was synthesized following the procedure used for the synthesis of 3.6a to
obtain the product as a white solid:'H NMR (500 MHz, DMSO-d6) & 7.65 (t, J = 5.6 Hz, 1H),
7.13 (dd,J =8.6,2.3 Hz, 1H), 7.06 (d,J =24 Hz, 1H), 6.84 — 6.78 (m, 1H), 6.66 (t,J =79 Hz,
1H), 6.53 (td, J = 8.6, 2.5 Hz, 1H), 6 .45 (dd, J = 179, 8.6 Hz, 2H), 6.39 — 6.29 (m, 5H), 6.28 —
6.22 (m, 2H), 5.58 (s, 1H), 3.75 (s, 1H), 3.65 (s, 3H), 3.62 (s, 3H), 3.46 (d, J = 6.6 Hz, 2H), 2.68
(t,J =7.0 Hz, 2H), 2.53 — 2.48 (m, 2H), 2.38-2.30 (m, 2H), 2.19 (s, 3H), 1.92 — 1.86 (m, 2H).
C NMR (126 MHz, DMSO) § 167.34, 162.05, 159.65, 159.08, 142.12, 139.03, 138.77, 131.89,
130.90, 130.62, 129.55, 129.32, 128.72, 12743, 126 .44, 122.14, 121.61, 120.09, 117.63, 117 .08,
115.55, 11445, 113.72, 111.67, 110.01, 78.90, 56.00, 55.39, 48.43, 40.79, 30.16, 27.74. HRMS

(ESI+) m/z: [M + H'] calculated for C;;H;FN;O, 584.2832; found 584.2818.
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4. Development of Phenyl Cyclohexylcarboxamides as a Novel Class of

Hsp90 C-terminal Inhibitors

Introduction

Heat shock protein 90 (Hsp90) is an evolutionarily conserved molecular chaperone that
plays a critical role in the maintenance of protein homeostasis as well as an adaptive response to
cell stress.! Hsp90 is a core component of the protein folding machinery that regulates the
folding, stability, function, and proteolytic turnover of more than 300 client proteins, including
protein kinases, transcription factors, and signal transducers.” These client proteins control a
wide range of cellular functions, such as cell signaling, protein trafficking, chromatin
remodeling, cell proliferation and survival.”* However, in cancer, these clients are frequently
mutated and/or over-expressed to drive oncogenic processes, such as dysregulated proliferation,
metastasis, and angiogenesis. In fact, ~25% of the Hsp90-dependent clients (eg. Her-2, CDK®6,
Rafl, Akt, survivin, telomerase) represent oncoproteins that are directly associated with all ten
hallmarks of cancer. >7 Moreover, Hsp90 is overexpressed in cancer cells to stabilize these
oncoproteins against proteotoxic stresses and to fold mutants that enable the growth and/or
survival of tumorigenic cells.*” Consequently, Hsp90 inhibition provides an opportunity to
simultaneously disrupt multiple oncogenic pathways that are required for cancer cell survival. As
a result, Hsp90 has emerged as a promising therapeutic target for the development of cancer

chemotherapeutics.'"'

17 Small molecules that target the Hsp90 N-terminus have entered
clinical trials for the treatment of cancer, demonstrating proof-of-concept for Hsp90 inhibitors as
potential anticancer agents.'> Although these molecules have shown some promising clinical

responses, several concerns have arisen such as concomitant induction of the pro-survival heat

shock response (HSR), hepatotoxicity, and cardiotoxicity amongst others, which represent
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additional risks that must be overcome during the development of new inhibitors.* Therefore,
small molecules that modulate Hsp90 via alternative mechanisms represent a novel approach
towards the evolution of Hsp90 inhibitors.* "

In 2000, Neckers and co-workers discovered that novobiocin, a clinically used antibiotic
and DNA gyrase inhibitor, binds the Hsp90 C-terminus, and allosterically inhibits Hsp90
function."*" Importantly, novobiocin and related natural products do not induce the HSR and
therefore, can avoid the clinical limitations associated with Hsp90 N-terminal inhibitors.
Unfortunately, novobiocin exhibits low cellular activity (SkBr3 ICs, ~ 700 uM) and thus, has
limited therapeutic potential. Preliminary studies with novobiocin identified key structural
features required for Hsp90 inhibitory activity, which led to analogues with improved inhibitory
activity.'”"” Subsequent studies revealed that the benzamide side chain of novobiocin is
important for anti-proliferative activity and modification of this side chain produced several
promising compounds, such as KU-174 (Figure 4.1)." Additional studies demonstrated that the
stereochemically complex sugar moiety could be replaced with ionizable amines, which
produced analogues that manifest mid-nanomolar to low micromolar activity against multiple
cancer cell lines."”* In contrast to these side chains, limited structural investigations have been
performed on the coumarin core of novobiocin.

Recent investigation of the novobiocin scaffold demonstrated that an aromatic or
heteroaromatic ring system could be used in lieu of the coumarin core without compromising
activity, suggesting that the central core may serve as a backbone to orient both the benzamide
and sugar/side chains within the binding pocket.”** Consequently, it was proposed that the
coumarin core could be replaced with other scaffolds to identify compounds upon which more

potent inhibitors could be realized. Moreover, the development of a structurally diverse set of
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compounds is necessary to better understand the mechanism by which the C-terminal domain
regulates the Hsp90 chaperone cycle. Towards this objective, we discovered the coumarin core
of novobiocin could be replaced with a biphenyl scaffold, which led to analogues that exhibit
potent anti-proliferative activity, like 4.3 (Figure 4.1).”?° More recently, we demonstrated that a
stilbene core (4.4) could be used in lieu of the coumarin core as well.”’ In continuation of these
studies, the current work identifies a novel core, which has led to the development of more

efficacious Hsp90 inhibitors.

°
W° Benzamide
3

‘0
X Improtant for
A4 SN hydrophobic OMe
Noviose Sugar o _ interactions
(0] o” 0
Improtant for Meoﬁi Coumarin
interactions 0.__0 KU-174 (4.2)

with Hsp90 N oH Novobiocin (4.1) HO OH  (SkBI3, ICeg ~14 uM)
NH, (SKB3, ICs ~700 M)
OMe
OMe
OMe
OMe
O ./‘ joNeh
KU-820(4.3)
(SKBr3, IC50 ~0.5 uM) (SKB3, |c50 ~0.7 uM)

Figure 4.1. Hsp90 C-terminal inhibitors.

Design
Prior SAR studies on novobiocin revealed the benzamide side chain and sugar are critical
for Hsp90 inhibitory activity and that modification to these moieties has produced several
promising compounds, such as 4.5 (Figure 4.2), which manifests improved activity against
several cancer cell lines.'"®** ** Recently, it was demonstrated that a biphenyl scaffold could be
used in lieu of the coumarin core, which also led to potent inhibitors, such as KU-820 (Figure
4.2), presumably due to the favorable conformation adopted by the relatively flexible biphenyl

core within the binding pocket.” * In addition, it was determined that the planarity and
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flexibility of the central core are important for Hsp90 inhibitory activity.” Therefore, it was
hypothesized that the central core could be modified to optimize orientation of the side chains for
increased inhibitory activity. Since biphenyl analogues manifest superior activity, this scaffold

was chosen as the starting point for the discovery of more efficacious Hsp90 inhibitors.

Benzamide
Coumarin

Noviose Sugar. l

MeO
O o Novobiocin (4.1)
OH (skBr3, |c50 ~700 uM)

SKBrS 210 uM)

Q-f-

KU-820 (4.3)
SKBr3 0.5 uM)

H -
N
\O\. )
(¢}

Figure 4.2. Rationale for proposed

molecules.

Increasing evidence suggests that molecules with aromatic scaffolds offer limited spatial
diversity, while the incorporation of a saturated ring system can improve drug-like properties,
such as ligand/receptor interactions as well as solubility.' As a flexible structure, the saturated
ring system has the ability to adopt multiple conformations and to project substituents into
optimal orientations within the binding pocket. Therefore, optimization of the core began by

replacement of the A- and/or B-ring of the biphenyl core with a saturated ring system (Figure
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4.3). The previously optimized biaryl amide side chain and N-methylpiperidine present in 4.3
were appended to these new cores for evaluation of preliminary structure-activity relationships.
A 3D overlay was used to verify that the general three-dimensional structure would be similar

with the proposed analogs when compared to 4.3 (Figure 4.3).

A OMe B
H |

N OMe

I

o]

N

43

o SKBr3= 0.47 uM

2 \
/ 2
OMe ?
H
N ‘ OMe 4.8
RSt Oﬁ ol
4.6 OMe
o H
N OMe
. e
a7
o

Figure 4.3. A). Proposed Analogs for the exploration of a new core. B). 3D overlay
of 4.3 (blue) and proposed phenyl cyclohexyl analog, 4.8, (pink). The overlay was
created using energy minimized conformations and the Forge Modeling Program, no
bias was applied and 4.3 was selected as the reference compound.

Chemistry

As shown in Scheme 4.1, the preparation of analogues that contain a saturated B-ring
(4.8a and 4.8b) commenced via benzyl-protection of phenol 4.9 to afford ketone 4.10, which was
then stereoselectively reduced with either L-selectride or sodium borohydride to give the syn
(4.11a) or anti (4.11b) diastereomers in >90% de, respectively. Inversion of stereochemistry was
made possible by mesylation of the alcohols (4.11a, 4.11b), followed by Sy2 substitution with
sodium azide to yield 4.13a and 4.13b. Reduction of the azides with palladium on carbon under a
hydrogen atmosphere gave amines 4.14a and 4.14b, which were then coupled with biaryl acid
4.15 using standard coupling conditions to afford the corresponding amides, 4.16a and 4.16b.
Mitsunobu etherification of the resulting amides with 1-methyl-4-hydroxypiperidine (4.17a)

gave the desired products, 4.8a and 4.8b, in moderate yields.
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4.11a=Syn 4.12a = Syn
4.11b = Anti 4.12b = Anti
OMe
4.13a = Anti 4.14a = Anti
4.13b = Syn 4.14b = Syn
OMe OMe
O OMe O OMe
D $
4.16a = Anti Q\ 4.8a = Anti
4.16b = Syn 4.8b = Syn

Scheme 4.1: Synthesis of phenylcyclohexyl carboxamides. Reagents and
conditions: @ BnBr, K,CO,, acetone, 0 °C to rt, 12 h, 95%; b L-selectride, THF, -
40 °C to rt, 12 h, 92% or NaBH,, MeOH, 0 °C to rt, 12 h, 90%; ¢ MsCl, Et;N,
DCM, 0 °C to rt, 4 h, 92 — 94%; d NaN,, DMF, 100 °C, 12 h, 80 — 85%; ¢ 10%
Pd(OH),, H,, MeOH/THF, rt, 12 h, ~100%; f . EDCI*HCI, Et;N, DCM, 0 °C to rt,
12 h, 45 — 50%; g 1-Methylpiperdin-4-ol (4.17a), DIAD, PPh,, THF, O °C to rt, 12
h,36 —40%.

In addition, an analogue that contains a piperidine ring (4.23) was designed to determine
whether orientation of the cyclohexyl ring is important for activity. Synthesis of 4.23 was
achieved via a Buchwald coupling between aryl bromide 4.18 and piperidine 4.19 to produce
4.20, which then underwent hydrogenolysis with palladium hydroxide under a hydrogen
atmosphere to give the free phenol, 4.21 (Scheme 4.2). Mitsunobu etherification of 4.21 with 1-
methyl-4-hydroxypiperdine (4.17a) yielded the N-Boc-protected amine 4.22, which was then
treated with trifluoroacetic acid to remove the Boc- protecting group before the resulting amine

was coupled with biaryl acid 4.15 to afford the desired product, 4.23.
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Scheme 4.2: Synthesis of phenylpiperdin-4-yl carboxamide, 4.23. Reagents and
conditions: a Pd,(dba),, X-Phos, ‘BuONa, toluene, 130 °C, 2 h, m.w., 37%; b 10%
Pd(OH),, H,, MeOH/THF, rt, 12 h, ~100%; c 4.17a, DIAD, PPh,, THF, 0 °C to rt,
12 h, 30%; d i. 30% TFA/DCM, 0 °C to rt, 4 h, ~100%; ii. EDCI*HCI, Et;N,
DCM,0°Ctort, 12 h,55%.

In parallel, an analogue containing a saturated A-ring (4.6) was prepared as illustrated in

Scheme 4.3. Synthesis of compound 4.6 was initiated by selective mono-benzylation of
cyclohexane-1,4-diol to give 4.25, which was then oxidized with pyridinium chlorochromate to
yield ketone 4.26.” The ketone was then converted to the vinyl triflate (4.27), before Suzuki
coupling with boronic acid 4.28 to give the cyclohexyl phenyl core, 4.29. Acid-catalyzed
hydrolysis of the Boc-protecting group on 4.30 yielded aniline 4.29, which underwent an amide
coupling reaction with acid chloride 4.15 to afford 4.31. Hydrogenolysis of 4.31 with palladium
on carbon under a hydrogen atmosphere gave the free alcohol, 4.32, which underwent an Sy2
substitution reaction with 4.17b to afford 4.6 in moderate yield. Following a similar protocol as

standardized for 4.8a and 4.8b, compound 4.7 was prepared to contain two cyclohexyl rings as

shown in Scheme 4 4.
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am 4.32 O\o 4.6
Scheme 4.3: Synthesis of a cyclohexylphenylamide, 4.6. Reagents and conditions: a
BnBr, NaH, DMF, 0 °C to rt, 12 h, 70%; b PCC, DCM, rt, 12 h, 50%; ¢ N-Ph,Tf, LDA,
THF, 55%; d Pd(dppf)Cl,, Cs,CO;, DMF, 100 °C, 12 h,30% ; e 30% TFA, DCM, rt, 12
h, ~100%; f 12, EDCI*HCI, Et;N, DCM, 0 °C to rt, 12 h, 80%; g Pd(OH),, H,, MeOH,
12 h, 40%; h K,CO,, DMF, 90 °C, 24 h, 25%.

Upon construction, analogues containing saturated A- and/or B-rings were evaluated for
their anti-proliferative activity against two cancer cell lines, SkBr3 (estrogen receptor negative,

Her-2 overexpressing breast cancer cells) and MCF-7 (estrogen receptor positive breast cancer

cells).
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Scheme 4.4: Synthesis of a cyclohexyl derivative. Reagents and conditions: a
MsCLEtN, DCM, 0 °C to rt, 12 h, 90%; b NaN;, DMF, 100 °C, 12 h, 30%; ¢ Pd/C,
H,, MeOH, 12 h, ~100%; d 4.12a, DIPEA, DCM, 0 °C to rt, 12 h, 60%; e K,CO;,
DMF, 90 °C, 24 h, 25%.

As shown in Table 4.1, compound 4.8a (anti) exhibited 4-fold greater anti-proliferative
activity than the lead compound 4.3, and 10-15 fold better activity than 4.8b and 4.23, indicating
the anti-stereochemistry is important for anti-proliferative activity. Incorporation of a saturated
ring into the A-position was detrimental, as compounds 4.6 and 4.7 were both inactive up to

S0uM, suggesting that planarity of the A-ring is important for anti-proliferative activity.

Table 4.1. Anti-proliferative activity of analogues with the modified A- and/or B-rings.

OMe
H
N ‘ OMe
\’\0\ (0] O
(0]

SKBr3 MCF-7
Entry Compound
(ICs, pM)* (ICs, pM)*
4.3 - 0.47 £0.06 0.71 £0.02

OMe
4.8a g@ 7(‘/\‘0“"6 0.17£0.02 022 +0.01
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O OMe
H
4.8b C(UNOW 2.57+0.08 243 +£0.05
SN N o
\\)\O | =

OMe
4.23 OHOMQ 2.87+0.13
QOO 337+0.14

OMe

4.6 “wOMe >50 >50
O

OMe
4.7 O/OHOW >50 >50
SN

“Values represent mean + standard deviation for at least two separate experiments performed in

triplicate.

Preliminary SARs indicate that the phenyl A-ring is necessary for maintaining anti-
proliferative activity, while modifications to the B-ring could improve activity. Since no co-
crystal structure of Hsp90 bound to C-terminal inhibitors has been solved, there is limited
knowledge about the size and nature of this binding pocket. Therefore, a library of analogues
containing the phenyl A-ring attached to various appendages in lieu of the cyclohexyl B-ring was
pursued to identify an optimal scaffold that could orient both side chains and maximize
interactions for increased inhibitory activity. Recent studies have suggested that an optimal
distance between 7.7 and 12.1 A from the amine to the amide is important for Hsp90 inhibitory
activity.”” Therefore, analogues containing five-, six- and seven-membered rings with varying
distance and orientation of both the amine and amide were pursued. Additionally all compounds
were synthesized with either the open or closed chain amine, as the dimethyl-propylamine has

been identified as a noviose surrogate.’* A three-dimensional overlay of the proposed analogs

222



compared to the phenyl cyclohexyl was performed in order to better understand how the
geometry would change with the various saturated B rings (Figure 4.4). The 3-D overlay study
was carried out using the Forge Modeling Program, no bias was applied and 4.3 was used as the
reference compound. Compounds 4.38 and 4.44 overlaid most similarly to 4.3 and 4.8a and
might be expected to bind similarly within the binding pocket and exhibit similar biological
activity. Interestingly, the amide moiety in 4.40 doesn’t overlay with 4.3 and 4.8a, and from
previous analog development we know that amide positioning is critical for inhibitor activity.”>*

This shift in the amide positioning may lead to decreased biological activity when compared to

compounds 4.3 and 4.8a.
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| 4.38
OMe  OMe

Figure 4.4. Three-dimensional overlay of 4.3 (blue), 4.8a (red), and proposed
analogs. A). Overlay with proposed analog 4.38 (green). B). Overlay with proposed
analog 4.40 (green). C). Overlay with proposed analog 4.42 (pink). D). Overlay with
proposed analog 4.44 (pink).

Lastly, analog 4.42 does not overly well with 4.3 and 4.8a and therefore might not be
expected to exhibit similar biological activity as the cyclopentane ring is contorted out. Once the
modeling studies were complete, analogues containing five-, six- and seven-membered rings
with varying distances and orientations of both the amine and amide were synthesized.

Preparation of analogues (4.38 and 4.39) that contain a five-membered saturated ring is
illustrated in Scheme 4.5. Synthesis began by a Heck coupling between aryl bromide 4.45 and
cyclopent-2-enone to yield 4.46, which was subsequently reduced via palladium on carbon and
hydrogen gas to afford cyclopentanone 4.47.” Reduction of 4.47 with sodium borohydride gave
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an inseparable mixture of anti and syn diastereomers, 4.48, in a 7:3 ratio, respectively. The
mixture of 4.48 was converted to the methanesulfonate ester, 4.49, before nucleophilic
substitution with sodium azide to produce 4.50. Following reduction of the azide, the resulting
amine was coupled with biaryl acid 4.15 to form the corresponding amide 4.52. Removal of the
methoxymethyl-protecting group present in 4.52 provided the free phenol, 4.53. Mixture of
diastereomers 4.53 was submitted to the KU Specialized Chemistry Center for separation.
Unfortunately even with a chiral HPLC column the syn and anti were inseparable. Mitsunobu
etherification of the resulting phenol, 4.53, with 1-methyl-4-hdroxypiperdine (4.17a) finally

furnished the desired product 4.38 and 4.39 in moderate yield.

o} OH
. ° :
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4.45 MOMO MOMO MOMO 4.48
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4.52
MOMO

OMe OMe OMe OMe

HO : 4.38:R = N-methylpiperdine

4.39: R = N,N-dimethylpropylamine

Scheme 4.5: Synthesis of phenylcyclopentyl carboxamides. Reagents
and conditions: a Cyclopent-2-en-1-one, Pd(OAc),, triethanolamine; b
Pd/C, H,, EtOAc, rt, 12 h, ~100%; ¢ NaBH,, MeOH, O °C to rt, 12 h,
90%; d MsCl, pyridine, DCM, 0 °C to rt, 12 h, 90%; e. NaN,, DMF, 100
°C, 12 h, 65%; f. 10% Pd/C, H,, EtOAc, rt, 12 h, ~100%; g Ar-COCl,
DIPEA, DCM, 0 °C to 1t, 12 h, 68%; h 6N HCI, MeOH, 0 °C to rt, 12 h,
90%; i amino alcohol, TMAD, PBu,, benzene, 90 °C, 12 h, 60 — 75%.

As shown in Scheme 4.6, synthesis of analogues that contain a seven-membered ring

began via a Grignard coupling reaction of commercially available ester 4.54 with allyl
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magnesium bromide to yield 4.55.® Ring-closing metastasis using Grubbs first-generation
catalyst, followed by removal of the hydroxyl group using triethylsilane provided the desired
phenylcycloheptyl core, 4.57. Oxidation of alkene 4.57 with meta-chloroperoxybenzoic acid
resulted in an inseparable mixture of epoxides 4.58a and 4.58b, in a 1:1 ratio. Reduction of
these epoxides with lithium aluminum hydride resulted in alcohol 4.59, which upon acid-
catalyzed cleavage of the methyl ether, provided 4.60. Next, 4.60 was converted to
methanesulfonate ester 4.61 before nucleophilic substitution with sodium azide and then
subsequently reduced to afford amine 4.62. Amide coupling of 4.62 with acid chloride 4.15
produced 4.63, which after base-catalyzed deprotection of the methanesulfonate group gave the
free phenol, 4.64. Again phenol 4.64 was submitted to the KU Specialized Chemistry Center for
hopeful separation and again separation of syn and anti was unattainable. Finally, Mitsunobu
etherification of the resulting phenol with 1-methyl-4-hdroxypiperdine (4.17a and 4.17b)

furnished 4.40 and 4.41.
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Scheme 4.6: Synthesis of phenylcycloheptyl carboxamides. Reagents and
conditions: a AllylMgBr, THF, 70 °C, 12 h; b Grubbs I, DCM, rt, 12 h; ¢
Et,SiH, TFA, DCM, 48 h, 60%; d mCPBA, NaHCO,, DCM, 0 °C, 12 h; e
LAH, AICl,, THF, 0 °C, 12 h; f BBr;, DCM, 0 °C, 12 h, 60%; g MsCl,
pyridine, DCM, 0 °C to rt, 12 h, 90%; h i. NaN,, DMF, 100 °C, 12 h, 65%; ii.
Pd/C, H,, EtOAc, rt, 12 h, 90%; i Ar-COCIl, DIPEA, DCM, 0 °C to rt, 12 h,
68%:; j 6N HCI, MeOH, 0 °C to rt, 12 h, 90%; k amino alcohol, TMAD, PBu,,
benzene, 90 °C, 12 h, 60 — 75%.

Compounds (4.42 and 4.44) that contain a methylene linker were envisioned to impart

additional flexibility and explore potential binding interactions as a consequence of the flexible
benzamide side chain. As shown in Scheme 4.7, construction of the phenylcyclopentyl methyl
derivative (4.42 and 4.43) was accomplished by employing the methanesulfonate ester 4.49 as a

key intermediate. Briefly, 4.49 was first converted to cyanide 4.65 via a nucleophilic substitution
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reaction with tetra-butylammonium cyanide and then reduced with lithium aluminum hydride to
afford the free amine, 4.66.”*' Amide coupling of the resulting amine with acid chloride 4.15
gave the corresponding amide 4.67. Acid-catalyzed deprotection of the methoxymethyl-
protecting group generated the free phenol, 4.68, which underwent Mitsunobu etherification to
yield an inseparable mixture of anti and syn diastereomers of 4.42 and 4.43 in a 6:4 ratio

respectively.

—NH; NH O OMe
MOMO MOMO . VOMO VoMo
NH OMe —NH O OMe
R 0
oMe —> O OMe
RO

4.42: R = N-methylpiperdine
4.43: R = N,N-dimethylpropylamine

Scheme 4.7: Synthesis of phenylcyclopentyl methyl carboxamide. Reagents
and conditions: a (CH,CH,CH,CH,),N(CN), DMF, 50 °C, 12 h, 60%; b Pd/C,
H,, EtOAc, rt, 12 h, 90%; ¢ Ar-COCI, DIPEA, DCM, 0 °C to rt, 12 h, 68%; d
6N HCI, MeOH, 0 °C to rt, 12 h, 90%; e amino alcohol, TMAD, PBu,,
benzene, 90 °C, 12 h, 60 — 75%.

As outlined in Scheme 4.8, the phenylcyclohexyl methyl derivatives (4.44a/b and

4.45a/b) were assembled following the general strategy described earlier.
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4.44a=Anti, R = N-methylpiperdine
4.44b=Syn, R = N-methylpiperdine

4.45a=Anti, R = N,N-dimethylpropylamine
4.45b=Syn, R = N,N-dimethylpropylamine

Scheme 4.8: Synthesis of phenylcyclohexyl methyl carboxamides. Reagents
and conditions: ¢ MOMCI, DIPEA, DCM, 0 °C to rt, 12 h, 95%; b L-
selectride, THF, -40 °C to rt, 12 h, 90%; ¢ MsCl, pyridine, DCM, 0 °C to rt,
12 h, 90%; d (CH,CH,CH,CH,),N(CN), DMF, 50 °C, 12 h, 60%; e Pd/C,
H,, EtOAc, rt, 12 h, 90%; f Ar-COCI, DIPEA, DCM, 0 °C to rt, 12 h, 68%; g
6N HCI, MeOH, 0 °C to rt, 12 h, 90%; h amino alcohol, TMAD, PBu,,
benzene, 90 °C, 12 h, 60 — 75%.

Upon construction of the modified B-ring analogues, the compounds were evaluated for

their anti-proliferative activity against both breast cancer cell lines as summarized in Table 4.2.
In general, compounds containing other ring systems were less active than the lead compound
4.8a, suggesting the 14-anti-cyclohexyl core is optimal. Incorporation of either a five- or seven-
membered ring system resulted in less potent analogues as evidenced by 4.38/4.39 and 4.40/4.41,
which were 25-40 fold less active than 4.8a, highlighting the importance of orientation of the
side chains for increased anti-proliferative activity. Inclusion of a methylene linker (4.42, 4.43,
4.44a/b, and 4.45a/b, vs. 4.8a) did not improve activity, suggesting that flexibility is not

necessary for maximal activity. Surprisingly, the stereochemistry of analogues 4.44a/b and
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4.45a/b was not important for anti-proliferative activity, as both the syn and anti-diastereomers
manifested similar activities.  Additionally, compounds with noviose replacement N,N-

dimethylaminopropoyl did not improve activity when compared to those analogs with N-

methylpiperidine.

Table 4.2. Anti-proliferative activity of analogues containing various central core.

R= \I\O\f»\

OMe
)
_N OMe
N
: e
NG Y
B RO

A
SKBr3 MCF-7
Entry Core
Amine | (ICy, pM)* | (ICs0, pM)*
Y
4.8a ~ 0.17+£0.02 022+001
Y
4.46 ~ 025+0.05 0.34+0.02
4.38
A 5.56+0.40 8.88+0.26
4.39
B 6.047+0.04 9.405+0.68
440 QO A 351+0.14 417 +£001
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441
B 3.387+0.16]  5.908+0.06
,24
442
% A 4.101£0.06] 5.325+0.15
K —'E:
443
% B 4.336+0.11 6.198+0.04
‘\\\i{
4.44a 298+043 3.16 £0.31
b A
O
4.45a @ 413+0.74 50+£0.29
X A
"\\\gé)‘
4.44b
X B 1.023+0.04 0.92+0.22
\fgi
4.45b @O
5 B 4.65+0.51 5.908+0.64

“Values represent mean + standard deviation for at least two separate experiments performed in

triplicate.

Validation of Hsp90 inhibition via Western Blot Analysis.

Western blot analyses were performed on MCF-7 cell lysates treated with six
representative compounds (4.8a, 4.46, 4.38, 4.39, 4.40 and 4.41) to confirm these analogues
manifest anti-proliferative activity via Hsp90 inhibition. As shown in Figure 4.5A, incubation

with compound 4.8a caused degradation of Hsp90-dependent clients EGFR and ERa, while
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treatment with compound 4.46 led to the degradation of Her-2, EGFR, ERa, and Akt, clearly
linking cell viability to Hsp90 inhibition. In addition, treatment of MCF-7 cells with 4.38 and
4.39 induced the degradation of the Hsp90-dependent client substrates c-Raf, and Akt (Figure
4.5B). Unfortunately, compounds 4.40 and 4.41 did not result in any client protein degradation
(Figure 4.5C). The Hsp90-independent protein, actin remained unchanged, suggesting selective
degradation of Hsp90-dependent client proteins. In addition, Hsp90 levels remained constant,
which is a hallmark shared by Hsp90 C-terminal inhibitors. The 3-D overlay (Figure 4.4)
supports the western blot data as compound 4.38 overlaid well with the parent compound 4.3,
however 4.40 did not overlay well as the position of the amide moiety was different from the
parent compound. Clearly the size and geometry of the 7-membered ring affected the interaction
of the compound with the C-terminal binding site, and resulted in 4.40 and 4.41 not targeting

Hsp90.
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Figure 4.5. Western blot analyses of compounds after incubation with MCF-7
breast cancer cells for 24 h. A). Western blot analyses of Hsp90-dependent client
proteins (Her2, EGFR, ERa and Akt) degradation after treatment with 4.8a and
4.46. B). Western blot analyses of Hsp90-dependent client proteins (CDK4, Akt, c-
Raf, and ERa) degradation after treatment with 4.38 and 4.39. C). Western blot
analyses of Hsp90-dependent client proteins (CDK4 and Akt) degradation after
treatment with 4.40 and 4.41. L represents a concentration 1/2 of the anti-
proliferative ICs, value, while H represents a concentration 5-fold of the anti-
proliferative ICs, value. Geldanamycin (G, 0.5 uM) and dimethylsulfoxide (D,
100%) were employed as positive and negative controls, respectively. Protein levels
were measured compared to the level of Actin.
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Conclusion

In summary, the biphenyl core was explored to identify an optimized scaffold for Hsp90
C-terminal inhibition. These studies led to the development of phenyl cyclohexyl carboxamides
that manifest sub-micromolar to mid-nanomolar anti-proliferative activity against breast cancer
cell lines. Structural investigations suggest that the central core is important for projection of the
amine and amide side chains as evidenced by increased anti-proliferative activity. Furthermore,
SAR studies on these side chains indicate the phenyl cyclohexyl derivatives exhibit a different
binding mode as compared to other scaffolds. Discovery of the phenyl cyclohexyl core provides
a new platform on which the development of more efficacious Hsp90 C-terminal inhibitors can

be explored.

Materials and Methods
Anti-proliferation assays.
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 pg/mL), penicillin (100
units/mL), and 10% FBS. Cells were grown to confluence in a humidified atmosphere (37° C,
5% CO,), seeded (2000/well, 100 pL) in 96-well plates, and allowed to attach overnight.
Compound or GDA 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 at 100% proliferation, and values were
adjusted accordingly. IC,, values were calculated from separate experiments performed in

triplicate using GraphPad Prism.
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Western Blot Analyses.

MCEF-7 cells were cultured as described above and treated with various concentrations of drug,
GDA in DMSO (1% DMSO final concentration), or vehicle (DMSO) for 24 h. Cells were
harvested in cold PBS and lysed in RIPA lysis buffer containing 1 mM PMSF, 2 mM sodium
orthovanadate, and protease inhibitors on ice for 1 h. Lysates were clarified at 14000g for 10 min
at 4° C. Protein concentrations were determined using the Pierce BCA protein assay kit per the
manufacturer’s instructions. Equal amounts of protein (20 pg) were electrophoresed under
reducing conditions, transferred to a nitrocellulose membrane, and immunoblotted with the
corresponding specific antibodies. Membranes were incubated with an appropriate horseradish
peroxidase-labeled secondary antibody, developed with a chemiluminescent substrate, and

visualized.

Chemistry General.

'"H NMR were recorded at 500 MHz (Avance AVIII 500 MHz spectrometer with a dual
carbon/proton cryoprobe) or 400 (Bruker AVIIIHD 400 MHz NMR with a broadband X-channel
detect gradient probe) and *C NMR were recorded at 125 MHz (Bruker AVIII spectrometer
equipped with a cryogenically cooled carbon observe probe). Chemical shifts are reported in &
(ppm) relative to the internal standard (CDCl3, 7.26 ppm, or as stated). HRMS spectra were
recorded with a LCT Premier with ESI ionization. 'H and ?C NMR was used to verify that all
tested compounds were >95% pure. TLC analysis was performed on glass backed silica gel
plates and visualized by UV light. All solvents were reagent grade and used without further

purification.
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Synthesis and Compound Characterization

Qg O
BnO

4-(4-(Benzyloxy)phenyl)cyclohexan-1-one (4.10).

A solution of phenol 4.9 (1.0 g, 5.26 mmol) in anhydrous acetone was cooled to 0 °C and
potassium carbonate (1.46 g, 11.5 mmol) was added, followed by a dropwise addition of benzyl
bromide (0.94 ml, 7.89 mmol). The reaction mixture was then allowed to stir at rt. After 12 h, the
reaction mixture was concentrated and the residue purified by column chromatography (SiO,,
1:5, EtOAc: hexane) to afford 4.10 as a white amorphous solid (1.4 g, 95%): 'H NMR (400
MHz, Chloroform-d) & 7.46 — 7.35 (m, 4H), 7.35 — 7.30 (m, 1H), 7.19 — 7.14 (m, 2H), 6.96 —
6.91 (m, 2H), 5.05 (s, 2H), 3.03 - 2.90 (m, 1H), 2.53 — 2.45 (m, 4H), 2.25 — 2.13 (m, 2H), 1.99 —
1.82 (m, 2H). >C NMR (126 MHz, CDCl3) & 211.48, 157.58, 137.31, 137.19, 128.74, 128.11,

127.74, 127.61, 115.02, 70.19, 42.08, 41.55, 34.34.

/@O/OH
BnO

(1s,45)-4-(4-(Benzyloxy)phenyl)cyclohexan-1-ol (4.11a).

4-(4-(Benzyloxy)phenyl)cyclohexan-1-one 4.10 (1g, 3.57 mmol) was dissolved in anhydrous
tetrahydrofuran (10 ml) and the solution was cooled to -40 9C. L-selectride (1.0 M in THF, 4.29
ml) was added dropwise to the solution and the reaction mixture was allowed to stir at rt for 12 h.
The reaction mixture was concentrated and the residue was diluted with water. The suspension
was acidified with 1N HCI and extracted with ethyl acetate. The organic layers were combined,

dried (over Na,S0O,), concentrated and purified by column chromatography (SiO,, 1:4, EtOAc :
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hexane) to afford 4.11a as a white amorphous solid (920 mg, 92%): 'H NMR (400 MHz,
Chloroform-d) 6 7.49 — 7.37 (m, 4H), 7.37 — 7.32 (m, 1H), 7.22 — 7.17 (m, 2H), 6.98 — 6.92 (m,
2H), 5.06 (s, 2H), 4.14 (m, 1H), 2.52 (tt, J=11.4, 2.9 Hz, 1H), 1.96 — 1.86 (m, 4H), 1.69 (tdd, J
=12.2, 5.4,2.3 Hz, 4H). *C NMR (101 MHz, CDCls) & 157.08, 139.96, 137.30, 128.63, 127.96,

127.79, 127.57, 114.70, 70.09, 65.70, 43.01, 33.10, 28.04.

BnO

(1r,4r)-4-(4-(Benzyloxy)phenyl)cyclohexan-1-0l(4.11b).

Sodium borohydride (202.4 mg, 5.35 mmol) was added to an ice-cooled solution of 4-(4-
(benzyloxy)phenyl)cyclohexan-1-one 4.10 (1g, 3.57 mmol) in methanol (10 ml) and the reaction
mixture was allowed to stir at rt for 12 h. The reaction mixture was concentrated and the residue
was diluted with water. The suspension was acidified with IN HCI and extracted with ethyl
acetate. The organic layers were combined, dried (over Na,SO,), concentrated and purified by
column chromatography (Si0,, 1:4, EtOAc: hexane) to afford 4.11b as a white amorphous solid
(900 mg, 90%): 'H NMR (400 MHz, Chloroform-d) & 7.45 — 7.35 (m, 4H), 7.35 — 7.29 (m, 1H),
7.14 —7.08 (m, 2H), 6.93 — 6.87 (m, 2H), 5.04 (s, 2H), 3.67 (dd, J = 9.4, 5.5 Hz, 1H), 2.45 (td, J
=11.8, 3.5 Hz, 1H), 2.08 (d, /= 11.4 Hz, 2H), 1.91 (d, J = 12.7 Hz, 2H), 1.56 — 1.39 (m, 4H).
C NMR (126 MHz, CDCl3) § 157.26, 139.13, 137.32, 128.71, 128.05, 127.78, 127.63, 114.80,

70.82,70.17,42.67, 36.12, 32.79.

BnO
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(1s,4s)-4-(4-(Benzyloxy)phenyl)cyclohexyl methanesulfonate (4.12a).

Triethylamine (0.28 ml, 2 mmol) was added to an ice-cooled solution of alcohol 4.11a (282.4
mg, 1 mmol) in anhydrous THF (3 ml), followed by a dropwise addition of methanesulfonyl
chloride (0.12 ml, 1.5 mmol). The reaction mixture was then allowed to stir at rt for 4 h. The
reaction mixture was diluted with water and extracted with ethyl acetate. The organic layers were
combined, dried (over Na,SO4), concentrated to yield 4.12a as a white amorphous solid (339 mg,

94%) that was used in the next step without further purification.

BnO

(1r,4r)-4-(4-(Benzyloxy)phenyl)cyclohexyl methanesulfonate (4.12b).

Compound 4.12b was obtained following the procedure used for the synthesis of 4.12a, as a
white amorphous solid (92%): '"H NMR (400 MHz, Chloroform-d) & 7.45 —7.35 (m, 4H), 7.35 —
7.29 (m, 1H), 7.12 - 7.07 (m, 2H), 6.94 — 6.89 (m, 2H), 5.04 (s, 2H), 4.69 (td, J=11.2,5.5 Hz,
1H), 3.03 (s, 3H),2.53 =242 (m, 1H), 2.27 (d,J =119 Hz, 2H), 1.98 (d, J = 13.7 Hz, 2H), 1.72
(qd,J=12.4,11.8,3.5 Hz, 2H), 1.55 (qd, J = 13.4, 3.1 Hz, 2H). "C NMR (126 MHz, CDCl) 6
15745, 13798, 137.23, 128.72, 128.09, 127.71, 127.61, 114.93, 81.46, 70.18, 42.01, 39.00,

33.31,3247.

BnO

1-((1r,4r)-4-Azidocyclohexyl)-4-(benzyloxy)benzene (4.13a).
A mixture of methanesulfonate ester 4.12a (361 mg, 1.0 mmol) and sodium azide (195 mg,

3.0 mmol) in DMF was heated at 100 °C. After 12 h, the reaction mixture was cooled to rt and
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concentrated. The residue was diluted with water and extracted with ethyl acetate. The organic
layers were combined, concentrated and purified by column chromatography (Si10,, 1:20, EtOAc
: hexane) to afford 4.13a as a white amorphous solid (246 mg, 80%): 'H NMR (400 MHz,
Chloroform-d) 6 7.53 — 7.30 (m, 5H), 7.21 — 7.08 (m, 2H), 6.97 (tt,J = 5.7, 3.1 Hz, 2H), 5.07 (s,
2H), 3.36 (qt, J = 7.6, 3.4 Hz, 1H), 2.51 (ddd, J = 12.1, 7.7, 3.8 Hz, 1H), 2.23 — 2.07 (m, 2H),
2.00 (d, J = 8.4 Hz, 2H), 1.93-1.85 (m, 4H). "C NMR (101 MHz, CDCl,) 6 157.29, 138.59,

137.22,128.63,127.99, 127.66, 127.54,114.79,70.07,59.97, 42 .35, 32.84, 32.16.

Q/ON3
BnO

1-((1s,4s)-4-Azidocyclohexyl)-4-(benzyloxy)benzene (4.13b).

Compound 4.13b was obtained following the procedure used for the synthesis of 4.13a, as a
white amorphous solid (85%): 'H NMR (400 MHz, Chloroform-d) & 7.46 — 7.35 (m, 4H), 7.35 —
7.30 (m, 1H), 7.17 — 7.12 (m, 2H), 6.95 — 6.90 (m, 2H), 5.03 (s, 2H), 3.95 (t, / = 3.1 Hz, 1H),
2.54 — 2.43 (m, 1H), 2.01 — 1.94 (m, 2H), 1.82 — 1.62 (m, 6H). >C NMR (126 MHz, CDCl;) &
157.28, 139.43, 137.32, 128.71, 128.05, 127.81, 127.64, 114.82, 70.18, 57.23, 42.77, 30.18,

28.68.

HO

4-((1r,4r)-4-Aminocyclohexyl)phenol (4.14a)
Palladium hydroxide (20% w/w, 20 mg) was added to a solution of 4.13a (225 mg, 0.73
mmol) in MeOH/THF (3:1, 4 ml) and the resulting mixture was stirred under a hydrogen

atmosphere. After 12 h, the reaction mixture was filtrated through Celite and the filtrate was
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concentrated to get 4.14a as a white amorphous solid (140 mg, ~100%): 'H NMR (400 MHz,
Chloroform-d) ¢ 6.98 (t, J = 8.0 Hz, 2H), 6.74 — 6.63 (m, 2H), 2.67 (tt, J = 11.2, 4.0 Hz, 1H),
2.34 (tt, J = 12.1, 3.4 Hz, 1H), 1.97 — 1.58 (m, 4H), 1.48 — 1.10 (m, 4H). °C NMR (126 MHz,
CDCl; + CDs;0OD) 6 154.79, 137.94, 127.60, 115.10, 50.04, 42.60, 34.75, 33.19. HRMS (ESI+)

m/z: [M + H+] calculated for C1,H;sNO 192.1388; found 192.1394.

/(jO’NHZ
HO

4-((1s,4s)-4-Aminocyclohexyl)phenol (4.14b).

Compound 4.14b was obtained following the procedure used for the synthesis of 4.14a, as a
white amorphous solid (~100%): '"H NMR (400 MHz, Chloroform-d) & 7.06 (dd, J = 27.1, 8.2
Hz, 2H), 6.73 (dd, J = 8.7, 2.4 Hz, 2H), 3.44 — 3.34 (m, 1H), 2.43 (d, J=32.2 Hz, 1H), 2.18 (d, J
=17.1 Hz, 5H), 1.90 (d, J = 11.6 Hz, 1H), 1.86 — 1.60 (m, 4H). *C NMR (126 MHz, CDCls) &
154.80, 137.33, 127.97, 115.32, 46.69, 43.77, 29.50, 27.05. HRMS (ESI+) m/z: [M + H']

calculated for C1,HsNO 192.1388; found 192.1398.

OMe
H
N

OMe
/()/O o O
HO

N-((1r,4r)-4-(4-Hydroxyphenyl)cyclohexyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide (4.16a).

Triethylamine (0.11 ml, 0.79 mmol) was added to a solution of amine 4.14a (50mg, 0.26
mmol) and acid 4.15 (81 mg, 0.32 mmol) in anhydrous dichloromethane (0.5 ml) and the

solution was cooled to 0 °C. At this temperature, EDCI*HCI (100 mg, 0.53 mmol) was added to
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the reaction mixture and the resulting solution was then allowed to stir at rt. After 12 h, the
reaction mixture was concentrated; the residue was diluted with water, and extracted with ethyl
acetate. The organic layers were combined, concentrated and purified by column
chromatography (SiO,, 1:25, Acetone: DCM) to afford 4.16a as a white amorphous solid (56 mg,
50%): "H NMR (500 MHz, Chloroform-d) 6 7.82 (dd, J = 8.5, 2.4 Hz, 1H), 7.68 (d, J = 2.4 Hz,
1H), 7.35 (t, J=7.9 Hz, 1H), 7.10 (dt, /= 7.6, 1.2 Hz, 1H), 7.09 — 7.05 (m, 3H), 7.01 (d, J = 8.6
Hz, 1H), 6.92 (ddd, J= 8.4, 2.7, 1.0 Hz, 1H), 6.83 — 6.79 (m, 2H), 5.94 (d, J = 8.1 Hz, 1H, NH),
5.48 (s, 1H, OH), 4.03 (dtt, J = 12.7, 8.8, 4.4 Hz, 1H), 3.86 (s, 3H), 3.85 (s, 3H), 2.45 (tt, J =
12.1, 3.5 Hz, 1H), 2.19 (dd, J=13.9, 3.4 Hz, 2H), 1.96 — 1.88 (m, 2H), 1.63 — 1.50 (m, 2H), 1.36
(qd, J = 12.7, 3.4 Hz, 2H). *C NMR (126 MHz, CDCl3) & 166.52, 159.43, 159.10, 154.24,
139.16, 138.73, 130.57, 129.41, 129.25, 128.36, 127.87, 127.19, 122.14, 115.50, 115.42, 112.94,
111.02, 55.95, 55.48, 48.97, 42.73, 33.75, 33.34. HRMS (ESI+) m/z: [M + H'] calculated for

C27H20NO4Na 454.1994; found 454.1988.

OMe
H
N O OMe
/(jO’ (0] O
HO

N-((1s,4s5)-4-(4-Hydroxyphenyl)cyclohexyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide (4.16b).

Compound 4.16b was obtained following the procedure used for the synthesis of 4.16a, as an
off-white amorphous solid (45%): '"H NMR (400 MHz, Chloroform-d) & 8.30 (s, 1H, OH), 7.80
(dd, J=8.5,2.4 Hz, 1H), 7.74 (d, /= 2.5 Hz, 1H), 7.33 (dd, J=4.4, 2.9 Hz, 1H), 7.13 — 7.05 (m,
4H), 7.01 (d, J = 8.6 Hz, 1H), 6.90 (ddd, /= 8.2, 2.6, 1.0 Hz, 1H), 6.87 — 6.82 (m, 2H), 6.37 (d, J

= 7.4 Hz, 1H), 4.36 (dt, J= 7.3, 3.6 Hz, 1H), 3.85 (s, 3H), 3.83 (s, 3H), 2.63 — 2.54 (m, 1H), 2.05
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—1.93 (m, 2H), 1.88 — 1.71 (m, 4H), 1.64 (qd, J = 14.4, 13.3, 4.8 Hz, 2H). °*C NMR (126 MHz,
CDCl) & 166.49, 159.40, 159.01, 155.42, 139.13, 139.10, 130.60, 129.48, 129.22, 128.07,
127.86, 127.56, 122.10, 116.06, 115.54, 112.94, 110.96, 55.92, 55.43, 45.64, 41.89, 30.28, 29.11.

HRMS (ESI+) m/z: [M + H+] calculated for C,7H29NO4 432.2175; found 432.2170.

OMe
H
wN O OMe
L QQ v
(0]

3',6-Dimethoxy-N-((1r,4r)-4-(4-((1-methylpiperidin-4-yl)oxy)phenyl)cyclohexyl)-[1,1'-
biphenyl]-3-carboxamide (4.8a).

Diisopropylazodicarboxylate (23 pL, 0.12 mmol) was added to an ice-cooled solution of
phenol 4.13a (25 mg, 0.06 mmol), N-methyl-4-hydroxy-piperidine (10.4 mg, 0.09 mmol) and
triphenylphosphine (24 mg, 0.09 mmol) in anhydrous THF (0.25 mL) and resulting solution was
then allowed to stir at room temperature for 12 hours. The reaction mixture was concentrated
under reduced pressure and the residue was purified by column chromatography (SiOs,
Methanol: CH,Cl,, 1:25) to afford a white amorphous solid (12 mg, 40%): '"H NMR (500 MHz,
Chloroform-d) 6 7.81 (dd, J = 8.6, 2.3 Hz, 1H), 7.68 (d, J=2.4 Hz, 1H), 7.35 (t, J= 7.9 Hz, 1H),
7.15—-7.08 (m, 3H), 7.07 (dd, J = 2.7, 1.6 Hz, 1H), 7.01 (d, J = 8.7 Hz, 1H), 6.91 (ddd, J = 8.3,
2.6, 0.9 Hz, 1H), 6.87 — 6.81 (m, 2H), 5.93 (d, J = 8.1 Hz, NH), 4.45 — 4.35 (m, 1H), 4.03 (dtt, J
=16.4, 8.5, 4.3 Hz, 1H), 3.86 (s, 3H), 3.85 (s, 3H), 2.94 — 2.80 (m, 2H), 2.75 — 2.56 (m, 2H),
2.53 —2.41 (m, 4H), 2.20 (ddd, J=11.2, 7.8, 3.8 Hz, 4H), 1.95 (ddd, J = 14.6, 10.6, 5.9 Hz, 4H),
1.62 (qd, J = 13.2, 3.3 Hz, 2H), 1.36 (qd, J = 12.6, 3.4 Hz, 2H). >C NMR (126 MHz, CDCl3) &
166.33, 159.42, 159.02, 155.35, 139.54, 139.19, 130.52, 129.39, 129.23, 128.31, 127.93, 127.33,

122.13, 116.06, 115.50, 112.90, 110.98, 77.37, 55.93, 55.47, 51.82, 48.82, 45.43, 42.85, 33.75,
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33.33, 29.84. HRMS (ESI+) m/z: [M + H+] calculated for C;33H41N,O4 529.3066; found

529.3058.

OMe
H
N ‘ OMe
L Qﬁ FL
(0}

3',6-Dimethoxy-N-((1s,4s)-4-(4-((1-methylpiperidin-4-yl)oxy)phenyl)cyclohexyl)-[1,1'-
biphenyl]-3-carboxamide (4.8b).

Compound 4.8b was obtained following the procedure utilized for the synthesis of 4.8a, as a
white amorphous solid (36%):'H NMR (400 MHz, Chloroform-d) & 7.80 (dd, J = 8.5, 2.4 Hz,
1H),7.72 (d,J =24 Hz, 1H), 7.36 (t,J = 7.9 Hz, 1H), 7.18 — 7.06 (m, 4H), 7.02 (d, J = 8.6 Hz,
1H), 6.92 (ddd, J = 8.3,2.6, 1.0 Hz, 1H), 6.87 — 6.81 (m, 2H), 6.27 (d,J =7.2 Hz, NH), 443 —
431 (m, 2H), 3.87 (s, 3H), 3.85 (s, 3H), 2.81 (d, J = 9.3 Hz, 2H), 2.66 — 2.55 (m, 1H), 2.55 —
2.35 (m, 5H), 2.11 (d, J = 10.1 Hz, 2H), 2.01 (dd, J = 13.2, 3.3 Hz, 2H), 1.96 — 1.73 (m, 4H),
1.72 — 1.58 (m, 2H). "C NMR (126 MHz, CDCl,) 6 166.60, 159.51, 159.12, 155.53, 139.23,
139.22,130.71, 129.59, 129.32, 128.18, 127.97, 127.67, 12221, 116.17, 115.56, 113.05, 111.07,
77.48, 56.03, 55.54, 52.09, 45.75, 45.05, 42.00, 30.39, 29.92, 29.22. HRMS (ESI+) m/z: [M +

H"] calculated for Cy;H,;N,0, 529.3066; found 529.3066.

tert-Butyl (1-(4-(benzyloxy)phenyl)piperidin-4-yl)carbamate (4.20).
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A mixture of iodide 4.18 (200 mg, 0.65 mmol), tert-butyl piperidin-4-ylcarbamate (194 mg,
0.97 mmol), sodium fert-butoxide (93 mg, 0.97 mmol), 2-dicyclohexylphosphino-2'4',6'-
triissopropylbiphenyl (15.4 mg, 0.03 mmol) and tris(dibenzylideneacetone)dipalladium(29.3 mg,
0.03 mmol) was suspended in toluene (2 mL) and the resulting mixture was purged with argon
for 20 min before being heated at 130 °C for 1 h under microwave conditions. The reaction
mixture was concentrated and the residue was purified by column chromatography (SiO», 1:9,
EtOAc : hexane) to afford 4.20 as a yellow amorphous solid (90 mg, 37%): "H NMR (400 MHz,
Chloroform-d) 6 7.44 — 7.34 (m, 4H), 7.32 (d, /= 7.1 Hz, 1H), 6.89 (s, 4H), 5.01 (s, 2H), 4.51 —
4.42 (m, 1H), 3.58 (s, 1H), 3.44 (d, J=12.3 Hz, 2H), 2.75 (t, /= 11.3 Hz, 2H), 2.04 (d, /= 12.6
Hz, 2H), 1.55 (qd, J = 11.7, 3.8 Hz, 2H), 1.46 (s, 9H). °C NMR (101 MHz, CDCl;) 3 156.68,
146.20, 135.87, 130.26, 128.67, 127.99, 127.62, 118.89, 115.69, 77.36, 70.65, 50.32, 50.26,
32.83, 28.58. HRMS (ESI+) m/z: [M + H+] calculated for Cp3H31N,Os; 383.2335; found

383.2334.

H

N
“Boc
o
HO

tert-Butyl (1-(4-hydroxyphenyl)piperidin-4-yl)carbamate (4.21).

Palladium hydroxide (20% w/w, 20 mg) was added to a solution of 4.20 (85 mg, 0.22 mmol)
in MeOH/THF (2:1, 3 ml) and the resulting mixture was stirred under a hydrogen atmosphere for
12 h. The reaction mixture was filtrated through Celite and the filtrate was concentrated to get
4.21 as a white amorphous solid (65 mg, ~100%): '"H NMR (400 MHz, Chloroform-d) & 6.85 (d,
J=8.4Hz, 2H), 6.75 (d, J= 8.4 Hz, 2H), 4.63 —4.41 (m, 1H), 4.48 (s, 1H), 3.56 (s, 1H), 3.40 (d,

J=12.0 Hz, 2H), 2.73 (t, J= 11.8 Hz, 2H), 2.04 (d, J = 12.5 Hz, 2H), 1.56 (qd, /= 11.7, 3.8 Hz,
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2H), 1.46 (s, 9H). BC NMR (101 MHz, CDCls3) 6 151.47, 119.24, 115.95, 77.36, 50.52, 50.50,
32.83, 28.55. HRMS (ESI+) m/z: [M + H+] calculated for C;cHysN,Os 293.1865; found

293.1867.

H

reNs

tert-Butyl (1-(4-((1-Methylpiperidin-4-yl)oxy)phenyl)piperidin-4-yl)carbamate (4.22).

Diisopropylazodicarboxylate (85 pL, 0.43 mmol) was added to an ice-cooled solution of
phenol 4.21 (63 mg, 0.21 mmol), N-methyl-4-hydroxy-piperidine (37 mg, 0.32 mmol) and
triphenylphosphine (87 mg, 0.43 mmol) in anhydrous THF (0.20 mL) and the resulting solution
was then allowed to stir at rt for 12 h. The reaction mixture was concentrated under reduced
pressure and the residue was purified by column chromatography (SiO,, Methanol: CH,Cl,,
1:25) to afford 4.22 as a brownish amorphous solid (42 mg, 50%): 'H NMR (400 MHz,
Chloroform-d) 6 6.89 (d, J = 8.7 Hz, 2H), 6.81 (d, J = 8.7 Hz, 2H), 4.61 — 4.52 (m, 1H), 4.51 —
4.41 (m, 1H), 3.58 (s, 1H, NH), 3.46 (d, J = 12.4 Hz, 2H), 3.39 — 3.16 (m, 4H), 2.76 (d, J = 4.8
Hz, 5H), 2.67 — 2.50 (m, 2H), 2.19 (d, J = 15.2 Hz, 2H), 2.09 — 1.99 (m, 2H), 1.55 (qd, J=11.7,
3.8 Hz, 2H), 1.45 (s, 9H). °C NMR (101 MHz, CDCl;) & 155.33, 149.87, 147.09, 118.84,
117.17, 77.48, 77.36, 51.63, 50.05, 49.93, 44.00, 32.70, 28.57, 27.02. HRMS (ESI+) m/z: [M +

H+] calculated for C»,H36N303 390.2757; found 390.2760.
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3',6-Dimethoxy-N-(1-(4-((1-methylpiperidin-4-yl)oxy)phenyl)piperidin-4-yl)-[1,1'-
biphenyl]-3-carboxamide (4.23).

Trifluoroacetic acid (30% v/v in DCM, 0.27 mmol) was added to a solution of 4.22 (40 mg,
0.11 mmol) in dichloromethane (0.5 ml) and the resulting solution was stirred at rt for 4 h. The
reaction mixture was then neutralized with 7N-ammoniated methanol and concentrated to get
amine, which was used in the next step without further purification.

Triethylamine (0.05 ml, 0.33 mmol) was added to a solution of amine (0.11 mmol) and
biaryl acid 4.15 (43 mg, 0.17 mmol) in dry dichloromethane (0.5 ml) and the solution was cooled
to 0 °C. At this temperature, EDCI*HCI (33 mg, 0.17 mmol) was added to the reaction mixture
and the resulting solution was then allowed to stir at rt for 16 h. The reaction mixture was
concentrated and the residue was purified by column chromatography (SiO2, methanol:DCM,
1:25) to afford 4.23 as a white amorphous solid (29%); 'H NMR (400 MHz, Chloroform-d) &
7.80 (d, J= 8.7 Hz, 1H), 7.67 (d, J = 2.2 Hz, 1H), 7.35 (t, /= 8.1 Hz, 1H), 7.13 — 7.03 (m, 2H),
7.01 (d, J=8.7 Hz, 1H), 6.91 (d, J=8.7 Hz, 3H), 6.83 (d, /= 8.7 Hz, 1H), 5.95 (d, /= 7.9 Hz,
1H), 4.49 — 4.41 (m, 1H), 4.18 — 4.05 (m, 1H), 3.86 (s, 3H), 3.85 (s, 3H), 3.56 — 3.48 (m, 2H),
3.12-2.91 (m, 4H), 2.86 (t, /= 11.7 Hz, 2H), 2.62 (s, 3H), 2.48 — 2.30 (m, 3H), 2.19 — 2.02 (m,
4H), 1.67 (q, J = 11.6, 11.1 Hz, 2H). >C NMR (101 MHz, CDCl;) & 166.49, 159.48, 159.20,
146.76, 141.72, 139.14, 130.69, 129.44, 129.26, 128.29, 127.09, 122.13, 118.83, 117.30, 115.57,
112.94, 111.06, 77.36, 55.96, 55.49, 53.56, 50.08, 47.10, 44.68, 32.50, 28.29. HRMS (ESI+)

m/z: [M + Na+] calculated for C3,H39N304Na 552.2838; found 552.2838.

o
BnO

4-(Benzyloxy)cyclohexanol (4.25).
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Sodium hydride (0.480g, 20mmol) was added to an ice-cooled solution of cyclohexane-1,4-
diol (1.16g, 10mmol) in anhydrous DMF (25mL), followed by a dropwise addition of benzyl
bromide (1.43mL, 12.5mmol). The reaction mixture was allowed to stir at rt for 12 h. The
reaction mixture was quenched with brine and 1M HCI, and extracted with EtOAc. The organic
layers were combined, dried, concentrated and purified via column chromatography (Si0O,, 1:1
EtOAc:Hex) to afford 4.25 as a white amorphous solid (70% yield): '"H NMR (500 MHz,
Chloroform-d) & 7.27 (d, J = 4.4 Hz, 3H), 7.19 (s, 2H), 447 (s, 2H), 3.64 (tt, J = 9.5, 4.1 Hz,
1H), 3.32 (tt, J = 9.7, 4.0 Hz, 1H), 2.04 — 1.96 (m, 2H), 1.92 (dddt, J = 10.3, 6.1, 2.8, 1.5 Hz,
2H), 1.51 — 1.42 (m, 3H), 1.41 — 1.18 (m, 4H). "C NMR (126 MHz, CDCl,) 6 138.94, 128.37
(2Cs), 127.49 (2Cs), 12745, 86.21, 70.17, 69.70, 32.71 (2Cs), 29.32 (2Cs). HRMS (ESI+) m/z:

[M + Na'] calculated for C,;H,;0,Na 229.1205; found 229.1214.

oy
BnO

4-(Benzyloxy)cyclohexanone (4.26).

Pyridinium chlorochromate (1.4g, 6.49mmol) and 4A molecular sieves (1.4g) were added to a
solution of 4.25 (0.89g, 4.32mmol) in anhydrous DCM (40mL) and the reaction mixture was
stirred at rt for 12 h. The reaction was concentrated and the residue was purified via column
chromatography (SiO,, 1:1 EtOH:Hex) to yield 4.26 as a white amorphous solid product (50%
yield): '"H NMR (500 MHz, Chloroform-d) 8 7.32 — 7.29 (m, 4H), 4.54 (s, 2H), 3.76 (tt, J = 5.7,
29 Hz, 1H), 2.56 (dddd, J = 15.2,10.7, 5.2, 1.2 Hz, 2H), 2.24 — 2.18 (m, 2H), 2.09 (dtdd, J =
11.7,59,4.4,1.2 Hz, 2H), 1.96 — 1.84 (m, 2H). "C NMR (126 MHz, CDCl;) 6 211.30, 138.49,

128.47 (2Cs), 127.45,127.41,86.21,72.22,37.23 (2Cs), 30.55 (2Cs).
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|
BnO

4-(Benzyloxy)cyclohex-1-en-1-yl trifluoromethanesulfonate (4.27).

Freshly prepared LDA (1.18 mmol) was taken in a 25 ml 2-neck round flask and cooled to -
78°C. A solution of ketone 4.26 (0.20 g, 0.98 mmol) in anhydrous THF (2 ml) was added
dropwise to the flask and the reaction mixture was stirred for 15 min at the same temperature. A
solution of N-bisphenyltriflate (385 mg, 1.08 mmol) in THF (1 mL) was added and the reaction
mixture was then allowed to stir at rt for 90 minutes. The reaction was quenched with saturated
NH,CI, diluted with water, and extracted with EtOAc (3x 15mL). The organic layers were
combined, dried, and concentrated to obtain 4.27 as white amorphous solid (185 mg, 55%) that

was used in the next step without further purification.

NHBoc
QQ
BnO

tert-Butyl (4'-(benzyloxy)-2'3'4' 5'-tetrahydro-[1,1'-biphenyl]-4-yl)carbamate (4.29).

A mixture of triflate 4.27 (160 mg, 0.48 mmol), 4-boc-aminophenyl boronic acid 4.28 (170
mg, 0.71 mmol), cesium carbonate (310 mg, 0.95 mmol) and
tetrakis(triphenylphosphine)palladium (10 mg, 0.14 mmol) was suspended in anhydrous DMF (4
mL) was purged with argon for 20 min before heating at 100 °C for 12 h. The reaction mixture
was cooled to rt; diluted with saturated LiCl and extracted with EtOAc (3x 15mL). The organic
layers were combined, dried, concentrated and the residue purified by column chromatography
(Si0,, 1:3, EtOAc : hexane) to afford 4.29 as a solid (30%): '"H NMR (400 MHz, Chloroform-d)
0 7.45-7.34 (m,4H),7.32 - 7.25 (m, 5H), 6.48 (s, 1H),5.97 (dt,J=5.0, 1.6 Hz, 1H), 4.65 (d, J
=4.8 Hz,2H),3.76 (ddq,J=99,5.1,3.0, 2.6 Hz, 1H), 2.66 — 2.53 (m, 2H), 2.52 — 2.39 (m, 1H),
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2.35-2.24 (m, 1H), 2.13 (dtd, / = 9.8, 4.7, 2.4 Hz, 1H), 1.86 (dtd, J = 12.6, 9.5, 5.5 Hz, 1H),
1.53 (d,J = 4.7 Hz, 9H). "C NMR (126 MHz, CDCl;)  172.18, 138.80, 136.84, 135.74, 134.31,
129.65 (2C), 128.51, 127.80, 127.67, 127.31, 125.61, 123.50 (2C), 118.66, 80.95, 73.63, 70.13,
32.25, 29.82, 28.71, 2842, 28.18, 26.07. HRMS (ESI+) m/z: [M + Na'] calculated for

C,,H,,NO;Na 402.2045; found 402.2027.

NH,

4

BnO

4'-(Benzyloxy)-2'3'4'5'-tetrahydro-[1,1'-biphenyl]-4-amine (4.30).

4.29 (0.1g, 0.36 mmol) was dissolved in anhydrous DCM (1 mL) and the solution was cooled
to 0°C. Trifluoroacetic Acid (30% wt./vol, 0.5 mL) was added to the solution and the reaction
mixture was allowed stir at rt for 3 h. The reaction was concentrated and the crude product
(~100%) was used directly in the next step without further purification: HRMS (ESI+) m/z: [M +

H"] calculated for C,,H,,NO 280.1701; found 280.1700.

OMe
H
N O OMe
=
BnO

N-(4'-(Benzyloxy)-2'3'4',5'-tetrahydro-[1,1'-biphenyl]-4-yl)-3' ,6-dimethoxy-[1,1'-
biphenyl]-3-carboxamide (4.31).

Thionyl chloride (0.13 ml, 0.75 mmol) was added to a solution of biaryl acid 4.15 (97 mg,
0.38 mmol) in anhydrous tetrahydrofuran (2 ml) and the solution was refluxed for 3h. The
solution was then concentrated under vacuum to get acid chloride 4.15a (105 mg) as brown
semi-solid that was used directly in the next step.
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DIPEA (0.13 ml, 0.75 mmol) was added to an ice-cooled solution of acid chloride in
anhydrous DCM (1 ml), followed by a dropwise addition of amine 4.30 (50 mg, 0.25 mmol).
The solution was then allowed to stir at rt for 12h. The reaction mixture was concentrated and the
residue was purified by column chromatography (SiO,, 1:25, Acetone: DCM) to afford 4.31 as a
white amorphous solid (80%): '"H NMR (400 MHz, Chloroform-d) & 7.87 (s, 1H), 7.82 (dd, J =
8.6,2.4 Hz, 1H), 7.74 (d, J = 2.4 Hz, 2H), 7.51 (d, J = 8.7 Hz, 2H), 7.37 — 7.21 (m, 8H), 7.07 —
6.95 (m, 2H), 6.85 — 6.77 (m, 1H), 5.92 (td, /= 3.6, 1.9 Hz, 1H), 4.56 — 4.51 (m, 2H), 3.78 (d, J
= 12.4 Hz, 6H), 3.73 — 3.64 (m, 1H), 2.56 — 2.46 (m, 2H), 2.43 — 2.33 (m, 1H), 2.26 — 2.17 (m,
1H), 2.08 — 1.98 (m, 2H). *C NMR (101 MHz, CDCls) & 169.56, 158.32 (2Cs), 143.69, 139.09,
137.23 (2Cs), 133.03, 130.41, 129.62, 128.74(2Cs), 128.36 (2Cs), 127.93 (2Cs), 127.69 (2Cs),
127.55, 124.68, 121.09 (2Cs), 119.08, 118.75, 115.84 (2Cs), 114.07, 79.86, 68.98, 55.25(2Cs),
27.41, 25.73, 23.11. HRMS (ESI+) m/z: [M + H+] calculated for Cs4H33sNO4 520.2488; found

520.2485.

OMe
H
N ‘ OMe
QQ =
HO

N-(4-(4-Hydroxycyclohexyl)phenyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide
4.32).

Palladium on carbon (10% w/w, 20 mg) was added to a solution of 4.31 (223 mg, 1.0 mmol)
in MeOH (3 ml) and the suspension was stirred at rt under a hydrogen atmosphere. After 12 h,
the reaction mixture was filtrated through Celite and the filtrate was concentrated to get 4.32 as
an off-white amorphous solid (~100%): '"H NMR (500 MHz, Chloroform-d) & 7.85 (d, J = 8.0

Hz, 1H), 7.81 — 7.77 (m, 1H), 7.71 (d, J = 2.3 Hz, 1H), 7.44 (d, J = 8.4 Hz, 2H), 7.25 (ddd, J =
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7.9,4.3,3.4Hz, 1H), 7.21 — 7.16 (m, 2H), 7.12 (d, /= 8.5 Hz, 1H), 7.03 — 6.98 (m, 1H), 6.93 (d,
J=28.7 Hz, 1H), 6.83 (ddd, J = 8.3, 2.6, 1.0 Hz, 1H), 4.07 — 4.04 (m, 1H), 3.78 (d, J = 1.1 Hz,
3H), 3.75 (s, 3H), 2.48 — 2.35 (m, 1H), 2.03 — 1.98 (m, 2H), 1.83 — 1.73 (m, 3H), 1.63 — 1.53 (m,
3H). “C NMR (126 MHz, CDCls) & 165.38, 159.16 (2Cs), 143.55, 138.68, 135.60, 130.49,
129.45, 129.33, 128.99, 128.27, 127.20, 126.95, 123.33, 121.84, 120.44, 115.16, 112.81, 110.91,
65.65, 55.68, 55.18, 43.04, 32.76 (2Cs), 27.61 (2Cs). HRMS (ESI+) m/z: [M + H'] calculated for

Cy7H20NO4 432.2175; found 432.2182.

OMe
1 :
| N N OMe
\,\O\ = (0]
(e}

3',6-Dimethoxy-N-(4-(4-((1-methylpiperidin-4-yl)oxy)cyclohexyl)phenyl)-[1,1'-biphenyl]-
3-carboxamide (4.6).

Compound 4.6 was obtained following the procedure utilized for the synthesis of 4.8a, as a
white amorphous solid (25%): '"H NMR (500 MHz, Chloroform-d) 6 7.96 (dd, J = 8.6, 2.4 Hz,
1H),7.71 = 7.65 (m, 2H), 7.58 — 7.51 (m, 2H), 7.36 (dd, J = 8.5,0.6 Hz, 4H), 7.24 (d, J = 8.5 Hz,
1H),7.05 (s, 1H),6.92 — 6.82 (m, 1H), 4.14 (q,J = 3.3 Hz, 1H), 3.87 (s, 3H), 3.81 (s, 3H), 3.06 —
299 (m, 1H), 2.56 — 2.50 (m, 2H), 1.94 — 1.85 (m, 2H), 1.68 (d, J = 5.8 Hz, 3H), 1.56 (d, J =
14.6 Hz, 4H), 1.25 (s, 6H). "C NMR (126 MHz, CDCl,) & 158.54, 157.04, 142.56, 136.40,
134.80, 128.99, 128.54, 128.11, 126.37, 124.26, 119.25, 115.67, 113.83, 109.88, 64.61, 54.92,
54.56, 42.24, 31.97, 28.68, 26.73. HRMS (ESI+) m/z: [M + H'] calculated for C;,H,,N,O,

529.3066; found 529.3092.

251



HO

4'-Hydroxy-[1,1'-bi(cyclohexan)]-4-yl methanesulfonate (4.34).

Triethylamine (0.140 mL, 1.009 mmol) was added to a solution of [1,1'-bi(cyclohexane)]-44'-
diol (0.1g, 0.505mmol) in anhydrous DCM (2.5mL) and the solution was cooled to 0 °C.
Methanesulfonyl chloride (0.07mL, 0.909 mmol) was added dropwise and the reaction mixture
was then allowed to stir at rt. After 12 h, water was added to quench the reaction and the
suspension was extracted using EtOAc (3 x 20mL). The organic layers was combined, dried and
concentrated to yield 4.34 as an amorphous solid (90%) that was used directly in the next step:

HRMS (ESI+) m/z: [M + H'] calculated for C,;H,,0,S 283.1555; found 283.1566.

UQ Ns
HO

4'-Azido-[1,1'-bi(cyclohexan)]-4-ol (4.35).

Compound 4.35 was obtained as a white amorphous solid (30%) by following the general
procedure D: 'H NMR (500 MHz, Chloroform-d) 6 5.69 — 5.63 (m, 1H), 4.03 — 3.97 (m, 1H),
3.82 (t,J =3.6 Hz, 1H),2.06 — 1.97 (m, 1H), 1.88 — 1.79 (m, 4H), 1.78 — 1.70 (m, 2H), 1.58 —
1.45 (m, 4H), 1.47 — 0.97 (m, 6H). "C NMR (126 MHz, CDCl,) & 71.14, 57.82, 41.59 (2Cs),
35.77 (2Cs), 32.67, 31.89, 29.69, 28.07, 24.55, 23.81. HRMS (ESI+) m/z: [M + Na'] calculated

for C,,H,,N,ONa 246.1582; found 246.1593.

/(j)ij/NHz
HO
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4'-Amino-[1,1'-bi(cyclohexan)]-4-ol (4.36).

Palladium on carbon (10% w/w, 20 mg) was added to a solution of 4.35 (223 mg, 1.0 mmol)
in MeOH (3 ml) and the resulting mixture was stirred at rt under a hydrogen atmosphere. After
12 h, the reaction mixture was filtrated through Celite and the filtrate was concentrated to get
4.36 as a white amorphous solid (~100%): "H NMR (500 MHz, Chloroform-d) & 5.67 — 5.64 (m,
2H), 3.99 (q, J = 3.6 Hz, 1H), 3.53 (tt, J = 10.9, 4.2 Hz, 1H), 3.09 — 3.00 (m, 1H), 2.07 — 1.94
(m, 2H), 1.85 — 1.69 (m, 2H), 1.65 — 1.38 (m, 10H), 1.30 — 1.15 (m, 4H), 1.15 — 0.94 (m, 2H).
C NMR (126 MHz, CDCl3) & 70.18, 52.54, 42.34 (2Cs), 35.98 (2Cs), 32.82 (2Cs), 28.55 (2Cs),

24.22 (2Cs). HRMS (ESI+) m/z: [M + H'] calculated for C;,H»3NO 198.1858; found 198.1861.

OMe
H
N O OMe
UU 70
HO

N-(4'-Hydroxy-[1,1'-bi(cyclohexan)]-4-yl)-3' ,6-dimethoxy-[1,1'-biphenyl]-3-carboxamide
4.37).

Compound 4.37 was obtained following the procedure used for the synthesis of 4.31, as an
off-white amorphous solid (60%): '"H NMR (500 MHz, Chloroform-d) & 7.78 (dd, J = 8.6, 2.4
Hz, 1H), 7.67 (d,J =24 Hz, 1H),7.35 (t,J =79 Hz, 1H), 7.16 — 7.06 (m, 2H), 7.01 (d,J = 8.6
Hz, 1H), 6.92 (ddd, J = 8.3,2.6, 1.0 Hz, 1H), 6.11 (d,J =7.5 Hz, 1H), 4.24 (dt, J = 8.1,4.2 Hz,
1H), 3.85 (d,J=5.2 Hz, 6H), 3.54 (ddd, /= 11.0, 6.6, 4.3 Hz, 1H),2.03 — 1.95 (m, 1H), 1.87 —
1.75 (m, 4H), 1.63 (dt, J = 12.2, 3.5 Hz, 3H), 1.60 — 1.47 (m, 1H), 1.34 — 1.11 (m, 6H), 1.08 —
0.94 (m, 2H). "C NMR (126 MHz, CDCl,) & 165.19, 158.24, 157.81, 138.00, 129.39, 128 .24,

128.06 (2Cs), 126.96, 12097, 114.34 (2Cs), 111.73, 70.03, 54.76, 54.29, 41.96 (2Cs), 34.67
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(2Cs), 28.77 (2Cs), 27.29 (2Cs), 24.35 (2Cs). HRMS (ESI+) m/z: [M + Na'] calculated for

C,,H,.NO,Na 460.2464; found 460.2462.

OMe
H
N :.n OMe
o

N-(4'-Hydroxy-[1,1'-bi(cyclohexan)]-4-yl)-3' ,6-dimethoxy-[1,1'-biphenyl]-3-carboxamide
4.7).

Compound 4.7 was obtained following the procedure utilized for the synthesis of 4.8a, as a
white amorphous solid (25%): '"H NMR (500 MHz, Chloroform-d) 6 7.78 (dd, J = 8.6, 2.4 Hz,
1H), 7.67 (d,J =24 Hz, 2H), 7.35 (t,J = 7.9 Hz, 2H), 7.16 — 7.06 (m, 4H), 7.01 (d, J = 8.6 Hz,
1H),6.92 (ddd,J=8.3,2.6,10 Hz, 1H), 6.11 (d,J =7.5 Hz, 1H),4.24 (dt,J =8.1,4.2 Hz, 1H),
3.85(d,J=52Hz,6H),3.54 (ddd,J=11.0,6.6,4.3 Hz, 1H), 2.03 - 1.95 (m, 1H), 1.87 - 1.75
(m, 8H), 1.63 (dt,J =12.2,3.5 Hz, 3H), 1.60 — 1.47 (m, 2H), 1.34 — 1.11 (m, 12H), 1.08 — 0.94
(m, 4H). "C NMR (126 MHz, CDCl;) 8 165.19, 158.24, 157.81, 138.00, 129.39, 128.24, 128.06,
126.96, 12097, 11434, 111.73, 109.80, 76.24, 70.03, 54.76, 54 .29, 34.67, 28.77, 27.29, 24.35.

HRMS (ESI+) m/z: [M + Na'] calculated for C;,H;,N,0,Na 557.3355; found 557.3345.

or
MOMO

1-Bromo-4-(methoxymethoxy)benzene (4.45).
DIPEA (30mL, 173.4mmol) was added to a solution of 4-bromophenol (10g, 57.8mmol) in
anhydrous DCM (289mL) and the solution was cooled to 0 °C. Chloromethyl methyl ether

(6.5mL, 86.7mmol) was added dropwise and the reaction mixture was allowed or stir at rt for 12
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h. The reaction mixture was quenched with water; extracted with DCM (3x 80mL). The organic
layers was combined, dried, concentrated, and purified via column chromatography (SiO,, 1:4,
EtOAc: Hex). The product was isolated as oil in 48% yield: '"H NMR (500 MHz, Chloroform-d)
d 738 (d, J = 9.0 Hz, 2H), 6.93 (d, J = 9.0 Hz, 2H), 5.14 (s, 2H), 3.47 (s, 3H). "C NMR (126
MHz, CDCl,) & 156.44, 132.44 (2Cs), 118.19 (2Cs), 114.32, 94.60, 56.18. HRMS (ESI+) m/z:

[M - H'] calculated for C;H,BrO, 214.9708; found 214.9704.

| A

MOMO™

3-(4-(Methoxymethoxy)phenyl)cyclopent-2-enone (4.46).

1-bromo-4-(methoxymethoxy)benzene 4.45 (1.2g, 5.53mmol), 2-Cyclopenten-1-one (0.23mL,
2.76mmol), and Pd(OAc), (0.06g, 0.276mmol) were suspended in anhydrous toluene (10 ml)
and the suspension was stirred at rt for 15 minutes. Triethanolamine (11mL) was added and the
mixture was heated at 110°C. After 12 h, the reaction mixture was cooled to rt and extracted with
ether (3 x 50mL). The organic layers were combined, dried, concentrated and purified via
column chromatography (SiO,, 1:3, EtOAc: Hex). Compound was isolated was a yellow oil,
75%yield: '"H NMR (500 MHz, Chloroform-d) 6 7.51 (d, J = 8.8 Hz, 2H), 7.00 (d, J = 8.8 Hz,
2H), 6.38 (t, J = 1.7 Hz, 1H), 5.13 (s, 2H), 3.39 (s, 3H), 2.93 — 2.87 (m, 2H), 2.48 — 242 (m,
2H). "C NMR (126 MHz, CDCl;) & 209.65, 159.85, 153.92, 130.22, 128.74, 127.81, 125.89,
116.49 (2Cs), 94.27, 56.39, 35.41, 28.79. HRMS (ESI+) m/z: [M + H'] calculated for C;;H,,0,

219.1021; found 219.0992.
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(o)

+ 3-(4-(Methoxymethoxy)phenyl)cyclopentanone (4.47).

10% Pd/C (0.015g) was added to the solution of 4.46 (0.05g) in EtOAc (2 mL) and the
suspension was stirred under a hydrogen atmosphere. After 12 h, the reaction mixture was
filtered through a pad of Celite; the residue was washed with EtOAc. The filtrate was
concentrated and purified by column chromatography (SiO,, 1:3, EtOAc: Hex) to yield 4.47 as
an oil (60% yield): '"H NMR (500 MHz, Chloroform-d) & 7.14 (d, J = 8.7 Hz, 2H), 6.99 (d, J =
8.7Hz,2H), 5.12 (s, 2H), 3.43 (s, 3H), 3.36 — 3.26 (m, 1H), 2.63 —2.53 (m, 1H), 2.43 — 2.32 (m,
2H), 2.29 — 2.18 (m, 2H), 1.94 — 1.85 (m, 1H)."”C NMR (126 MHz, CDCl;) 6 210.05, 155.94,

136.45, 127.70 (2Cs), 116.41 (2Cs), 94.43,55.90,45.94,41.50, 38.86, 31.34.

OH

MOMO©/©

3-(4-(Methoxymethoxy)phenyl)cyclopentanol (4.48).

NaBH, (0.001 g, 0,227mmol) was added to an ice-cooled solution of 4.47 (0.05g, 0.227mmol)
in MeOH (0.5mL) and the reaction mixture was then allowed to stir at rt. After 1 h, the reaction
mixture was concentrated; the residue was diluted with water and extracted with ethyl acetate (3
x10 mL). The combined organic layers were dried, concentrated, and purified via column
chromatography (Si0,, 1:3, EtOAc: Hex) to yield a mixture of diastereomers. The product was
isolated as a clear oil, 90% yield: 'H NMR (500 MHz, Chloroform-d) & 7.12 (d, J = 8.6 Hz, 2H),
697 (d,J =8.7 Hz, 2H), 5.15 (s, 2H), 3.68 (tt, J = 10.5, 4.3 Hz, 1H), 3.48 (s, 3H), 2.45 (tt, J =
12.0,3.6 Hz, 1H),2.11 — 2.05 (m, 2H), 1.94 — 1.85 (m, 2H), 1.65 (dt,J=12.2,2.2 Hz, 1H), 1.55

256



— 1.48 (m, 1H). "C NMR (126 MHz, CDCl,) 6 155.36, 139.91, 127.55 (2Cs), 116.04 (2Cs),

94 .45,70.54,55.85, 51.53,42.47,35.84,32.50, 27.80.

OMs

3-(4-(Methoxymethoxy)phenyl)cyclopentyl methanesulfonate (4.49).

Triethylamine (0.1 mL, 0.68 mmol) was added to a solution of 4.48 (75 mg, 0.34 mmol) in
anhydrous THF (0.5 mL) and the solution was cooled to 0°C. Methanesulfonyl chloride (0.039
mL, 0.51 mmol) was added dropwise and the reaction mixture was allowed to stir at rt for 1 h.
The mixture was quenched by the addition of water, and extracted with EtOAc (3 x 15mL). The
combined organic layers were dried, and concentrated to get 4.49 (90%) was used as such

without further purification.

N3

MOMO©/©

1-(3-Azidocyclopentyl)-4-(methoxymethoxy)benzene (4.50).

Sodium Azide (0.026g, 0.41 mmol) was added to a solution of 4.49 (60 mg, 0.21 mmol) in
anhydrous DMF (0.84 mL) and the reaction mixture was heated at 100 °C. After 12 h, the
reaction mixture was cooled to rt and diluted with water. The mixture was worked up with
saturated LiCl and EtOAc (3 x 30mL). The combined organic layers were dried and purified via
column chromatography, (SiO,, 1:4, EtOAc: Hex). The product was isolated in 85% yield: 'H
NMR (500 MHz, Chloroform-d) 6 7.21 — 7.07 (m, 2H), 6.98 (dd, J = 8.8, 2.6 Hz, 2H), 5.16 (d, J

=1.1 Hz,2H),4.16 (tdd,J=6.2,34,2.3 Hz, 1H),4.04 (qd,J=6.8,44 Hz, 1H),3.48 (d,/=0.6
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Hz,3H),3.24 (tt,/=104,7.4 Hz, 1H),3.03 (tt, /= 10.3,7.7 Hz, 1H), 2.48 — 2.39 (m, 1H), 2.27
—2.11 (m, 2H), 2.10 = 1.93 (m, 1H), 1.93 — 1.74 (m, 1H), 1.73 — 1.57 (m, 2H). "C NMR (126
MHz, CDCl,) 8§ 155.70, 139.93, 128.31 (2Cs), 116.54 (2Cs), 94.96, 56.33, 52.92, 44.01, 43.22,

34.20,32.84.

NH,

MOMOJ:::[/L:S

3-(4-(Methoxymethoxy)phenyl)cyclopentanamine (4.51).

Compound 4.51 was obtained as a mixture of diastereomers (71%) by following the
procedure for 4.32. '"H NMR (500 MHz, Chloroform-d) 6 7.19 — 7.11 (m, 4H), 6.96 (ddd, J =
8.6,2.0,09 Hz, 4H), 5.15 (d, J = 1.1 Hz, 4H), 347 (d, J = 1.0 Hz, 6H), 3.43 — 3.37 (m, 1H),
334 -327 (m, 1H),3.22 (t,/ = 84 Hz, 1H), 298 (ddd, J = 11.3,54,2.8 Hz, IH), 241 — 2.33
(m, 2H), 2.21 — 2.10 (m, 2H), 2.04 (td, J = 5.0, 3.2 Hz, 1H), 1.99 — 1.84 (m, 2H), 1.82 — 1.54 (m,
4H), 1.52 — 1.38 (m, 1H). "C NMR (126 MHz, CDCl;) & 155.40, 138.85, 127.94 (2Cs), 116.16
(2Cs), 94.53, 55.90, 52.29, 43.04, 42.56, 3448, 32.63. HRMS (ESI+) m/z: [M + H'] calculated

for C,;H,,NO, 222.1494; found 222.1507.

OMe OMe

HN—Q
/@/@ ?
MOMO

3',6-Dimethoxy-N-(3-(4-(methoxymethoxy)phenyl)cyclopentyl)-[1,1'-biphenyl]-3-

carboxamide (4.52).
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DIPEA (0.35 mL, 2.0 mmol) was added to a solution of 3-(4-(methoxymethoxy)
phenyl)cyclopentanamine 4.51 (0.3g, 1.0 mmol), biaryl acid 4.15 (0.31g, 1.2mmol), and HOBt-
H,O (0.382g, 2.0mmol) in anhydrous DCM (10 mL) and the solution was cooled to 0 °C.
EDCI*HCI (0.382 g, 2.0 mmol) was added to the reaction mixture and the resulting solution was
then allowed to stir at rt. After 12 h, the reaction mixture was concentrated; the residue was
diluted with water, and extracted with DCM (3x 40mL). The organic layers were combined,
concentrated and purified by column chromatography (SiO,, 1:4 EtOAc:Hex) to afford 4.52 as a
white amorphous solid (80%): 'H NMR (500 MHz, Chloroform-d) & 7.89 — 7.76 (m, 2H), 7.31
(td,J =79,2.0 Hz, 1H), 7.15 - 7.05 (m, 4H), 6.99 — 6.92 (m, 3H), 6.91 — 6.87 (m, 1H), 6.82 —
6.74 (m, 1H), 5.13 (d, J = 6.2 Hz, 2H), 4.54 (dt, J = 7.5, 2.0 Hz, 1H), 3.85 — 3.75 (m, 6H), 3.46
(d,J=4.1Hz,3H),2.26 - 2.18 (m, 1H), 2.18 — 2.13 (m, 1H), 2.09 — 2.02 (m, 3H), 1.75 - 1.55
(m, 2H). "C NMR (126 MHz, CDCl;) 8 171.15, 159.18, 158.75, 155.40, 139.01, 138.50, 130.18,
129.51, 128.98, 128.25, 127.84, 127.78, 125.06, 121.95, 116.14 (2Cs), 115.28, 112.66, 110.70,
9445, 55.85, 55.65, 55.18, 51.04, 42.94, 41.65, 33.64, 32.22. HRMS (ESI+) m/z: [M + H']

calculated for C,;H;;NO; 484.2100; found 484.2124.

OMe OMe
7 N\

HN

/@/@o
HO

N-(3-(4-Hydroxyphenyl)cyclopentyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide
(4.53).
6N HCI (1mL/1g starting material, 0.2mL) was added to a solution of 4.52 (158 mg, 0.34

mmol) was dissolved in a mixture of MeOH/THF (10mL/1g of starting material, 2mL: 2mL) and
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the reaction mixture was stirred at rt for 12 h. The reaction mixture was concentrated under
reduced pressure to get 4.53 as a mixture of diastereomers, white solid (60%): 'H NMR (500
MHz, Chloroform-d) é 7.83 (dd, J =8.6,2.4 Hz, 1H), 7.79 (dd,J=8.6,2.4 Hz, 1H),7.70 (d, J =
24 Hz, 1H),7.65 (d,J =23 Hz, 1H), 733 (td,J =79, 2.6 Hz, 2H), 7.11 — 7.01 (m, 7H), 6.98
(dd,J=8.7,7.6 Hz,2H),6.90 (ddd,J=8.3,2.5,0.9 Hz, 1H), 6.81 (dd,J = 8.5, 6.1 Hz, 6H), 6.34
(d,J=72Hz,1H),6.31 (d,J =75 Hz, 1H), 4.66 — 4.58 (m, 1H),4.53 (q,J =7.7,7.1 Hz, 1H),
3.84 (s, 6H), 3.83 (s, 6H), 3.17 (p, J = 8.8 Hz, 1H), 3.11 — 2.99 (m, 1H), 2.53 (dt, J = 13.1, 6.8
Hz, 1H), 2.40 — 2.33 (m, 2H), 2.30 — 2.22 (m, 1H), 2.19 - 1.96 (m, 4H), 1.82 — 1.66 (m, 2H),
1.66 — 1.52 (m, 2H). "C NMR (126 MHz, CDCl,) & 167.11, 167.00, 159.29, 159.09, 154.64,
154.55, 138.96 (2Cs), 136.53, 136.29, 130.48, 130.40, 129.34, 129.32, 129.12, 129.09, 128.35,
128.32, 127.88, 127.84, 126.71, 126.66, 122.12, 122.02, 115.41(2Cs), 115.37 (2Cs), 112.86
(2Cs), 112.75 (2Cs), 110.99 (2Cs), 55.81 (2Cs), 55.79 (2Cs), 55.34 (2Cs), 42.04 (2Cs), 41.40
(2Cs), 33.84, 33.60, 32.74, 31.93. HRMS (ESI+) m/z: [M + Na'] calculated for C,;H,,NO,Na

440.1838; found 440.1847.

OMe  OMe
” W
N o )
Qo
3',6-Dimethoxy-N-(3-(4-((1-methylpiperidin-4-yl)oxy)phenyl)cyclopentyl)-[1,1'-
biphenyl]-3-carboxamide (4.38).
A solution of 4.53 (0.025g, 0.06mmol) and N-Methyl-4-piperidinol (0.014mL, 0.12mmol) in

anhydrous benzene (0.6 mL) was cooled to 0°C. Tributylphosphine (0.03mL, 012mmol) and

TMAD (0.021g,0.12mmol) were added to the mixture. The reaction mixture was stirred at reflux
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for 12 h. After 12 h the reaction was cooled to rt and purified via column chromatography (SiO,,
1:20 MeOH:DCM) to afford 4.38 as white amorphous solid (27%): 'H NMR (500 MHz,
Chloroform-d) & 7.82 (dd, J = 8.6, 2.4 Hz, 1H), 7.67 (d,J = 2.4 Hz, 1H), 7.35 (td, /=79, 2.9
Hz, 1H),7.15 (dd,J =8.3,59 Hz,2H), 7.11 (ddd,J=7.6,1.6, 1.0 Hz, 1H), 7.07 (dd,J=2.6,1.5
Hz, 1H), 7.01 (dd, J = 8.6,5.4 Hz, 1H), 6.92 (ddd, J = 8.3,2.6, 1.0 Hz, 1H), 6.84 (d, J = 8.6 Hz,
2H), 6.08 (d,J =7.1 Hz, 1H), 4.64 (td, J = 7.1,4.5 Hz, 1H), 4.56 (q, J = 8.0 Hz, 1H), 4.35 (s,
2H),3.86 (d,J=1.8 Hz,3H),3.85 (d,J = 1.8 Hz, 3H), 3.25 - 3.15 (m, 1H), 3.14 — 3.06 (m, 2H),
2.79 (s,3H),2.40 (td,J=6.3,49,2.7Hz,4H),2.26 —2.16 (m, 1H), 2.15 - 1.99 (m, 2H), 1.91 (s,
2H), 1.80 — 1.51 (m, 1H). "C NMR (126 MHz, CDCl,) 6 166.89, 159.68, 159.31, 155.84,
13943, 137.96, 130.80, 129.62, 129.51, 129.51, 128.60, 128.39, 128.30, 127.43, 122.39, 116.42
(2Cs), 115.77, 113.17, 111.26, 56.19 (2Cs), 55.74, 51.49, 43.32, 41.84, 3434, 33.96, 32.58
(2Cs), 30.10 (2Cs). HRMS (ESI+) m/z: [M + H'] calculated for C;,H;(N,O, 515.2910; found

515.2899.

OMe OMe
7 N\

HN
o
\N/\/\
/ (0]

N-(3-(4-(3-(Dimethylamino)propoxy)phenyl)cyclopentyl)-3',6-dimethoxy-[1,1'-biphenyl]-
3-carboxamide (4.39).

A solution of 4.53 (0.025g, 0.06mmol) and 3-dimethylamino-1-propanol (0.014mL,
0.12mmol) in anhydrous benzene (0.6 mL) was cooled to 0°C. Tributylphosphine (0.03mL,
012mmol) and TMAD (0.021g, 0.12mmol) were added to the mixture. The reaction mixture was

stirred at reflux for 12 h. After 12 h the reaction was cooled to rt and purified via column
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chromatography (SiO,, 1:20 MeOH:DCM) to afford 4.39 as white amorphous solid (29%):'H
NMR (500 MHz, Chloroform-d) 6 7.82 (dd, J = 8.6, 2.4 Hz, 1H), 7.67 (d, J = 2.4 Hz, 1H), 7.35
(t,J=79Hz, 1H),7.16 — 7.04 (m, 4H), 7.01 (d,J = 8.6 Hz, 1H), 6.91 (ddd, J = 8.2,2.6, 1.0 Hz,
1H), 6.83 (d,J=8.7Hz,2H), 6.08 (d,J=7.2 Hz, 1H),4.64 (td,J=7.1,4.4 Hz, 1H), 4.00 (t,J =
6.3 Hz,2H),3.86 (d,J =59 Hz, 6H), 3.20 (t,J = 8.2 Hz, 1H), 2.56 (m, 2H), 2.34 (s, 6H), 2.23 —
2.16 (m, 1H), 2.12 (ddd, J = 13.7,9.7, 8.0 Hz, 1H), 2.08 — 1.97 (m, 4H), 1.78 — 1.51 (m, 2H). °C
NMR (126 MHz, CDCl;) & 166.63, 159.43, 159.04, 157.34, 139.18, 137.28, 130.54, 129.38,
129.25, 128.34, 128.00, 127.20, 122.14, 11551 (2Cs), 114.53, 112.93, 111.00, 66.14, 56.49,
55.94,55.48,51.26,45.26 (2Cs), 43.08,41.60, 34.11, 33.76, 29.85. HRMS (ESI+) m/z: [M + H']

calculated for C;;H;sN,0, 503.2910; found 503.2888.

OH

~o

5-(4-Methoxyphenyl)nona-1,8-dien-5-ol (4.55).

Magnesium turnings (1.46 g, 60.2 mmol) were suspended in anhydrous THF (12 mL) in a 3-
neck flask. 4-Bromo-1-butene (1.02 mL of total 3.08 mL, 9.84 mmol) in anhydrous THF (7.5
mL) was added dropwise and the mixture was heated at reflux while the remaining bromide
(2.06 mL, 20.29 mmol) was added. The reaction mixture was refluxed until all of the magnesium
had reacted, approximately 2h. The mixture was then cooled to rt and methyl 4-methoxybenzoate
(1.0 g, 6.02 mmol) in anhydrous THF (12 mL) was added dropwise over 30min. The reaction
was stirred overnight at rt. After 12 h the reaction was quenched with saturated NH,CI (15mL),
and the emulsion was stirred for 2h. The mixture was then extracted with ether (3 x 50 mL),

dried, concentrated, and purified via column chromatography (SiO,, 1:8 EtOAc:Hex). Product
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was isolated as a colorless oil, 84% yield: 'H NMR (500 MHz, Chloroform-d) & 7.29 — 7.27 (m,
2H), 6.88 (d,J =8.8 Hz,2H),5.84 - 5.73 (m, 2H),4.97 (d,J = 1.7 Hz, 1H), 4.94 — 487 (m, 3H),
3.81 (s, 3H), 2.08 — 1.99 (m, 2H), 1.97 — 1.80 (m, 6H). "C NMR (126 MHz, CDCl;) 6 158.23,
139.01 (2Cs), 137.82, 126.52 (2Cs), 114.72 (2Cs), 113.58 (2Cs), 75.62, 55.36, 42.26 (2Cs),

28.20 (2Cs).

1-(4-Methoxyphenyl)cyclohept-4-enol (4.56).

Grubbs 1* generation catalyst (0.2g, 0.04mol%) was added to a solution of 4.55 (1.5 g, 6.09
mmol) and the reaction mixture was heated at 40°C for 12 h. The reaction mixture was
concentrated and purified by column chromatography (SiO,, 1:10 EtOAc:Hex) to yield 4.56 as a
white solid (54%): '"H NMR (500 MHz, Chloroform-d) 6 7.13 — 7.07 (m, 2H), 6.83 (d, J = 8.7
Hz, 2H), 591 - 5.85 (m, 2H), 3.79 (s, 3H), 2.69 (tt, / = 11.2, 3.2 Hz, 1H), 2.34 — 2.24 (m, 1H),
222-2.13 (m,2H), 1.86 (dddd,J=11.8,5.2,2.8,1.2 Hz, 1H), 1.56 (s, 1H), 1.48 (dtd, J = 13.5,
11.4,2.2 Hz, 2H). "C NMR (126 MHz, CDCl;) 6 157.97, 141.89, 132.87 (2Cs), 127.93 (2Cs),

114.07 (2Cs), 79.16, 55.63,49.82 (2Cs), 28.29 (2Cs).

5-(4-Methoxyphenyl)cyclohept-1-ene (4.57).
Et;SiH (0.257 mL, 1.61 mmol) was added to a solution of 1-(4-methoxyphenyl)cyclohept-4-

enol 4.56 (0.32g, 1.47mmol) in anhydrous DCM (9mL), followed by addition of trifluoroacetic
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acid (1.12 mL, 14.7 mmol) and the solution was stirred at rt for 48h. The reaction mixture was
concentrated and purified via column chromatography (SiO,, 1:20 EtOAc:Hex) to yield 4.57 as a
clear oil (50% yield): 'H NMR (500 MHz, Chloroform-d) 6 7.14 — 7.07 (m, 2H), 6.83 (d, J = 8.7
Hz, 2H), 591 - 5.86 (m, 2H), 3.79 (s, 3H), 2.69 (tt, J = 11.2,3.2 Hz, 1H), 2.34 — 2.24 (m, 2H),
2.17 (ddt,J =14.4,115,19 Hz, 2H), 1.86 (dddd, J =11.7,5.1,3.3, 1.8 Hz, 1H), 1.48 (dtd, J =
13.5, 114, 2.1 Hz, 2H). "C NMR (126 MHz, CDCL;) § 157.72, 141.63, 132.62 (2Cs), 127.68
(2Cs), 113.81(2Cs), 55.38, 49.57, 35.05 (2Cs), 28.04 (2Cs). HRMS (ESI+) m/z: [M + Na']

calculated for C,,H,;ONa 225.1255; found 225.1277.

/@OO /@/@o

(1R,75)-4-(4-Methoxyphenyl)-8-oxabicyclo[5.1.0]octane (4.58).

A solution of 4.57 (0.25g, 1.24mmol) in anhydrous DCM (8.5mL) was added dropwise to an
ice-cooled solution of m-CPBA (0.36g, 2.10mmol) in anhydrous DCM (5SmL). NaHCO; (0.26g,
3.Immol) was added and the reaction was stirred at rt for 12 h. The reaction mixture was
extracted with DCM (3 x 30mL) and saturated NaHCO;. The organic layers were collected,
dried, concentrated, and purified via column chromatography (SiO,, 1:5 EtOAc:Hex) to yield a
mixture of diastereomers 4.58 (89% yield): '"H NMR (500 MHz, Chloroform-d) 6 7.13 — 7.03
(m, 4H), 6.87 — 6.77 (m, 4H), 3.79 (s, 3H), 3.78 (s, 3H), 3.20 — 3.15 (m, 1H), 3.13 - 3.06 (m,
1H), 2.55 (tt, J = 11.5, 3.3 Hz, 4H), 2.41 — 2.29 (m, 2H), 2.16 — 2.10 (m, 2H), 1.92 — 1.56 (m,
10H), 1.50 — 1.39 (m, 2H). "C NMR (126 MHz, CDCl;) & 158.19, 157.98, 141.64, 140.27,
127.94 (2Cs), 127.64 (2Cs), 114.18 (2 Cs), 114.09 (2Cs), 56.49 (4 Cs), 55.64, 5548, 49.61,

33.01 (2Cs), 32.43 (2Cs), 29.18 (2Cs), 27.88 (2Cs).
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4-(4-Methoxyphenyl)cycloheptanol (4.59).

Lithium aluminum hydride (0.12 g, 2.97 mmol) was added to a solution of (1R,7S5)-4-(4-
methoxyphenyl)-8-oxabicyclo[5.1.0]octane 4.58 (0.20 g, 0.99 mmol) was dissolved in anhydrous
THF (20 mL), followed by addition of AICl;(0.05 mL, 0.99 mmol) and the mixture was stirred at
rt. After 12 h, 30 drops of water were added, followed by 6mL of 3M NaOH and 20mL of water.
The reaction mixture was stirred for one hour and then filtered through a pad of Celite. The
filtrate was concentrated and purified via column chromatography (SiO,, 1:3 EtOAc:Hex) to
yield 4.59 as mixture of diastereomers, white solid (60% yield): 'H NMR (500 MHz,
Chloroform-d) 6 7.10 (dd, J = 10.0, 7.9 Hz, 4H), 6.83 (dt, J = 8.7, 1.5 Hz, 4H), 4.07 — 4.00 (m,
1H),398 -391 (m, 1H),3.78 (d,/=0.8 Hz, 6H), 2.67 (tdd, J=7.2,4.8, 1.6 Hz, 1H), 2.60 (ddd,
J=18.6,69,43 Hz, 1H), 2.10 (dddt, J =9.8,7.3,4.1, 1.5 Hz, 2H), 2.00 — 1.87 (m, 4H), 1.86 —
1.78 (m, 4H), 1.80 — 1.65 (m, 4H), 1.65 — 1.45 (m, 6H). °C NMR (126 MHz, CDCl,) 6 157.70
(2Cs), 141.61, 14147, 127.63 (2Cs), 113.84 (2Cs), 72.90, 71.76, 55.39 (2Cs), 46.35, 46.09,

38.33,37.79,37.30,37.10, 36.99, 35.86, 31.84,29.71,23.42,21.47.

OH

o

4-(4-Hydroxyphenyl)cycloheptanol (4.60).
4.59 (0.75g, 3.41 mmol) was dissolved in anhydrous DCM (340mL) and the solution was

cooled to -78°C. Boron tribromide (1.16mL, 1.0M in DCM, 6.82mmol) was added dropwise and
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the solution was stirred at same temperature for ~30minutes before warming to rt over 2 h. The
mixture was quenched with water and extracted with DCM (3 x 70mL). The combined organic
layers were dried and concentrated to yield a mixture of diastereomers 4.60 as white solid (46%
yield): '"H NMR (500 MHz, Chloroform-d) & 7.08 — 7.05 (m, 2H), 7.04 — 7.01 (m, 2H), 6.81 —
6.70 (m, 4H), 4.78 — 4.68 (m, 2H), 4.52 (dtd, J =9.5,5.3,4.4 Hz, 1H), 4.38 (ddt, J/ = 10.6, 7.2,
48 Hz, 1H),2.72 (tdd, J = 10.5,5.1,3.5 Hz, 1H), 2.68 — 2.61 (m, 1H), 2.53 — 2.45 (m, 2H), 2.45
—2.38 (m, 2H), 2.38 — 2.28 (m, 2H), 2.16 — 2.07 (m, 2H), 2.03 — 1.91 (m, 2H), 1.90 — 1.68 (m,
8H), 1.68 — 1.53 (m, 2H). "C NMR (126 MHz, CDCl;) 6 153.94, 153.93, 141.45, 141.32, 128.10
(2Cs), 115.56 (2Cs), 70.90, 56.36, 56.00, 46.15,45.71, 39.79, 39.59, 38.17, 37.95, 36.75, 34.60,
31.65, 25.61, 2391, 21.49. HRMS (ESI+) m/z: [M + H'] calculated for C;H,;0, 207.1385;

found 207. 1410.

OMs

4-(4-((Methylsulfonyl)oxy)cycloheptyl)phenyl methanesulfonate (4.61).

Compound 4.61 was obtained as a brown amorphous solid (90% yield) by following the
procedure used for the synthesis of 4.12a: '"H NMR (400 MHz, Chloroform-d) & 7.20 (s, 3H),
7.16 (s, 1H), 7.14 (s, 1H), 7.13 (d, J = 0.6 Hz, 3H), 4.47 (dq, J = 9.6, 49 Hz, 1H), 4.36 — 4.28
(m, 1H), 3.08 (s, 6H), 3.06 (d, J = 1.4 Hz, 6H), 2.79 — 2.71 (m, 1H), 2.65 (dq, J = 10.0,5.1,4.3
Hz, 1H), 2.48 — 2.41 (m, 2H), 2.38 — 2.10 (m, 4H), 2.10 — 1.98 (m, 4H), 1.97 — 1.88 (m, 2H),
1.87 — 1.63 (m, 4H), 1.62 — 1.47 (m, 4H). "C NMR (101 MHz, CDCL,) 6 149.78, 147.87, 139.12
(2Cs), 128.16 (4Cs), 121.95 (4Cs), 55.52, 55.09, 4591 (2Cs), 39.73 (2Cs), 37.27, 36.10, 33.89,

33.23,31.55 (2Cs), 25.05 (2Cs), 23.53 (2Cs).
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4-(4-Azidocycloheptyl)phenyl methanesulfonate (4.62a).

Compound 4.62a was obtained as a white amorphous solid (40% yield) by following the
procedure used for the synthesis of 4.13a: 'H NMR (500 MHz, Chloroform-d) 6 6.99 (dd, J =
8.7,6.6 Hz, 4H), 6.76 — 6.69 (m, 4H), 3.66 (s, 6H), 3.65 — 3.60 (m, 1H), 3.51 (ddt, J = 10.1, 7 4,
4.7 Hz, 1H),2.60 — 247 (m, 2H), 2.06 — 1.96 (m, 2H), 1.90 — 1.67 (m, 9H), 1.64 — 1.42 (m, 9H).
C NMR (126 MHz, CDCl;) & 157.70 (2Cs), 140.93, 140.81, 127.46 (4Cs), 113.76 (4Cs), 62.45,
61.72, 55.19 (2Cs), 46.02, 45.70, 37.87, 36.62, 33.87, 33.37, 33.10, 32.38, 32.00, 29.97, 23.66,

22.16.

NH,

‘ A

MsO™

4-(4-Aminocycloheptyl)phenyl methanesulfonate (4.62).

Compound 4.62 was obtained as a white amorphous solid (85% yield) by following the
procedure used for the synthesis of 4.32. The amine was used immediately after synthesis: 'H
NMR (400 MHz, Methanol-d4) 6 6.84 (q,J = 8.8 Hz, 4H), 3.74 (q,J = 7.1 Hz, 1H), 3.08 — 2.94
(m, 2H),2.78 (d,J=2.3 Hz,3H),2.33 (ddd, J=12.2,8.0,3.3 Hz, 1H), 2.28 — 2.13 (m, 2H), 1.89
- 1.78 (m, 2H), 1.66 — 1.05 (m, 6H). HRMS (ESI+) m/z: [M + H'] calculated for C,,H,,NO,S

284.1320; found 284.1324.
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4-(4-(3',6-Dimethoxy-[1,1'-biphenyl]-3-ylcarboxamido)cycloheptyl)phenyl
methanesulfonate (4.63).

Compound 4.63 was obtained as a white amorphous solid (90% yield) by following the
procedure used for the synthesis of 4.16a: 'H NMR (500 MHz, Chloroform-d) & 7.82 (ddd, J =
8.6,3.6,2.3 Hz, 2H), 7.74 (t, J = 2.6 Hz, 2H), 7.35 — 7.28 (m, 2H), 7.20 — 7.12 (m, 8H), 7.12 —
7.04 (m, 4H), 6.97 (d, J = 8.7 Hz, 2H), 6.88 (ddt,J = 8.3,2.4, 1.1 Hz, 2H), 6.46 (d,J = 7.8 Hz,
1H), 6.40 (d,J =79 Hz, 1H), 4.31 — 4.26 (m, 1H), 4.21 (ddt, J = 8.9, 4.5, 2.5 Hz, 1H), 3.83 -
3.82 (m, 6H), 3.81 (d, J = 1.7 Hz, 6H), 3.08 (s, 3H), 3.07 (s, 3H), 2.72 (ddd, J = 14.6, 7.2, 3.6
Hz, 1H),2.69 —2.64 (m, 1H), 2.16 (dt,J =7.2,4.0 Hz, 2H), 2.09 - 1.95 (m, 4H), 1.92 - 1.79 (m,
4H), 1.79 — 1.47 (m, 7H). "C NMR (126 MHz, CDCL,) 6 171.19 (2Cs), 159.25 (2Cs), 158.84
(2Cs), 148.38, 148.24, 139.05 (2Cs), 130.26 (2Cs), 129.43 (2Cs), 129.07 (2Cs), 128.25, 128.13
(2Cs), 127.19 (2Cs), 122.00 (2Cs), 121.85 (2Cs), 115.39 (2Cs), 115.37 (2Cs), 112.71 (2Cs),
112.68 (2Cs), 55.77 (2Cs), 55.29 (2Cs), 5091, 49.98, 46.67, 45.74, 3791, 37.12, 36.08, 35 .44,

34.78,34.34,33.13, 32.83, 30.93, 24.95, 22.67, 21.06. HRMS (ESI+) m/z: [M + Na'] calculated

for C,,H,;NO,SNa 546. 1926; found 546. 1910.

OMe

o
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N-(4-(4-Hydroxyphenyl)cycloheptyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide
(4.64).

3.2N NaOH (0.05 mL, 1.15 mmol) was added to a solution of 4.63 (0.20 g, 0.38 mmol) in
ethanol (3 mL) and the solution was refluxed for 3 h. The reaction mixture was cooled to rt and
concentrated under vacuum. The residue was neutralized with 1N HCl and extracted with EtOAc
(3 x 10mL). The organic layers were collected, dried and concentrated to get 4.64 as a white
solid (60% yield): '"H NMR (500 MHz, Chloroform-d) & 7.81 (dd, J = 8.6, 2.4 Hz, 1H), 7.67 (d,J
=23 Hz, 1H),7.35 (t,/J =79 Hz,2H), 7.12 - 6.99 (m, 7H), 6 .91 (ddd, J = 8.3,2.6,0.9 Hz, 1H),
6.77 (dd, J = 8.4, 6.1 Hz, 2H), 6.03 (dd, J = 13.2, 7.9 Hz, 1H), 4.31 (s, 1H), 4.25 (dt, J = 10.9,
44 Hz, 1H), 3.86 (d,J = 4.8 Hz, 8H), 2.73 — 2.59 (m, 1H), 2.25 - 2.16 (m, 1H), 2.15 — 1.96 (m,
1H), 1.96 — 1.76 (m, 3H), 1.76 — 1.62 (m, 2H), 1.55 (qd, J = 114, 3.5 Hz, 1H). "C NMR (126
MHz, CDCI;) 6 165.81 (2Cs), 159.71 (2Cs), 159.31 (2Cs), 154.13 (2Cs), 139.45 (2Cs), 130.85
(2Cs), 129.62 (2Cs), 129.50 (2Cs), 128.58 (2Cs), 128.07 (2Cs), 128.05 (2Cs), 122.42 (2Cs),
122.41 (2Cs), 115.79, 115.77, 115.60, 115.58, 113.22 (2Cs), 113.20 (2Cs), 111.31 (2Cs), 51.42,
50.40,46.92,45.79, 38.49, 36.70, 35.35, 35.01, 33.93, 33.38, 31.71, 30.11, 25.32, 23.17. HRMS

(ESI+) m/z: [M + Na'] calculated for C,4H;,NO,Na 468.2151; found 468.2147.

OMe

o

3',6-Dimethoxy-N-(4-(4-((1-methylpiperidin-4-yl)oxy)phenyl)cycloheptyl)-[1,1'-

biphenyl]-3-carboxamide (4.40).
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Compound 4.40 was obtained following the procedure utilized for the synthesis of 4.38, as a
white amorphous solid (32%): '"H NMR (500 MHz Chloroform-d) & 7.81 (ddd, J =8.6,2.4,1.3
Hz,2H),7.67 (d,J =24 Hz,2H), 7.34 (t,J =79 Hz, 2H), 7.14 — 7.04 (m, 8H), 7.00 (d, J = 8.6
Hz, 2H), 6.91 (ddd, J = 8.3, 2.6, 0.9 Hz, 2H), 6.81 (dd, J = 8.7, 2.5 Hz, 4H), 6.09 (dd, J = 154,
8.0 Hz, 2H),4.43 — 4.38 (m, 2H), 4.33 - 4.27 (m, 1H), 4.27 — 4.20 (m, 1H), 3.85 (s, 6H), 3.84 (s,
6H), 2.94 — 2.85 (m, 5H), 2.75 — 2.61 (m, 6H), 2.53 — 2.48 (m, 4H), 2.22 — 2.15 (m, 7H), 2.08
(qd,J=112,98, 6.2 Hz, 1H), 2.04 — 1.92 (m, 5H), 1.92 - 1.85 (m, 2H), 1.82 — 1.76 (m, 1H),
1.75 - 1.62 (m, 4H), 1.54 (dddd, J = 13.7,10.9, 8.9, 2.5 Hz, 3H). "C NMR (126 MHz, CDCI,) 6
165.96, 159.38, 158.96, 155.00, 141.94, 139.15, 130.46, 129.36, 129.20, 128.26 (2Cs), 127.82,
127.35, 122.10, 116.03 (2Cs), 115.46, 112.87, 110.95, 55.90, 55.44, 51.04, 50.08, 46.60, 45.56,
45.32,38.22, 36.44, 34.65, 33.48, 33.06, 25.02, 22.84. HRMS (ESI+) m/z: [M + H'] calculated

for C,,H,,N,0, 543.3223; found 543.3201.

OMe

e
el .

N-(4-(4-(3-(Dimethylamino)propoxy)phenyl)cycloheptyl)-3',6-dimethoxy-[1,1'-biphenyl]-
3-carboxamide (4.41).

Compound 4.41 was obtained following the procedure utilized for the synthesis of 4.39, as a
yellow amorphous solid (35%): "H NMR (500 MHz, Chloroform-d) 6 7.80 (ddd, J=8.5,2.4, 1.2
Hz, 2H), 7.70 (d, J = 2.3 Hz, 2H), 7.32 (t, J = 7.9 Hz, 2H), 7.11 — 7.03 (m, 8H), 6.98 (d, J = 8.6
Hz, 2H), 6.89 (ddd, J = 8.3, 2.6, 1.0 Hz, 2H), 6.79 (dd, J = 8.7, 2.6 Hz, 4H), 6.22 (dd, J = 15.2,

8.0 Hz, 2H), 4.28 (dt, J = 10.2, 5.0 Hz, 1H), 4.26 — 4.18 (m, 1H), 3.98 (td, J = 6.1, 2.8 Hz, 4H),
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3.83 (d,J=4.8 Hz, 12H), 2.94 (d, J= 3.7 Hz, 2H), 2.73 (td, J = 7.7, 3.6 Hz, 4H), 2.69 — 2.58 (m,
4H), 2.46 (d, J = 2.5 Hz, 12H), 2.22 — 2.13 (m, 1H), 2.12 — 2.04 (m, 6H), 2.01 — 1.96 (m, 1H),
1.93 — 1.73 (m, 4H), 1.73 — 1.61 (m, 4H), 1.57 — 1.47 (m, 4H). *C NMR (126 MHz, CDCl;) &
165.88, 159.27, 158.83, 156.70, 141.51, 139.06, 130.31, 129.35, 129.09, 128.17 (2Cs), 127.55,
127.29, 122.01, 115.34 (2Cs), 114.31, 112.78, 110.83, 65.55, 56.24, 55.79, 55.33, 50.96, 46.48,
45.48, 44.56, 38.18, 36.41, 35.63, 34.91, 34.53, 33.40, 31.24, 26.44, 24.91, 22.75. HRMS (ESI+)

m/z: [M + H'] calculated for Cy;H,,N,0,531.3223; found 531.3204.

CN

3-(4-(Methoxymethoxy)phenyl)cyclopentanecarbonitrile (4.65).

Tetrabutylammonium cyanide was added to a solution of mesylate 4.49 (0.10g, 0.33 mmol) in
anhydrous DMF (0.6 mL) and the solution was heated at 85°C. After 12 h, the reaction was
cooled to rt; diluted with water and extracted with EtOAc (3 x 10mL). The organic layers were
combined, dried, concentrated, and purified via column chromatography (SiO,, 1:4, EtOAc:
Hex) to afford 4.65 as an oil (55% yield): '"H NMR (500 MHz, Chloroform-d) 6 7.16 — 7.09 (m,
2H),7.00 — 6.95 (m, 2H), 5.14 (d,J = 1.5 Hz, 2H), 3.46 (d, /= 1.0 Hz, 3H), 3.30 — 3.21 (m, 2H),
304 -297 (m, 1H), 2.39 — 2.32 (m, 1H), 2.30 — 2.20 (m, 1H), 2.14 (ddt, J = 6.9, 5.0, 1.8 Hz,
1H), 2.08 — 1.87 (m, 1H), 1.70 — 1.59 (m, 1H), 1.42 (q, J = 7.4 Hz, 1H). "C NMR (126 MHz,
CDCl,) 6 154.77,135.55,126.81 (2Cs), 122.55, 115.32 (2Cs), 93.44,57.78, 42.81, 38.26, 37.83,

32.59,2948.
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(3-(4-(Methoxymethoxy)phenyl)cyclopentyl)methanamine (4.66).

A solution of 4.65 (0.60g, 2.45mmol) in anhydrous THF (4mL) was added to an ice-cooled
suspension of Lithium Aluminum Hydride (0.48 g, 12.24 mmol) in anhydrous THF (4 mL) and
the reaction mixture was allowed to stir at rt for 3 h. The reaction was quenched by sequential
addition of 3M NaOH, water, and EtOAc. The emulsion was stirred for one hour and then
filtered through Celite. The filtrate was concentrated and purified via column chromatography
(Si0,, 1:20, MeOH: DCM) to yield 4.66 as a white solid (88% yield): 'H NMR (500 MHz,
Chloroform-d) 6 7.15 — 7.07 (m, 2H), 6.99 — 6.92 (m, 2H), 522 — 5.08 (m, 2H),3.47 (d,J=1.3
Hz,2H),3.46 (d,J=0.7 Hz,3H),3.12-2.96 (m, 1H),2.89 - 2.76 (m, 1H), 2.12 — 2.01 (m, 1H),
1.82 (ddd, J = 8.9, 6.8, 3.5 Hz, 1H), 1.71 — 1.56 (m, 1H), 1.46 — 1.20 (m, 3H). "C NMR (126
MHz, CDCl;) & 154.43, 138.05, 127.02, 126.80, 115.13, 115.09, 93.52, 54.89, 44.02, 41.17,

38.59,34.93,33.79,31.75,29.81.

O
o
Croe

3',6-Dimethoxy-N-((3-(4-(methoxymethoxy)phenyl)cyclopentyl)methyl)-[1,1'-biphenyl]-

MOMO

3-carboxamide (4.67).

DIPEA (0.11mL, 0.596mmol) was added to a mixture of 4.66 (0.07g, 0.298mmol), biaryl acid
4.15 (0.09g, 0.357mmol), and HOBt (0.114g, 0.596mmol) in anhydrous DCM (3 mL) and the
suspension was cooled to 0 °C. EDCI (0.114g, 0.6 mmol) was added and the reaction mixture

was stirred at rt for 12 h. The reaction mixture was diluted with water and extracted with DCM
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(3 x 15mL). The organic layers were combined, dried, concentrated, and purified by column
chromatography (SiO,, 1:4, EtOAc: Hex) to yield 4.67 as a white foam (80% yield): 'H NMR
(500 MHz, Chloroform-d) & 7.83 (ddd, J = 11.2,8.5,2.4 Hz, 1H), 7.76 (t,J = 2.4 Hz, 1H), 7.32
(td,J=79,22Hz, 1H),7.16 — 7.05 (m, 4H), 6.96 (ddd, J = 8.6, 3.6,2.4 Hz, 3H), 6.89 (dtd, J =
82,24,09 Hz, 1H), 6.59 (d, J = 7.3 Hz, 1H), 5.15 (s, 1H), 5.14 (s, 1H), 4.62 (q, J = 6.3 Hz,
1H),4.54 (qd,J =8.7,7.9,2.0 Hz, 1H, minor), 3.83 (d,/ = 1.1 Hz, 3H), 3.82 (d, /= 1.7 Hz, 3H),
347 (s,2H), 3.46 (s, 1H minor), 3.11-3.00 (m, 1H), 2.53 (dt, /=129, 6.7 Hz, 1H minor), 2.41 —
2.29 (m, 1H), 2.26 — 2.11 (m, 1H), 2.09 — 2.04 (m, 1H), 1.81 — 1.69 (m, 1H), 1.68 — 1.53 (m,
1H). C NMR (126 MHz, CDCl,) 6 166.65, 159.27, 158.85, 155.50, 139.08, 138.54, 130.30,
129.50, 128.30, 128.24, 127.86, 127.13, 125.07, 122.03, 116.23 (2 Cs), 115.37, 112.76, 110.80,
94.55,55.95, 55.76, 55.30, 43 .21, 41.34, 33.81, 33.70, 32.68, 32.28, 21.08. HRMS (ESI+) m/z:

[M + Na'] calculated for C,,H;;NO,Na498.2256; found 498.2236.

~—NH O OMe

(o)

l\ O OMe
HO™

N-((3-(4-Hydroxyphenyl)cyclopentyl)methyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide (4.68).

PTSA (360 mg, 1.89 mmol) was added to a solution 4.67 (300 mg, 0.63 mmol) was dissolved
in MeOH (3 mL) and the reaction mixture was stirred at rt for 12 h. The reaction mixture was
concentrated; the residue was diluted with saturated ammonium chloride and extracted with
EtOAc (3x30mL). The organic layers were combined, dried, concentrated, and purified via
column chromatography (SiO,, 1:20, MeOH: DCM) to give 4.68 as a white solid (60% yield): 'H

NMR (500 MHz, Chloroform-d) 6 7.80 (ddd, J = 8.6, 5.3, 2.4 Hz, 1H), 7.69 (t,J = 2.7 Hz, 1H),
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733 (t,J =79 Hz, 1H),7.11 = 7.01 (m, 4H), 6.99 (dd, J = 8.6,0.9 Hz, 1H), 6.90 (ddd, J = 8.2,
2.6,09 Hz, 1H), 6.80 — 6.75 (m, 2H), 6.26 (q, J = 6.0 Hz, 1H), 3.85 (s, 3H), 3.83 (s, 3H), 3.54 -
345 (m, 1H), 340 (ddd, J = 13.1,7.2,5.6 Hz, 1H), 3.12 - 3.02 (m, 1H), 297 (td, J = 108,54
Hz, 1H), 2.47 — 2.38 (m, 1H), 2.37 — 2.28 (m, 1H), 2.26 — 2.15 (m, 1H), 2.13 — 1.97 (m, 1H),
1.94 — 1.73 (m, 2H), 1.72 — 1.47 (m, 1H), 1.42 — 1.36 (m, 1H), 1.34 — 1.22 (m, 1H). "C NMR
(126 MHz, CDCly) 6 16741, 159.28, 159.05, 154.23, 138.95, 137.37, 130.52, 129.36, 129.10,
128.18, 127.96, 12791, 126.83, 122.00, 115.32, 115.22, 115.20, 112.89, 110.95, 55.80, 55.33,
45.39, 43.55, 39.86, 34.76, 33.29, 30.69, 29.47. HRMS (ESI+) m/z: [M + H'] calculated for

C,,H,,NO, 432.2175; found 432.2176.

T
oo o

N-((3-(4-(3-(Dimethylamino)propoxy)phenyl)cyclopentyl)methyl)-3' ,6-dimethoxy-[1,1'-
biphenyl]-3-carboxamide (4.42).

Compound 4.42 was obtained following the procedure utilized for the synthesis of 4.38, as a
white amorphous solid (33%): '"H NMR (500 MHz, Chloroform-d) & 7.79 (ddd, J = 8.5, 3.8, 2.4
Hz, 1H), 7.69 (d, /= 2.3 Hz, 1H), 7.36 — 7.31 (m, 1H), 7.17 — 7.04 (m, 4H), 7.00 (dd, /= 8.7, 0.9
Hz, 1H), 6.90 (ddd, J= 8.3, 2.6, 1.0 Hz, 1H), 6.79 (dd, J = 8.8, 1.0 Hz, 2H), 6.18 — 6.11 (m, 1H),
4.02 (t,J=5.9 Hz, 1H), 3.85 (s, 3H), 3.84 (s, 3H), 3.48 — 3.40 (m, 1H), 3.15 - 3.05 (m, 1H), 2.91
(d, J=8.0 Hz, 2H), 2.61 (s, 3H), 2.48 — 2.36 (m, 1H), 2.24 — 2.15 (m, 4H), 2.15 — 2.01 (m, 2H),
1.94 — 1.76 (m, 2H), 1.72 — 1.49 (m, 2H), 1.47 — 1.23 (m, 4H). °C NMR (126 MHz, CDCL;) &
167.03, 159.28, 158.92, 156.63, 139.00, 130.44, 129.33, 129.11, 127.99, 127.08, 121.99, 115.32,

114.22, 112.82, 110.85, 65.22, 56.16, 55.80, 55.34, 45.26, 44.02, 43.59, 39.72, 39.01, 38.25,
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34.77, 33.32, 30.75, 29.52, 25.76. HRMS (ESI+) m/z: [M + H'] calculated for C33H4oN,O,

517.3066; found 517.3061.

RS

N-((3-(4-(3-(Dimethylamino)propoxy)phenyl)cyclopentyl)methyl)-3',6-dimethoxy-[1,1'-
biphenyl]-3-carboxamide (4.43)

Compound 4.43 was obtained following the procedure utilized for the synthesis of 4.39, as a
yellow amorphous solid (27%): "H NMR (500 MHz, Chloroform-d) 6 7.79 (ddd, J= 8.5, 3.8, 2.4
Hz, 1H), 7.69 (d, /= 2.3 Hz, 1H), 7.36 — 7.31 (m, 1H), 7.17 — 7.04 (m, 4H), 7.00 (dd, /= 8.7, 0.9
Hz, 1H), 6.90 (ddd, J= 8.3, 2.6, 1.0 Hz, 1H), 6.79 (dd, J = 8.8, 1.0 Hz, 2H), 6.18 — 6.11 (m, 1H),
4.02 (t,J=5.9 Hz, 2H), 3.85 (s, 3H), 3.84 (s, 3H), 3.48 — 3.40 (m, 1H), 3.15 - 3.05 (m, 1H), 2.91
(d, J=8.0 Hz, 2H), 2.61 (s, 6H), 2.48 — 2.36 (m, 1H), 2.24 — 2.15 (m, 2H), 2.15 — 2.01 (m, 1H),
1.94 — 1.76 (m, 1H), 1.72 — 1.49 (m, 1H), 1.47 — 1.23 (m, 2H). >C NMR (126 MHz, CDClL;) &
167.03, 159.28, 158.92, 156.63, 139.00, 130.44, 129.33, 129.11, 127.99, 127.08, 121.99, 115.32,
114.22, 112.82, 110.85, 65.22, 56.16, 55.80, 55.34, 45.26, 44.02, 43.59, 39.72, 39.01, 38.25,
3477, 33.32, 30.75, 29.52, 25.76. HRMS (ESI+) m/z: [M + H] calculated for C;,H,,N,O,

517.3066; found 517.3061.

o)
@ﬁ
MOMO™

4-(4-(Methoxymethoxy)phenyl)cyclohexanone (4.69).
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DIPEA (1377 mL, 7895 mmol) was added to a solution of 4-(4-
hydroxyphenyl)cyclohexanone (10 g, 52.63 mmol) in anhydrous DCM (500 mL), and the
mixture was cooled to 0°C. MOMCI was added dropwise (11.2mL, 157.89 mmol) and the
solution was allowed to stir at rt. After 12 h, the reaction mixture was quenched by water and
extracted with DCM. The organic layers were combined, dried, concentrated, and purified via
column chromatography (SiO,, 1:4, EtOAc: Hex) to afford 4.69 as a white solid (65% yield): 'H
NMR (500 MHz, Chloroform-d) 6 7.16 (d, J = 8.6 Hz, 2H), 7.00 — 6.96 (m, 2H), 5.15 (d,J=1.9
Hz,2H),3.48 (d,J=1.6 Hz,3H),2.56 —2.42 (m, 1H), 2.11 — 2.05 (m, 2H), 1.94 — 1.83 (m, 2H),
1.71 = 1.61 (m, 2H), 1.54 — 1.31 (m, 2H). "C NMR (126 MHz, CDCl,) 6 211.13, 158.94,

134.55, 129.90 (2Cs), 115.31 (2Cs), 96.25, 56.10, 44 .91 (2Cs), 41.20, 35.86 (2Cs).

OH
Qﬁj
MOMO™

(1s,45)-4-(4-(Methoxymethoxy)phenyl)cyclohexanol (4.70a).

Compound 4.70a was obtained as an oil (70% yield) by following the procedure used for the
synthesis of 4.11a: 'H NMR (500 MHz, Chloroform-d) 6 7.15 — 7.09 (m, 2H), 6.97 (d, J = 8.7
Hz, 2H), 5.15 (s, 2H), 3.73 - 3.62 (m, 1H), 3.48 (s, 3H), 245 (tt, /=119, 3.4 Hz, 1H), 2.13 —
2.06 (m, 2H), 1.94 — 1.84 (m, 2H), 1.52 — 1.35 (m, 4H). °C NMR (126 MHz, CDCI,) 8 155 .49,

140.04, 127.67 (2Cs), 116.17 (2Cs), 94.57,70.67,55.97, 42.60, 35.97 (2Cs), 32.62 (2Cs).

QOFK‘OH
MOMO

(1r,4r)-4-(4-(Methoxymethoxy)phenyl)cyclohexanol (4.70b).

276



Compound 4.70b was obtained as an oil (85% yield) by following the procedure used for the
synthesis of 4.11b: '"H NMR (500 MHz, Chloroform-d) 6 7.12 (d, J = 8.6 Hz, 2H), 6.97 (d, J =
8.7 Hz, 2H), 5.15 (s, 2H), 3.68 (tt,J = 10.5,4.3 Hz, 1H), 348 (d, J = 1.6 Hz, 3H), 2.45 (tt, J =
12.0,3.6 Hz, 1H), 2.13 - 2.05 (m, 2H), 1.94 — 1.87 (m, 2H), 1.56 — 1.47 (m, 2H), 1.47 — 1.35 (m,
2H). "C NMR (126 MHz, CDCl;) 6 155.87, 140.42, 128.05 (2Cs), 116.55 (2Cs), 94.95, 71.05,

56.35,42.98, 36.35 (2Cs), 33.44 (2Cs).

MOMO

(1s,4s5)-4-(4-(Methoxymethoxy)phenyl)cyclohexyl methanesulfonate (4.71a).
Compound 4.71a was obtained as an oil (85 % yield) by following the procedure used for the

synthesis of 4.12a and used directly in the next step.

MOMO

(1r,4r)-4-(4-(Methoxymethoxy)phenyl)cyclohexyl methanesulfonate (4.71b).
Compound 4.71b was obtained as a white solid (85 % yield) by following the procedure used

for the synthesis of 4.12a and used directly in the next step.

cr
MOMO/©

(1r,4r)-4-(4-(Methoxymethoxy)phenyl)cyclohexanecarbonitrile (4.72a).
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Compound 4.72a was obtained as a light yellow oil (45%) by following the procedure used
for the synthesis of 4.65: 'H NMR (500 MHz, Chloroform-d) 6 7.15 (d, J = 8.6 Hz, 2H), 7.01 —
6.96 (m, 2H), 5.16 (s, 2H), 3.48 (s, 3H), 3.06 — 2.97 (m, 1H), 2.48 (tt,/ = 11.5,4.0 Hz, 1H), 2.15
—2.07 (m, 2H), 1.93 — 1.76 (m, 4H), 1.75 — 1.64 (m, 2H). "C NMR (126 MHz, CDCl;) 8 155.69,

139.58, 127.71(2Cs), 122.02, 116.29 (2Cs), 94.55,55.99,42.79, 30.13 (2Cs), 28.78, 26.72 (2Cs).

Q’g )
MOMO

(1s,45)-4-(4-(Methoxymethoxy)phenyl)cyclohexanecarbonitrile (4.72b).

Compound 4.72b was obtained as a light yellow solid (49%) by following the procedure used
for the synthesis of 4.65: 'H NMR (500 MHz, Chloroform-d) & 7.18 — 7.12 (m, 2H), 7.01 — 6.97
(m, 2H), 5.16 (s, 2H), 3.47 (s, 3H), 3.00 (td,J =39, 1.4 Hz, 1H), 248 (tt,J = 11.5,4.0 Hz, 1H),
2.12 - 2.07 (m, 2H), 1.89 — 1.77 (m, 4H), 1.72 — 1.64 (m, 1H). "C NMR (126 MHz, CDCl,) 6
155.72, 138.62, 126.96, 126.79, 122.02, 116.29, 96.53, 54.95, 42.05, 31.04 (2Cs), 28.77, 25.30

(2Cs).

O/\NHQ
MOMO” j

((1r4r)-4-(4-(Methoxymethoxy)phenyl)cyclohexyl)methanamine (4.73a).

Compound 4.73a was obtained as a light yellow solid (75%) by following the procedure used
for the synthesis of 4.66: 'H NMR (500 MHz, Chloroform-d) 6 7.18 (m, 2H), 6.99 (qd,J=5.9,
29 Hz,2H), 5.10 (d,2H), 3.41 (s, 3H),3.41 - 3.27 (m, 1H), 3.08 — 3.00 (m, 1H), 2.56 — 2.47 (m,

1H),2.44 - 231 (m, 1H),2.29 - 2.17 (m, 1H), 2.16 — 1.98 (m, 1H), 1.90 — 1.76 (m, 1H), 1.71 -
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1.62 (m, 1H). "C NMR (126 MHz, CDCl;) & 156.33, 136.43, 127.59 (2Cs), 115.67 (2Cs), 95.04,

54.37,45.09,41.95,33.55 (2Cs), 24.89 (2Cs).

/@/OA NH,
MOMO

((1s 4s)-4-(4-(Methoxymethoxy)phenyl)cyclohexyl)methanamine (4.73b).

Compound 4.73b was obtained as a light yellow solid (65%) by following the procedure used
for the synthesis of 4.66: 'H NMR (500 MHz, Chloroform-d) & 7.20 — 7.13 (m, 2H), 6.99 (qd, J
=5.6,3.1 Hz, 2H), 5.16 (d, J = 1.2 Hz, 2H), 3.48 (s, 3H), 3.41 — 3.27 (m, 1H), 3.08 — 3.00 (m,
1H),2.56 — 2.47 (m, 1H), 2.44 — 2.31 (m, 1H), 2.29 - 2.17 (m, 1H), 2.16 — 1.98 (m, 1H), 1.90 —
1.76 (m, 1H), 1.71 — 1.62 (m, 1H).”C NMR (126 MHz, CDCl,) & 155.52, 138.40, 128.16 (2Cs),

116.31 (2Cs), 94.56,55.97,46.65,42.95,32.43 (2Cs), 25.44 (2Cs).

;0
OAN O OMe
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3',6-Dimethoxy-N-(((1r,4r)-4-(4-(methoxymethoxy)phenyl)cyclohexyl)methyl)-[1,1'-
biphenyl]-3-carboxamide (4.74a).

Compound 4.74a was obtained as a light yellow solid (80%) by following the procedure used
for the synthesis of 4.31: "H NMR (500 MHz, Chloroform-d) 6 7.82 (ddd, J = 8.6, 3.7, 2.4 Hz,
1H),7.73 (t,J =23 Hz, 1H),7.37 - 732 (m, 1H), 7.17 - 7.13 (m, 3H), 7.13 - 7.05 (m, 2H), 7.02
—6.93 (m,2H), 6.93 - 6.87 (m, 1H). 6.27 (t,J = 5.8 Hz, 1H), 5.15 (d, J = 0.8 Hz, 2H), 3.84 (dd,
J=6.7,1.1 Hz,6H),3.48 (d,J = 3.1 Hz, 3H), 3.34 (t,J = 6.5 Hz, 2H), 2.56 (dt,J =9.7,5.1 Hz,

1H), 2.25 (ddt, J = 24.0, 12.0, 3.2 Hz, 1H), 1.95 — 1.83 (m, 2H), 1.75 — 1.61 (m, 6H). "C NMR
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(126 MHz, CDCl) 6 165.62, 161.02, 159.95, 155.07, 140.89, 139.61, 130.06, 129.19, 129.08,
127.94, 127.73, 127.44, 12491, 122.14, 116.21 (2Cs) 114.69, 112.63, 111.31, 96.05, 5645,
55.05, 55.01, 43.56, 42.59, 37.84, 31.23 (2Cs), 28.07 (2Cs). HRMS (ESI+) m/z: [M + H']

calculated for C;,H;sNO; 490.2593; found 490.2576.
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3',6-Dimethoxy-N-(((1s,4s)-4-(4-(methoxymethoxy)phenyl)cyclohexyl)methyl)-[1,1'-
biphenyl]-3-carboxamide (4.74b).

Compound 4.74b was obtained as a light yellow solid (70%) by following the procedure used
for the synthesis of 4.31: 'H NMR (400 MHz, Chloroform-d) 6 7.84 (d, J = 1.0 Hz, 1H), 7.32 —
7.23 (m, 1H), 7.13 - 7.01 (m, 5H), 6.97 — 6.89 (m, 4H), 6.86 (ddd,J =8.3,2.4,1.2 Hz, IH), 5.11
(s, 2H), 3.78 (d, J = 4.2 Hz, 6H), 3.50 (dd, J = 7.7, 5.8 Hz, 2H), 3.44 (s, 3H), 2.55 - 2.47 (m,
1H), 1.99 (dd, J=7.8, 4.1hZ, 1H), 1.76 — 1.54 (m, 8H). "C NMR (126 MHz, CDCl,) 6 167.14,
159.34, 158.95, 155.46, 140.54, 139.10, 130.46, 129.45, 128.20, 12791, 127.81, 127.74, 127 .17,
122.07, 116.18 (2Cs), 115.39, 112.87, 11091, 94.65, 56.02, 55.85, 55.38, 43.11, 41.93, 3601,
29.13 (2Cs), 28.01 (2Cs). HRMS (ESI+) m/z: [M + Na'] calculated for C,)H;sNOsNa 512.2413;

found 512.2408.
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N-(((1r4r)-4-(4-Hydroxyphenyl)cyclohexyl)methyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide (4.75a).

Compound 4.75a was obtained as a white solid (66%) by following the procedure used for the
synthesis of 4.53: '"H NMR (400 MHz, Chloroform-d) & 7.86 — 7.80 (m, 1H), 7.70 (dd, J = 54,
24 Hz,1H),7.34 (t,J =79 Hz, 1H), 7.12 - 7.05 (m, 3H), 7.01 (t,J =7.5 Hz, 1H), 6 .91 (dd, J =
8.1,2.6 Hz, 1H), 6.85 - 6.75 (m, 1H), 6.21 (t, J = 6.1 Hz, 1H), 3.88 — 3.80 (d, 6H), 3.58 (t,J =
6.9 Hz, 2H), 2.56 — 2.44 (m, 1H), 2.15 (dd, 1H), 1.75 — 1.59 (m, 8 H). "C NMR (126 MHz,
CDCly) 6 166.19, 159.75 (2Cs), 154.09, 139.67, 131.04, 129.83, 129.64, 128.39 (2Cs), 128.17,
127.33,122.15,114.71, 114.46, 112.77, 110.99, 55.86, 55.52, 42.53, 42.06, 38.84, 33.89, 29.27,

28.12.

i O
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N-(((1s,4s)-4-(4-Hydroxyphenyl)cyclohexyl)methyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide (4.75b).

Compound 4.75b was obtained as a white solid (72%) by following the procedure used for the
synthesis of 4.53: '"H NMR (500 MHz, Chloroform-d) 6 7.74 (dd, J = 8.6,2.4 Hz, 1H), 7.61 (d, J
=24Hz, 1H),7.27 (t,J =79 Hz, 1H), 7.05 - 7.02 (m, 3H), 7.00 (dd, J = 2.6, 1.5 Hz, 1H), 6.94
(d,J=8.6Hz, 1H),6.84 (ddd,J =8.3,2.6,09 Hz, 1H), 6.71 (d,J = 8.5 Hz,2H), 6.02 (t,/ = 6.1
Hz, 1H), 3.79 (s, 3H), 3.78 (s, 3H), 3.50 (dd, J = 7.7,5.6 Hz, 2H), 2.47 (dt, J = 9.7,5.9 Hz, 1H),
1.91 (dt,J=7.5,3.9 Hz, 1H), 1.64 (ddq,J = 11.0,7.3, 3.5 Hz, 7H). "C NMR (126 MHz, CDCl,)

0 167.45, 159.45 (2Cs), 153.95, 139.15, 130.66, 129.43, 129.24, 128.35, 128.09 (2Cs), 127.07,
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122.17, 115.51, 115.26 (2Cs), 112.99, 111.10, 55.95, 55.49, 42.57, 42.06, 39.26, 33.89, 29.27,

28.12. HRMS (ESI+) m/z: [M + H'] calculated for C,;H;,NO, 446.2331; found 446.2328.
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3',6-Dimethoxy-N-(((1r,4r)-4-(4-((1-methylpiperidin-4-yl)oxy)phenyl)cyclohexyl)methyl)-
[1,1'-biphenyl]-3-carboxamide (4.44a).

Compound 4.44a was obtained following the procedure utilized for the synthesis of 4.38, as a
white amorphous solid (39%): 'H NMR (500 MHz, Chloroform-d) & 7.81 (dd, J = 8.6, 2.4 Hz,
1H), 7.69 (d, J=2.4 Hz, 1H), 7.34 (t, /= 7.9 Hz, 1H), 7.17 — 7.13 (m, 2H), 7.10 (dt, J=7.6, 1.3
Hz, 1H), 7.07 (dd, J=2.7, 1.6 Hz, 1H), 7.01 (d, J= 8.6 Hz, 1H), 6.91 (ddd, J = 8.3, 2.6, 0.9 Hz,
1H), 6.83 (d, J = 8.6 Hz, 2H), 6.07 (t, J/ = 5.9 Hz, 1H), 4.88 (s, 1H), 3.86 (s, 3H), 3.84 (s, 3H),
3.54 (dd, J = 7.3, 5.8 Hz, 2H), 3.35-3.24 (m, 2H), 3.14 (d, 2H), 2.84 (s, 3H), 2.40 (d, 2H), 2.35
(s, 4H), 3.15-2.05 (m, 2H), 1.99 (m, 1H), 1.80 (m, 4H). *C NMR (126 MHz, CDCl;) & 167.03,
159.31, 158.96, 142.66, 140.47, 139.76, 139.01, 130.48, 129.28, 129.09, 128.73, 128.21, 128.09,
127.05, 125.92, 121.98, 115.71, 115.38, 112.78, 110.90, 55.82 (2Cs), 55.35 (2Cs), 44.31, 41.78,
329.03, 27.93, 23.80, 23.67, 23.12, 22.65, 21.32. HRMS (ESI+) m/z: [M + H'] calculated for

C34H42N204 543.3223; found 543.3221.
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N-(((1r,4r)-4-(4-(3-(Dimethylamino)propoxy)phenyl)cyclohexyl)methyl)-3',6-dimethoxy-
[1,1'-biphenyl]-3-carboxamide (4.44b)

Compound 4.44b was obtained following the procedure utilized for the synthesis of 4.39, as a
yellow amorphous solid (27%): '"H NMR (500 MHz, Chloroform-d) & 7.83 (dd, J = 8.8, 2.2 Hz,
1H), 7.70 (d, J = 2.6 Hz, 1H), 7.36 (t, 1H), 7.18 — 7.14 (m, 2H), 7.11 (dt,J = 7.7, 1.5 Hz, 1H),
7.08 (dd,J =238, 14 Hz, 1H), 7.03 (d, 1H), 6.90 (ddd, J=8.1,2.6,0.8 Hz, 1H), 6.82 (d, J = 8.8
Hz,2H), 6.05 (t,J = 5.8 Hz, 1H), 4.00 (t, J = 6.6 Hz, 2H), 3.86 (s, 3H), 3.84 (s, 3H), 3.55 (dd, J
=7.5, 5.6 Hz, 2H), 2.60 (m, 3H), 2.31 (s, 6H), 1.99 (t, J = 7.2 Hz, 3H), 1.70 (dd, J = 10.3, 44
Hz, 8H). ). “C NMR (126 MHz, CDCl,) 8 167.05, 159.35, 158.72, 157.34, 139.44, 139.11,
130.67, 129.75, 129.18, 128.58, 127.45, 127.12, 125.34, 121.79, 115.04, 114.20, 112.55 (2Cs),
110.44, 66.56, 56.64, 55.59, 55.30, 44.07, 41.37, 32.67, 29.60, 28.19. HRMS (ESI+) m/z: [M +

H"] calculated for Cy;H,,N,0, 530.7045; found 530.7040.
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3',6-Dimethoxy-N-(((1s,4s)-4-(4-((1-methylpiperidin-4-yl)oxy)phenyl)cyclohexyl)methyl)-
[1,1'-biphenyl]-3-carboxamide (4.45a).

Compound 4.45a was obtained following the procedure utilized for the synthesis of 4.38, as a
white amorphous solid (31%): '"H NMR (500 MHz, Chloroform-d) 6 7.81 (dd, J = 8.6, 2.4 Hz,
1H),7.78 (d,J =82 Hz, 1H),7.69 (d,J =2.3 Hz, 1H), 7.34 (t,/ =79 Hz, 1H), 7.17 (dd, J = 8.3,
30 Hz,2H),7.11 —7.05 (m, 2H), 7.01 (d,J = 8.7 Hz, 1H), 6.91 (ddd, J = 8.3, 2.6, 1.0 Hz, 1H),
6.81 (d,J=8.7Hz, 1H),6.08 (t,/ =5.9 Hz, 1H), 4.96 (s, 1H), 4.59 (s, 1H), 3.86 (s, 3H), 3.84 (s,

3H),3.56 (dd,J =7.8,59 Hz, 2H), 3.38 — 3.26 (m, 1H), 3.16 (d, / = 12.6 Hz, 2H), 2.83 (s, 3H),
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2.59 - 2.52 (m, 1H), 2.39 (d, J = 11.9 Hz, 2H), 2.35 (s, 4H), 2.18 — 2.07 (m, 2H), 1.70 (dtt, J =
12.8, 8.1, 3.4 Hz, 5H). "C NMR (126 MHz, CDCl,) & "C NMR (126 MHz, CDCl;) 6 167.03,
159.31, 158.96, 142.66, 140.47, 139.76, 139.01, 130.48, 129.28, 129.09, 128.73, 128.21, 128.09,
127.05, 12592, 12198, 115.71, 115.38, 112.78 (2Cs), 110.90, 55.80 (2Cs), 55.33 (2Cs), 44.34,
42.40, 33.84 (2Cs), 29.03 (2Cs), 27.93 (2Cs). HRMS (ESI+) m/z: [M + H'] calculated for

C,,H,,N,0, 543.3223; found 543.3198.
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N-(((1s,4s5)-4-(4-(3-(Dimethylamino)propoxy)phenyl)cyclohexyl)methyl)-3',6-dimethoxy-
[1,1'-biphenyl]-3-carboxamide (4.45b).

Compound 4.45b was obtained following the procedure utilized for the synthesis of 4.39, as a
yellow amorphous solid (30%): '"H NMR (500 MHz, Chloroform-d) & 7.81 (dd, J = 8.6, 2.4 Hz,
1H),7.69 (d,J =24 Hz, 1H),7.34 (t,J =79 Hz, 1H), 7.17 = 7.13 (m, 2H), 7.10 (dt,J = 7.6, 1.3
Hz, 1H),7.07 (dd,J=2.7,1.6 Hz, 1H), 7.01 (d, J = 8.6 Hz, 1H), 6.91 (ddd, J =8.3,2.6,0.9 Hz,
1H), 6.83 (d,J = 8.6 Hz, 2H), 6.07 (t,J = 5.9 Hz, 1H), 4.00 (t,J = 6.3 Hz, 2H), 3.86 (s, 3H), 3.84
(s,3H),3.55(dd,J=7.7,5.8 Hz, 2H), 2.53 (m, 3H), 2.31 (s, 6H), 2.05 (t, J = 7.0 Hz, 3H), 1.65
(m, 8H). "“C NMR (126 MHz, CDCl;) & 167.00, 159.30, 158.92, 157.04, 139.13, 139.03,
130.47, 129.30, 129.08, 128.08, 127.77, 127.13, 121.99, 115.34, 114.28, 112.83 (2Cs), 110.88,
66.06, 56.44, 55.79, 55.33, 45.27, 41.87, 33.66, 29.10, 28.02. HRMS (ESI+) m/z: [M + H]

calculated for C;;H,,N,0,530.7045; found 530.7061.
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N-((1r4r)-4-(4-(3-(Dimethylamino)propoxy)phenyl)cyclohexyl)-3' ,6-dimethoxy-[1,1'-
biphenyl]-3-carboxamide (4.46a).

Compound 4.46a was obtained following the procedure utilized for the synthesis of 4.39, as a
yellow amorphous solid (27%): '"H NMR (400 MHz, Chloroform-d) & 7.82 (dd, J = 8.6, 2.5 Hz,
1H),7.68 (t,J =24 Hz, 1H), 735 (t,J =79 Hz, 1H), 7.12 (dt,J =7.8,3.1 Hz,3H), 7.07 (q, J =
36,29 Hz, 1H), 701 (dd,J=9.0,3.7 Hz, 1H), 6.92 (dd, J =8.2,2.7 Hz, 1H), 6.84 (dd, J = 9.5,
29 Hz,2H),592 (d,J =8.0 Hz, 1H),4.10 — 3.95 (m, 3H), 3.86 (s, 3H), 3.85 (s, 3H), 2.53 - 241
(m, 3H), 2.27 (s, 6H), 2.24 — 2.16 (m, 2H), 1.96 (dq, J = 109, 5.3, 4.0 Hz, 4H), 1.62 (qd, J =
13.2,3.0 Hz, 2H), 1.38 (td, J = 12.3, 3.5 Hz, 2H). "C NMR (126 MHz, CDCl,) 8 166.32, 159.42,
159.00, 157.41, 139.19, 138.83, 130.52, 129.40, 129.23, 128.30, 127.70, 127.37, 122.13, 115 48,
114.49, 112.92, 110.97, 66.27, 56.59, 55.93, 5547, 48.84, 45.55, 42.86, 33.79, 33.35, 27.62.

HRMS (ESI+) m/z: [M + H'] calculated for C,;,H,;N,0, 517.3066; found 517.3069.
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5. Probing the Hsp90 C-terminal Binding Pocket with Cytotoxic Noviose

Replacements

Introduction

Molecular chaperones maintain cellular protein homeostasis via the proper folding,
maturation, and degradation of proteins. The 90-kDa heat shock protein, Hsp90, is a molecular
chaperone that is responsible for the maturation and folding of more than 300 client protein
substrates.> Hsp90-dependent client proteins are associated with a variety of disease states,
including neurodegenerative disorders, infectious diseases, and cancer.”™  Hsp90 exists as a
homodimer with an N-terminal ATP-binding site that hydrolyzes ATP to provide the requisite
energy for the protein folding cycle, a middle domain that maintains co-chaperone and substrate
interactions, and a C-terminal dimerization domain that contains an EEVD motif that is critical
for the interactions with various co-chaperone. There are four Hsp90 isoforms: Hsp90a and
Hsp90p reside in the cytoplasm, TRAP1 is localized to the mitochondria, and Grp94 is found in
the endoplasmic reticulum.”

Client proteins of Hsp90 are associated with all 10 Hallmarks of cancer, making it
an ideal drug target for the development of cancer therapeutics.”'' Due to the cellular stressful
nature of tumor cells, Hsp90 exists in a heteroprotein complex that exhibits 200-fold greater
affinity for ATP as compared to the Hsp90 complex in non-stressed cells.'”'* The higher affinity
manifested by the heteroprotein complex produces an inherent selectivity for cancer cells versus
normal cells. Consequently, inhibitors of the N-terminal ATP-binding site have been pursued
clinically for the treatment of cancer, and 17 small molecules have been evaluated in clinical
trials.” * Unfortunately toxicity, dosing and scheduling issues have been observed for most of

these compounds during clinical evaluations and therefore no Hsp90 inhibitor has been FDA
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approved. As a consequence of these issues, C-terminal inhibitors or isoform selective inhibitors
are sought to overcome these clinical detriments. Hsp90 C-terminal inhibitors are sought because
they are able to segregate client protein degradation from induction of the pro-survival heat
shock response, which could overcome the dosing issues observed in the clinic. The second
approach is the development of isoform selective inhibitors as certain toxicities are associated
with specific Hsp90 isoforms. '+’

The first Hsp90 C-terminal inhibitor identified was the natural product,
novobiocin, which is also a clinically used DNA gyrase inhibitor.'*"” In contrast to N-terminal
inhibitors, treatment of cancer cells with novobiocin did not induce of the heat shock response at
concentrations that led to client protein degradation. Initial structure activity relationship studies
demonstrated that modifications to novobiocin could result in compounds that were either
cytotoxic or neuroprotective.™' The Hsp90 C-terminal inhibitor, KU-32, replaced the
benzamide side chain with an acetamide, which induced the pro-survival HSR without
concomitant client protein degradation and upon further evaluation manifested efficacious
neuroprotective activity in Alzheimer’s disease, animal models of Diabetic Peripheral
Neuropathy, and chemo-brain.*

Synthetic complexity of the noviose sugar resulted in discovery efforts focused on
simplified groups with similar or improved biological activity.”' Initial exploration of simplified
functional groups and sugars, yielded a new series of non-noviosylated compounds
“Noviomimetics”, that maintained desired neuroprotective activity.” Exploration of cytotoxic
replacements for the noviose sugar identified piperidines that include KU-248 and KU-258

(Figure 5.1).”** Exploration of replacements for the noviose sugar replacement in both

neuroprotective and cytotoxic analogs highlighted the importance of having a hydrogen bond
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donor/acceptor at specific positions on the noviose sugar and sugar replacements.”** Improved
C-terminal inhibitors are constantly pursued, thus potential anti-cancer therapeutics that
maintains those important interactions were designed. These compounds contained simple alkyl
rings with either an alcohol or an amine and were coupled to a previously optimized coumarin
core that yields anti-cancer activity (Figure 5.1).>** The four initial compounds were designed to
explore possible electronic interactions when the hydrogen bond donor/acceptor was removed
from the ring. Additionally the simplified replacements were selected because similar biological
results were obtained when the noviose sugar was replaced with a cyclohexanol ring.”> Synthesis

of these compounds commenced.

Aot ool o o, o

KU-1200

KU-248

MCF-7=1.57+0.15 uM MCF-7= 1 64+0 15 uM Neuroprotectlve
OMe OMe
i I
Q O Tror
0o
o o
x=OH, NH, x=OH, NH,

Figure 5.1. Probing the binding pocket with hydrogen bond donor/acceptor
groups.

Results and Discussion

Synthesis of coumarin core 5.36 began by coupling Cbz-protected glycine 5.28 with
Bredreck’s Reagent in Toluene (Scheme 5.1A). Resulting enamine 5.29 was coupled with 2-4-
dihydroxytoluene 5.30 in Acetic Acid for 72 hours to produce the Cbz-protected coumarin core
5.31. Treatment of 5.31 with acetic acid and pyridine in dichloromethane resulted 5.32.
Hydrogenolysis gave free amine 5.33, which was subsequently coupled with acid chloride 5.34
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to yield coumarin 5.35. Removal of the acetate resulted in phenol 5.36 (Scheme 5.1A).
Mitsunobu conditions were utilized to obtain coupled products 5.1, 5.39, 5.2, 5.9a, and 5.9b
(Scheme 5.1B and 5.1C). Subsequent removal of the Boc protecting group produced final

products 5.3, 5.4a, and 54b.

A o

H _a_ N
MeOJ\/N\Cbz MeO Cbz OH
5.28 29
5.30 5.31

OMe
—P
5.34
533
OMe OMe
\”/‘/\‘/OMe f \H/‘;‘/OMe
- X m m
5.35 5.36

OMe OMe
\H/‘/\‘/OMe @\ \H/‘;‘/OMe
5. 36

5.37: x= OH 5.1: x= OH

5.38: x= NH-Boc 5.39: x= NH-Bod! > 5.3: x=NH,
OMe OMe
\O\ Y‘:‘/OMe \O\ \N/‘/\‘/OMe
5.40: x= OH 536 5.2: x= OH
5.41a: x= syn-NH-Boc 5.9a: x= anti-NH-Boc_h_5.4a: x= ant-NH,
5.41b: x= anti-NH-Boc 5.9b: x= syn-NH-Boc ™~ 5.4b: x= syn-NH,

Scheme 5.1:A). Synthesis of phenol 5.36. B). Synthesis of final products 5.1
and 5.3. C). Synthesis of final products 5.2, 5.4a and 5.4b. Reagents and
Conditions: a). Bredereck's Reagent, Toluene, 100°C, 75%; b). AcOH,
130°C, 60%; c). Ac,0, Pyridine, DCM, 75%; d). Pd/C, H, (g) EtOAc, 90%;
e). Et;N, THF, 65%; f). K,CO,, MeOH, 70%. g). BuP, TMAD, Benzene,
75°C, 45%; h). TFA, DCM, 70%.
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Upon synthetic completion the anti-proliferative activity was determined by an MTS assay.
Analogs were evaluated in two breast cancer cell lines MCF-7 (estrogen receptor positive cells)

and SkBr3 (estrogen receptor negative HER2 overexpressing).

Table S5.1. Anti-proliferative activity of cyclohexylamine and cyclohexanol analogs.

OMe
1 [ :
N N OMe
X\O (0] OO

Compound X MCF-7 SkBr3
(ICsy, pM)* (ICsy, pM)*
5.1 OH 4.21+0.59 6.882+0.43
@OE
52 HO 4.68+0.53 5.368+0.61
s
53 NH, 5.76 £0.12 3.82+0.12
@Og
54a H,N, 1.625+0.22 0.7745+0.36
O\O?zg
5.4b HoN 0.9+0.19 0.79+0.30
\O\Oﬁg

“Values represent mean + standard deviation for at least two separate experiments performed in

triplicate.
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All analogs displayed anti-proliferative activity against the breast cancer cell lines
illustrated in Table 5.1. Analogs 5.1, 5.2, and 5.3, diastereomeric mixtures, exhibited similar
activity in both cell lines. Interestingly the 4-syn-amine (5.4b) produced the best anti-
proliferative activity of all of the new analogs. This data suggests that extending the hydrogen
bond donor/acceptor from the ring is equally beneficial as the biological activity is similar to the
parent compounds KU-248 and KU-258 (Figure 5.1). Due to these promising initial results, new
analogs were designed that extended a variety of functional groups off of both the syn- and anti-
amine at the 4-position. The functional groups selected continued to explore electrostatic
interactions and investigate if a bulky substituent could be tolerated within the binding pocket at
the 4- position. Noviomimetic exploration highlighted that groups as large as a benzyl could be
tolerated at the 4 position of a cyclohexane ring, so both a benzyl and benzamide functional
group will be utilized in this study.” These new analogs were synthesized in the following

manner (Scheme 5.2).
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A OMe OMe
H
HZNO\ N NOMe a ,LO\ OMe

5. Ga ant/
5. 4a anti-NH, 5.6b: syn
5.4b: syn-NH, OMe OMe
,LO\ m \'(‘;‘/OMe \”/‘;‘/OMe
5 7a: anti
5.4a: anti-NH,
SbisymNH, OMe 5.7b: syn OMe
4>
(;(OIO
5.4a: anti-NH, 58a anti
5.4b: syn-NH, 5.8b: syn OMe
D OMe
Ha N OMe d Q OMe
O O
5.10a: anti
54a anti-NH, 5.10b: syn
E 5.4b: syn-NH, OMe OMe
Hy N r‘/\‘/OMe e O /@\/I \H/‘:‘/OM‘-‘
5.11a: x= anti
5.4a: ant/NHz 5.11b: x= syn
5.4b: syn-NH,

OMe OMe
OM B N O
“CL i '”O Ty
(¢} [C XN ©) °©

5.12a: anti-R=5.43,5.43 5.13a: anti-R:

5.14a: anti-R=5.45,5.45 5 15a: anti-R=
5.4 545 5.14b: syn-R=5.45,5.45 5 15b: syn-R= 5.
A 5.4 5.14c: anti-R=H, 5.45 5.15c¢: anti-R=H, 5.46
5.14d: syn-R=H, 5.45  5.15d: syn-R=H, 5.46

5.4a: anti-NH, 5.12b: syn-R=5.43,5.43 5.13b: syn-R:
5.4b: syn-NH, Q 5.12c: anti-R=H, 543  5.13c: ai{/R
5.12d: syn-R=H, 5.43  5.13d: syn-R=

5.43

Scheme 5.2. Synthesis of final products 5.6a/b, 5.7a/b, 5.8a/b. 5.9a/b, 5.10a/b,
S5.11a/b, 5.12a/b/c/d, 5.13a/b/c/d, 5.14a/b/c/d, and 5.15a/b/c/d. Reagents and
Conditions: a). Pt/C, H, ,, MeCN, MeOH, 60%; b). Acetic Acid, Formaldehyde,
NaBH,CN, MeOH, 40%; c). Acetic Anhydride, TEA, DCM, rt, on, 70%; d).
Benzoyl Chloride, TEA, THF, rt, on, 70%; e). BnBr, K,CO;, MeCN, 40%; f). RBr,

DIPEA, MeCN, m120°C, 1hr, 30%.

Each mono-substituted product was synthesized in the manner described in Scheme 5.2.

Analogs 5.6a and 5.6b were obtained via treatment of 5.4a/b with Pt/C, acetonitrile, and
hydrogen gas. These conditions ensured mono addition to the amine. 5.4a or S.4b was subjected
to acetic acid, formaldehyde, and sodium cyanoborohydride to obtain di-methylated amine 5.7a

or 5.7b. Acetate 5.8a or 5.8b was obtained by subjecting S4a/b to acetic anhydride in
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dichloromethane. Similarly, the benzamide analogs 5.10a and 5.10b were obtained via addition
of triethylamine and benzoyl chloride at O °C to 5.4a/b. Benzyl substituted amines S.11a and
S.11b were obtained via refluxing 5.4a/b with benzyl bromide and K,CO; in acetonitrile

overnight.

A
OMe
| H | OMe OMe
N + ~ N OMe iy O | H O
T, WAL REACUSGN A S SN GG OA St
OH HO o~ ~o o
o 0o o 0o ©
5.48a: anti

5.47a: syn 5.36
5.47b: anti 5.5a: anti
5.48b: syn 5.5b: syn

B o . 1
; DY
N oM N OMe
ZoNve Ve s st tioVeesans
Boc [e]
OH HO 0o © Boc o 00 © o 0" "o

5.49a: syn 5.36 5.50a: anti 5.17a: anti

5.49b: anti 5.50b: syn 5.17b: syn

Scheme 5.3. Synthesis of final products 5.5a/b and 5.17a/b. Reagents and Conditions: a).
tBuP, TMAD, Benzene, 75°C; b). TFA, DCM, 70%.

Mono-methyl derivates S.5a and S.5b were obtained by selective reduction of tert-butyl
methyl(4-oxocyclohexyl)carbamate to either the syn or anti alcohol (5.47a and 5.47b) using
NaBH, or L-selectride. Mitsunobu conditions were used to couple alcohols 5.47a/b with phenol
5.36. Subsequent  Boc-deprotection of S5.48a/b  yielded methylamine S5.5a/b.
Methylcyclohexamine analogs S.17a/b were obtained via coupling 5.49a/b with phenol 5.36
using Mitsunobu conditions. Removal of the Boc-protecting group provided final products

S.17a/b.
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OMe " O OMe
H
L b @
. o
o \
omo HO o (0] (M)
5.54

5.16

Scheme 5.4. Synthesis of 5.16. Reagents and Conditions: a). TEA, MsCl, THF,
94%:; b). Cs,CO;, DMF, 55%; c). NaN,, DMF, 60%; d). OsO,, NMO, THF/H,0,
40%; e). Pd/C, H,, EtOAc, 33%.

Analog 5.16 was synthesized via coupling mesylate 5.52 with phenol 5.36. The coupled
mesylate was subsequently subjected to NaNj, to obtain azide 5.54. Osmium tetroxide was
added to obtain cis-diol 5.55. Hydrogenolysis was used to acquire amine 5.16. Upon completion
of synthesis the analogs were evaluated in the MTS anti-proliferation assay in MCF-7 and SkBr3

cells.

Table 5.2. Anti-proliferative activity of cyclohexylamine derivatives

OMe
i [ :
N N OMe
HO (0] OO

Compound Side Chain MCF-7 SkBr3
(ICsy, pM)* (ICsy, pM)*
5.5a | 6.79+0.77 4.16+0.33
HN O
"’O?L[
5.5b | 4.35+1.06 3.38+0.15
HN, O
.,,0‘5{
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5.6a \ 8.91+0.76 7.45+0.45
HNO
o
5.6b \ 7.76+0.08 6.21+0.32
HN/'O
.,/ojz?i
5.7a | 1.231+0.23 0.962+0.15
As
h
5.7b | 3.803+0.08 3.485+0.07
N
O"/ ‘}LL
5.8a H 1.16£0.01 1.74 £0.71
o \O"/ ‘7%
5.8b H >50 >50
O O"/ \—}Q;
59a H >50 >50
Boc” \O
"'O‘R"
5.9b H >50 >50
N,
Boc O
"’O'?ﬂ:‘
5.10a >50 >50
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5.10b H >50 >50
N,
F Q.
S5.11a H 1.924+0.08 1.568+0.64
_e
"’O‘:LL;—
5.11b H >50 >50
e
"'O‘}g'
5.12a KA 14.45+0.98 14.1+0.64
kN\O
4"0
5.12b (A 12.34+0.65 12.8+0.31
NG ~
"’O
5.12¢ A/H 0.97+£0.05 1.03+0.14
O
,,/()"
5.12d A/H 4.98+0.06 3.56+0.21
N,
O"/d
5.13a QP 6.31+0.06 5.78+0.18
N
T 1)
."O
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5.13b 2} 2.3+0.22 245+0.11
N,
T
0
5.13c H 0.89+0.05 0.81+0.02
o T
4,/0",7’-‘
5.13d H 1.04+0.09 2.15+0.31
(70
"’OLZ
5.14a @) 2.6+0.28 3.02+0.20
O KE)
OVN\O
e
5.14b @) 1.6041 0.98+0.08
0] KE)
Qny O
e
5.14c 0 H 1.39+0.17 1.48+0.09
OVN\O
e
5.14d @) H 1.29+0.29 1.54+0.43
&N'O
"
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5.15a o) 5.32+0.65 4.87+0.38

~
&

5.15b o) 7.12+£.066 6.56+0.53

5.15¢ 4.76+0.39 3.87+0.46

prd

H
She
o 0

H
O
o) o
5.16 HZN\O\ 1.21+0.06 1.02+0.19

HO" o?‘i

5.17a \ : 4.02+0.35 2.91+0.9
H2N"'
"/O‘/??l
5.17b 3.00+0.71 2.83+0.10
H2N"'
%
(0]

“Values represent mean + standard deviation for at least two separate experiments performed in

5.15d 5.62+0.33 4.77+0.55

S

triplicate.

The modified amines did not exhibit improved biological activity when compared to
S4a/b. The anti analogs exhibited slightly improved activity when compared to the
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corresponding syn analog. The larger mono-substituted amines had improved activity when
compared to the corresponding di-substituted amine (5.13a versus 5.13c). It is possible that the
bulk of the di-substituted amines decreased the binding affinity of the compound, resulting in the
loss of biological activity. In contrast, the smaller di-methyl analogs 5.7a/b exhibited improved
activity compared to the mono-methyl, 5.5a/b. Interesting anti analogs 5.8a and 5.11a exhibited
anti-proliferative activity while the corresponding syn derivatives were not active even at high
concentrations. To determine what causes this dramatic difference in activity, more analogs will
need to be synthesized and additional biological studies should be carried on these compounds.
Since analogs did not improve anti-proliferative activity as compared to S.4a/b, new cores were
selected to replace the coumarin core in order to see what effect increasing core flexibility and
length would have on the biological activity of these compounds. The phenyl cyclohexyl and

biphenyl core were selected as they are both validated cores of Hsp90 C-terminal inhibitors.
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Scheme 5.5. Synthesis of known Hsp90 C-terminal cores with optimized
noviose replacements. Reagents and conditions: a). DIPEA, MOMCI, DCM, 65-
80%:; b). L-selectride, THF, 80%; c). Et;N, MsCl, THF, 90%; d). NaN,, DMF,
70%; e). Pd/C, H,(g), EtOAc, 65%; f). Et;N, DMAP, THF, 45%; g). PTSA,
MeOH, 50%; h). tBuP, TMAD, Benzene, 75°C, 45%; 1i). Pd(dppf)CL,, Na,CO;,,
Dioxane: H,0, 70%.

The synthesis of analogs with a phenyl cyclohexyl and biphenyl core was carried out as
illustrated in Scheme 5.5. Upon completion of synthesis the analogs were evaluated in the MTS

assay in MCF-7 and SkBr3 breast cancer cell lines.
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Table 5.3. Core comparison with optimized replacements

OMe OMe
R y/‘/\‘/OMe OMe
O\o”ﬁg /(;HQ /()/©/ 0o

A
Compound Side R Core MCEF-7 SkBr3
Chain (ICsp, pM)* (ICsp, pM)*

5.18a A é{rNH X 47+1.21 3.43+0.14
2

5.18b B ;‘:‘NH X 2.33+1.02 1.58+0.32
2

5.19a A ﬁNH Y 3.21+0.35 3.56+0.11
2

5.19b B ﬁNH Y 3.62+0.1 3.52+0.05
2

“Values represent mean + standard deviation for at least two separate experiments performed in

triplicate.

The anti-proliferative activity of these compounds is relatively flat. Even with the increased
length and flexibility of the phenyl cyclohexyl and biphenyl cores compared to the coumarin, the
anti-proliferative activity of all analogs is very similar. Additionally, the stereochemistry of the

cyclohexylamine does not appear to have any impact on anti-proliferative activity.

Validation of Hsp90 inhibition via Western Blot Analysis
After determination of the ICs, values, a few compounds were selected for western blot
analysis in MCF-7 cells. Analogs S5.4a, 54b, and 5.7a were selected to explore the effect of

stereochemistry on Hsp90 inhibition.
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Figure 5.2. Western blot analyses of 5.4a, 5.4b, and 5.7a after
incubation with MCF-7 breast cancer cells for 24 h. The high
concentration is five times the IC,, value, and the low
concentration is half the ICy, value. Concentrations for each
analog tested were as follows: S.4a (high: 8.25 pM, low: 0.83
uM), 54b (high: 4.50 uM, low: 0.45 uM), and 5.7a (high: 6.15
uM, low: 3.08 uM). GDA (500nM) was the positive control and
DMSO was used as the negative control.

Compound 5.4b caused the degradation of many Hsp90 client proteins. 5.7a resulted in
slight degradation of ER-a, however S4a did not result in degradation of any of the client

proteins. No compounds resulted in induction of the heat shock proteins, which is a hallmark of
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C-terminal inhibitors. Additionally Actin, a Hsp90 independent protein, levels did not change in
response to compound treatment. This data strongly suggests that for cyclohexylamine analogs
syn stereochemistry is important for Hsp90 activity.

The current study was then expanded upon to include noviomimetic side chains that were
utilized in neuroprotective compounds (KU-1202, Figure 5.3). These noviomimetic side chains
were coupled with anti-cancer scaffolds (coumarin and biaryl KU-1242 and KU-111, Figure 5.3)
to investigate potential anti-cancer activity (Figure 5.3). Noviomimetic side chains were able to
produce similar and often improved neuroprotective activity as compared to the noviose sugar

for a variety of scaffolds.”

Previous Studies:

et o

Improved Neuroprotectlve Activity F

Proposed Studies:

OMe
\"/‘/\‘/OMQ OMe
O @V \N/‘i‘/OMe
(@)
0#7‘ /‘\A,/ KU-1242 R=H O
HO OH F

SkBr3: >50 uM

R=p-Cl
R=p-Br
R=0-CHj3
OMe |
OMe
N OMe
OMe
KU-111 \Q
SKBr3: 7.5 uM

Figure 53. Overview of the proposed analogs that include
noviomimetic side chains in lieu of noviose sugar.

These compounds were selected to verify whether the noviomimetic side chains were

non-toxic in cells and to explore how different side chains may impact anti-cancer activity.
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Chemistry

Biaryl containing analogs were synthesized beginning with selective benzyl protection of
2, 4-dihydroxybenzaldehye, 5.73 (Scheme 5.6). Microwave conditions were used to convert
benzyl ether 5.74 to the corresponding trifluoromethanesulfonate, which was then coupled with
3-fluorophenyl boronic acid using Suzuki coupling conditions to generate the biaryl ring system
found in 5.76. Henry reaction conditions were utilized to obtain the o-f unsaturated nitro 5.77.
Treatment with lithium aluminum hydride reduced both the nitro and olefin to amine 5.78. Acid
chloride 5.34 was coupled with amine 5.78 in the presence of triethylamine and DMAP, to
generate 5.79. Hydrogenolysis conditions were then utilized to cleave the benzyl ether and obtain
phenol 5.80.

The toluenesulfonates of the noviomimetic side chains were synthesized (Scheme 5.6b)
and coupled with phenol 5.80 via S2 substitution reaction to obtain compounds 5.20-5.23.

(Scheme 5.6a).
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Scheme 5.6. Synthesis of final products 5.20-5.27. Reagents and Conditions: a).
BnBr, NaHCO,, CH,CN, 75%; b). (CF,C0O),0, K,CO,, THF, 60%; c). 3-fluoro-
phenylboronic acid, Pd(PPh,),, K,CO,, DMF, 90%; d).CH;NO,, NH,OAc, 98%; e).
LiAlH,, THF, 30 min; f). Et;N, THF, 72% over 2 steps; g).H,, Pd/C, EtOAc, 90%; h).
K,CO,, DMF, 80°C, 2d, 55-80%; i). TsCl, Pyr., 0 °C-rt,on, CHCl;, 45%; i). ACN,
NaH, rt, 16hr, 70%.

Coumarin core phenol 5.36 was synthesized as described in Scheme 1. Sy 2 substitution
reaction conditions were then utilized to couple toluenesuolfonate noviomimetics to yield

compounds 5.24-5.27 (Scheme 5.6¢).
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Biological Evaluation

Upon completion of the synthesis, the analogs were evaluated in a MTS anti-proliferation
assay in MCF-7 (estrogen receptor positive cells), SkBr3 (estrogen receptor negative HER-2
overexpressing), and MDA-MB-231 (triple negative) breast cancer cell lines, and non-cancerous

HEK-293 cells (human embryonic kidney).

Table 5.4. Anti-proliferative activity of Compounds 5.20-5.27.

Q Q Q Q
Jddd ﬁon;*‘ O

Compound | Side | Core MCF-7 SkBr3 MDA-MB-231 | HEK293
Chain ICsp, uM)* | (IC5y, pM)* (ICsp, pM)* | (ICsy, pkM)*
5.20 A X >50 >50 >50 >10
5.21 B X >50 >50 >50 >10
5.22 C X >50 >50 >50 >10
5.23 D X >50 >50 >50 >10
5.24 A Y >50 >50 >50 >10
5.25 B Y >50 >50 >50 >10
5.26 C Y >50 >50 >50 >10
5.27 D Y >50 >50 >50 >10

“Values represent mean + standard deviation for at least two separate experiments performed in

triplicate.
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The analogs did not exhibit cytotoxic activity against any of the breast cancer cell lines nor
did they exhibit cytotoxicity in the non-cancerous cell line HEK-293, Table 5.4. The absence of
cytotoxicity is significant because these side chains were originally designed to replace the
noviose sugar for the treatment of neurodegenerative diseases. Development of compounds that
replace the noviose sugar with a surrogate have lead to new studies which investigate the
biological importance of the noviose sugar.

Recently, the Hsp90 C-terminal inhibitor KU-174, which contains the biaryl side chain,
was able to prevent cancer cell migration.”” Due to these promising results, analogs of KU-174
were evaluated to determine the importance of the noviose sugar with regards to the desired anti-
migratory activity. Two analogs, KU-177 and KU-308, were selected for initial studies due to
their lack of cytotoxicity in a variety of immortalized cancer cell lines. These two analogs were
void of any cytotoxic moiety in lieu of the noviose sugar. It is possible that the lack of
cytotoxicity is because these two analogs are unable to interact with several amino acids within
the binding pocket known to form important binding interactions with noviose sugar (Thr540,
GIn682, and Asn686). Unpublished co-immunoprecipitation results show that the three analogs

disrupted the Hsp90a/AHA1 complex (Figure 5.4a).
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Figure 5.4. Noviose sugar is not essential for the anti-migratory activities of Hsp90 C-
terminal inhibitors. A). Cell migration assay was performed with PC3-MM2 cells in
the presence of DMSO (0.1%), KU-308 (5 uM, and 10 pM), KU-177 (5 uM, and 10
uM) or KU-174 (5 uM, and 10 uM) for 24 h. Bright field photomicrographs were
taken at 0 and 24 h time points of the cell migration/scratch assay. B). PC3-MM2 cells
were treated with DMSO (0.1%), KU-308 (100 xM), KU-177 (100 M), and KU-174
(10 uM) for 24 h. Ahal was immunoprecipitated and Hsp90a and Ahal were
analyzed by western blotting. Ahal bound Hsp90a was quantified using Image J
software and expressed as percent bound compared to the cells treated with 0.1%
DMSO (control).

Highly metastatic PC3-MM2 prostate cancer cells were utilized to verify anti-migratory

activity via a wound healing scratch assay (WHSA) of the compounds due to disruption of the
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Hsp90o/Ahal complex. Both KU-308 and KU-177 inhibit cancer cell migration at ~10 yM
concentration (Figure 5.4b). KU-177, which contains the acetyl ester, was more effective than
the non-acetylated derivative KU-308 at inhibition of cell motility. Because KU-177 and KU-
308 are non-toxic, the therapeutic window is very large since the IC, value exhibited by these
compounds is >100 M and anti-migratory activity were observed at low micro-molar
concentrations (Figure 5.4b).

These preliminary results highlight that the noviose sugar is not essential for anti-
migratory activity, and verification that there were no unintended cytotoxic effects upon
treatment with 5.20-5.27. A WHSA was carried out with MDA-MB-231 cells to evaluate

potential anti-metastatic activity of these compounds (Figure 5.5).
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24h

5.24 5.25

Figure 5.5. Anti-Metastatic Activity of compounds 5.20-5.27 in MDA-MB-231 cells.
MDA-MB-231 cells were treated for 24 hours with DMSO (0.1%), and 25uM of 5.20-
5.27. Bright field photomicrographs were taken at O and 24 h time points of the cell
migration/scratch assay. Image j was used to quantify the area of each scratch and
obtain a % closed after 24 hours for each scratch. 5.20 28% close, 5.21 58% closed,
5.22 55% closed, 5.23 50% closed, 5.24 42% closed, 5.25 37% closed, 5.26 77%
closed, 5.27 63% closed.

Compounds 5.20, 5.24, and 5.25 resulted in promising anti-metastatic activity (Figure
5.5). The increased length of C-terminal inhibitors that contain the biaryl core appear too long to
fit within the binding pocket, whereas the coumarin core is shorter in length, and produced two
analogs that manifest the most promising activity and are also the shortest.

After a promising initial screen (Figure 5.5), compound 5.20 was selected for further
evaluation. A dose response WHSA in MDA-MB-231 breast cancer cells was carried out using

1uM, 5puM, 10uM, and 25uM concentrations (Figure 5.6).
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Figure 5.6. Anti-Metastatic Activity of 5.20 in MDA-MB-231 cells. MDA-MB-231
cells were treated for 24 hours with DMSO (0.1%), and 25uM, 10, 5, and 1uM of
5.20. Bright field photomicrographs were taken at 0 and 24 h time points of the cell
migration/scratch assay. Image j was used to quantify the area of each scratch and

obtain a % closed after 24 hours for each scratch. 25uM, 25% closed, 10uM, 48%
closed, 5uM 77% closed, 1um 100% closed.

Compound 5.20 exhibits excellent anti-metastatic activity with only 50% of the wound
being closed after 24 hours at 10uM (Figure 5.6). Because 5.20 does not exhibit any cytotoxicity
the therapeutic window is quite large, making it an interesting biological probe with therapeutic
potential. Therefore investigation of the mechanism of action for compounds 5.20 and 5.25
began. Compound 5.25 was also selected for further evaluation because it exhibited promising
anti-metastatic activity. These compounds were first evaluated for potential Grp94 activity
because there is a well-established connection between Grp94 selective inhibitors and prevention
of cell migration.

Recent studies have shown that Hsp90 isoform Grp94, is responsible for the maturation
of toll-like receptors, immunoglobulins, and integrins.*® Integrins are important for cell adhesion

and metastasis; therefore inhibition of Grp94 would prevent metastasis. Also, inhibition of
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Grp94 prevents the Grp94-mediated toll-like receptor trafficking to the cell surface, which is also
important for cancer cell migration." Collectively these studies have shown that Grp94-selective
inhibitors are promising anti-metastatic agents.

As a result of these findings and the anti-metastatic properties, the analogs were assessed
for Grp94, e Hsp90 (extracellular Hsp90), and general Hsp90 activity. Immunoblot analysis of
MDA-MB-231 cells was performed and client proteins involved in cellular metastasis pathways,
such as pERK1/2 and pAKT, and client proteins associated with the Hsp90 isoform Grp94 (Int
a2 and Rab10) were visualized. Additionally levels of select extracellular proteins were selected
to determine if 5.20 and 5.25 have an effect on extracellular heat shock protein 90. * MMP-2,
metalloproteinase-2, is a protein that plays a pivotal role in wound healing and relies upon Hsp90
for cleavage into its active form. Levels of both pro- and active MMP-2 were analyzed in
response to treatment with different concentrations of 5.20 and 5.25. Unfortunately there was no
clear down regulation of the active form of MMP-2, meaning compounds were not acting via

extracellular Hsp90 inhibition, which would result in a decrease of MMP-2 active levels.
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Immunoblot analysis of 5.20 (Figure 5.7), did not clarify a possible mechanism of action.
There was no observed degradation of extracellular proteins, specifically no change in
extracellular MMP-2 pro to active levels. Importantly, no extracellular actin was found, thus
verifying that cellular contents were not in the extracellular space due to cell lysis from stress.
Therefore, we were able to conclude that we only isolated the extracellular proteins. Due to an

absence of change in eHsp90a and MMP-2 levels, compound 5.20 is likely not targeting
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Figure 5.7. Western Blot analysis of 5.20 after incubation with MDA-MB-231 breast
cancer cells for 24 h. cells. The extracellular proteins that were analyzed: MMP-2,
Hsp90 a, and actin were analyzed. The intracellular proteins that were analyzed:
Hsp90, Hsp70, Hsp90 clients, and Grp94 clients were analyzed. Compound 5.20 was
tested at 2.5uM, 10uM, 25uM, and 50uM concentrations. GDA (500nM) was the
positive control and DMSO was used as the negative control.
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extracellular Hsp90. Additionally, there were no changes in intracellular p-AKT and pErk1/2
levels, indicating that the compounds are not preventing metastasis by targeting intracellular
pathways. There was no decrease in Grp94-dependent clients Int a2 and Rab10 indicating that
the compounds are not causing anti-metastatic activity through a Grp94-isoform-dependent effect.
There is slight client protein degradation of Her2, C-Raf, and Cyclin D1 at the highest
concentration tested, however it is unlikely that this client protein degradation is related to the

anti-metastatic activity. The degradation of these client proteins confirms that at SOuM these
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Figure 5.8. Western Blot analysis of 5.25 after incubation with MDA-MB-231
breast cancer cells for 24 h. cells. The extracellular proteins that were analyzed: Int
02, Hsp90a, and actin were analyzed. The intracellular proteins that were analyzed:
Hsp90, Hsp90 client proteins, and Grp94 clients were analyzed. Compound 5.25
was tested at 2.5uM, 10uM, 25uM, and 50uM concentrations. GDA (500nM) was
the positive control and DMSO was used as the negative control.

compounds are exhibiting characteristics associated with C-terminal inhibition (lack of heat
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shock protein induction at concentrations where there is client protein degradation).
Simultaneously immunoblot analysis of 5.25 was carried out in MDA-MB-231 cells (Figure 5.8).

Similar to compound 5.20, immunoblot analysis of 5.25 did not confirm a possible
mechanism of action for these compounds. The difference between these compounds was that
5.25 exhibited significant degradation at the highest concentrations of C-Raf. Again, degradation
of C-Raf is likely unrelated to the anti-metastatic activity, but is indicative of Hp90 C-terminal
inhibition. Interestingly there appears to be slight degradation of RablO at the highest
concentration of 5.25. It is possible that at very high concentrations of inhibitor some Grp94-
dependent clients could be affected. However without observed degradation of Grp94-dependent

client Integrin a2, it is difficult to say compound 5.25 targets Grp94.

Conclusion

Two series of compounds were synthesized in attempt to probe the C-terminal binding site.
One series of compounds were either coumarin or biaryl containing compounds with
noviomimetic side chains that were synthesized and found to exhibit anti-metastatic activity.
These compounds were non-toxic and exhibited good anti-migratory activity in a wound healing
scratch assay. An initial study to determine the mechanism of action for these compounds was
inconclusive. Moving forward, co-IP studies between Hsp90 isoforms and co-chaperones are
necessary to continue to probe mechanism of action. Once the mechanism of action can be
determined this series of compounds could be expanded to evaluate all noviomimetic side chains
explored for KU-596 derivatives. This series of compounds represent a promising new scaffold
of non-toxic compounds with a large therapeutic window that exhibit anti-metastatic activity.

The second series of compounds were designed and synthesized to project hydrogen bond

donor/acceptor moieties into unexplored regions of the binding pocket. Both syn and anti
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derivatives of the cyclohexylamine compounds were similarly cytotoxic, however western blot
analysis highlighted that syn stereochemistry 1is important for Hsp90 inhibition.
Cyclohexylamine derivative development should continue and more cyclohexylamines should be
coupled with the phenyl cyclohexyl core to further explore anti-cancer activity due to inhibition

of the Hsp90 C-terminus.

Materials and Methods

Anti-proliferation assays.

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 pg/mL), penicillin (100
units/mL), and 10% FBS. Cells were grown to confluence in a humidified atmosphere (37° C,
5% CO,), seeded (2000/well, 100 pL) in 96-well plates, and allowed to attach overnight.
Compound or GDA 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 MTT/PMS cell proliferation kit (Promega) per the manufacturer’s
instructions. Cells incubated in 1% DMSO were used at 100% proliferation, and values were
adjusted accordingly. IC,, values were calculated from separate experiments performed in

triplicate using GraphPad Prism.

Wound Healing Scratch Assay.
Trypan blue exclusion was utilized to count MDA-MB-231 cells and seed 12-well plates at
200,000 cells/mL/well, which were then placed in an incubator for 24 h. After 12 h, two

scratches per well were made with a 0.1-10 pL pipette tip, then cells were washed with PBS and
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then fresh media was added to each well. The compound or DMSO control was then added
(0.25% DMSO final concentration) and pictures taken were taken (Oh) with a camera-mounted
Olympus IX-71 microscope (10X objective). Plates were then returned to the incubator until 24
h, at which point pictures were taken again. Images were processed and % migration determined

via ImagelJ. All experiments were performed in at least duplicate.

Western blot Analysis.

MCEF-7 cells were cultured as described above and treated with various concentrations of drug,
GDA in DMSO (1% DMSO final concentration), or vehicle (DMSO) for 24 h. Cells were
harvested in cold PBS and lysed in RIPA lysis buffer containing 1 mM PMSF, 2 mM sodium
orthovanadate, and protease inhibitors on ice for 1 h. Lysates were clarified at 14000g for 10 min
at 4° C. Protein concentrations were determined using the Pierce BCA protein assay kit per the
manufacturer’s instructions. Equal amounts of protein (20 pg) were electrophoresed under
reducing conditions, transferred to a nitrocellulose membrane, and immunoblotted with the
corresponding specific antibodies. Membranes were incubated with an appropriate horseradish
peroxidase-labeled secondary antibody, developed with a chemiluminescent substrate, and

visualized.

Chemistry General.

'H NMR were recorded at 500 MHz (Avance AVIII 500 MHz spectrometer with a dual
carbon/proton cryoprobe) or 400 (Bruker AVIIIHD 400 MHz NMR with a broadband X-channel
detect gradient probe) and “C NMR were recorded at 125 MHz (Bruker AVIII spectrometer

equipped with a cryogenically cooled carbon observe probe). Chemical shifts are reported in 0
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(ppm) relative to the internal standard (CDCl;, 7.26 ppm, or as stated). HRMS spectra were
recorded with a LCT Premier with ESI ionization. 'H and "C NMR was used to verify that all
tested compounds were >95% pure. TLC analysis was performed on glass backed silica gel
plates and visualized by UV light. All solvents were reagent grade and used without further

purification.

Synthesis and Compound Characterization

OMe
1 [ :
N N OMe
HO (0] OO

N-(7-Hydroxy-8-methyl-2-0x0-2H-chromen-3-yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide (5.36).

Compound 5.36 was synthesized following a previously reported procedure.”

OMe
OH H O
@\ | N N OMe
0 o Y0 © ‘

N-(7-((3-Hydroxycyclohexyl)oxy)-8-methyl-2-0x0-2H-chromen-3-yl)-3' ,6-dimethoxy-
[1,1'-biphenyl]-3-carboxamide (5.1).

Phenol 5.36 (0.12 g, 0.298 mmol), and cyclohexane-1,3-diol (0.128g, 0.597mmol) were
dissolved in anhydrous Benzene (2mL). Tri-butylphosphine (0.147mL, 0.597 mmol) was added
dropwise and the reaction was stirred at 0°C. After 5 minutes the mixture was covered and

Diamide (0.103g, 0.597mmol) was added. The mixture was stirred for 15 minutes and then
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heated to reflux. The reaction was stirred at reflux for 12 h, cooled to rt, concentrated, and
purified via column chromatography (SiO,, 1:4, EtOAc: hexane) to afford 5.1 as a white
amorphous solid (35% yield): "H NMR (500 MHz, Chloroform-d) & 8.80 (s, 1H), 8.70 (d,J = 2.8
Hz, 1H), 793 - 7.88 (m, 3H), 7.35 (dt, J = 15.6, 8.3 Hz, 3H), 7.12 (dt, /= 7.6, 1.2 Hz, 2H), 7.10
—7.04 (m,4H),6.95 - 6.87 (m, 3H), 4.81 (dt,J=6.0,3.2 Hz, 1H), 4.39 (tt, / = 8.9, 3.8 Hz, 1H),
4.14 (ddd, J = 145,99, 5.8 Hz, 1H), 3.90 (s, 4H), 3.86 (s, 4H), 3.83 — 3.77 (m, 1H), 2.33 (s,
3H), 2.13 (dt, J = 12.6, 4.6 Hz, 1H), 2.04 — 1.98 (m, 1H), 1.94 — 1.86 (m, 2H), 1.70 (ddt, J =
21.7,12.5, 7.0 Hz, 3H), 1.60 — 1.33 (m, 2H). "C NMR (126 MHz, CDCL,) 6 165.67, 159.92,
159.64, 15947, 157.23, 149.56, 138.75, 131.19, 130.10, 129.31, 128.29, 125.67, 12443, 122.15,
121.85, 115.39, 113.30, 111.15, 110.90, 75.58, 73.70, 68.47, 67.04, 40.49, 39.11, 3441, 30.89,

19.27, 8.58. HRMS (ESI+), m/z [M+H"] calculated for C;;H;,NO, 530.2179; found 530.2162.

OMe
1 [ :
HOO\ N N OMe
(0] O OO

N-(7-((4-Hydroxycyclohexyl)oxy)-8-methyl-2-0x0-2H-chromen-3-yl)-3' ,6-dimethoxy-
[1,1'-biphenyl]-3-carboxamide (5.2).

Compound 5.2 was obtained following the procedure for the synthesis of 5.1 as a white
amorphous solid (35%): '"H NMR (500 MHz, Chloroform-d) & 8.80 (d, J = 1.0 Hz, 2H), 8.70 (d,
J=2.6Hz,2H),7.95-7.87 (m, 5H), 739 — 7.31 (m, 4H), 7.12 (dt,J = 7.6, 1.2 Hz, 2H), 7.10 —
7.05 (m, 5H), 6.95 — 6.88 (m, 4H), 4.53 (dt,J =5.4,2.7 Hz, 1H), 440 (dt, J = 8.6, 4.6 Hz, 1H),
3.90 (s, 6H), 3.86 (s, 7H), 2.36 (d, J = 2.7 Hz, 3H), 2.32 (s, 3H), 2.14 (ddd, J = 12.5, 5.0, 2.5 Hz,

2H),2.05 (td,J =8.5,7.6,43 Hz,2H), 1.78 (t,/ =4.0 Hz, 1H), 1.64 (ddd, J = 12.8, 8.6, 3.2 Hz,
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2H), 1.49 (dq, J = 8.6, 2.8, 2.3 Hz, 2H). "C NMR (126 MHz, CDCl;) & 165.51, 159.76, 159.56,
159.33,157.30, 138.61, 131.04, 129.95, 129.17, 128.15, 126.13, 125.53, 124.41, 122.01, 115.24,
113.16, 111.01, 110.66, 75.24, 68.59, 31.54, 28.17, 28.15, 8.32, 1.03. HRMS (ESI+), m/z

[M+Na*] calculated for C;;H;;NO,552.1998; found 552.2015.

NH, ! OMe
Q T

N-(7-((3-Aminocyclohexyl)oxy)-8-methyl-2-0x0-2H-chromen-3-yl)-3' ,6-dimethoxy-[1,1'-
biphenyl]-3-carboxamide (5.3).

Compound 5.3 was obtained following the procedure for the synthesis of 5.1 as a white
amorphous solid (35%). The boc- protected amine was then subjected to the conditions utilized
to obtain 5.4a to obtain compound 5.3 in (70%) yield as a white solid: 'H NMR (500 MHz,
Methanol-d4) 6 8.73 (s, 1H), 7.87 (dd, J = 8.6,2.4 Hz, 1H), 7.84 (d,J =24 Hz, IH), 731 (d,J =
8.2 Hz, 2H), 7.10 - 7.01 (m, 4H), 6.89 (ddd, J = 8.3,2.6,0.9 Hz, 1H), 6.83 (d, J = 8.7 Hz, 1H),
482 (t,J=3.1 Hz, 1H), 3.85 (s, 3H), 3.81 (s, 3H), 3.50 - 3.43 (m, 1H), 2.37 - 2.32 (m, 2H), 2.28
(s, 3H), 2.07 (d, J = 12.6 Hz, 2H), 2.03 — 1.96 (m, 2H), 1.76 — 1.64 (m, 2H). "C NMR (126
MHz, MeOD) & 166.59, 160.67, 160.10, 157.13, 150.21, 139.40, 131.83, 130.74, 129.98, 129.01,
126.59, 12544, 122.82, 122.37, 116.05, 114.37, 113.93, 111.89, 11092, 72.74, 56.66, 56.11,
49.98, 47.22, 30.49, 28.76, 19.65, 8.95. HRMS (ESI+), m/z [M+H"] calculated for C;;H;,N,O4

529.23309; found 529.2326.
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tert-Butyl ((1rAr)-4-((3-(3',6-dimethoxy-[1,1'-biphenyl]-3-ylcarboxamido)-8-methyl-2-
ox0-2H-chromen-7-yl)oxy)cyclohexyl)carbamate (5.9a).

Compound 5.9a was obtained following the procedure for the synthesis of 5.1 as a white
amorphous solid (35%): '"H NMR (500 MHz, Chloroform-d) & 8.79 (d, J = 4.0 Hz, 1H), 8.70 (d,
J=6.6Hz, 1H), 7.94 - 7.87 (m, 2H), 7.39 - 7.29 (m, 1H), 7.14 — 7.03 (m, 3H), 6.93 (dt, J = 8.3,
45Hz, 1H),6.86 (d,J=8.7Hz, 1H),4.58 (d,J = 18.7 Hz, 1H), 3.88 (d, J = 20.6 Hz, 6H), 3.62 —
3.51 (m, 1H), 2.34 (s, 3H), 2.05 (dt, J = 10.3, 4.5 Hz, 2H), 1.88 — 1.81 (m, 1H), 1.76 — 1.54 (m,
4H), 1.46 (s, 7TH), 1.38 (s, 1H), 1.30 — 1.21 (m, 3H). °C NMR (126 MHz, CDCl;) & 165.96,
160.14, 159.96, 159.68, 157.22, 156.56, 149.99, 149 .83, 138.96, 131.38, 130.33, 129.56, 128.54,
126.42, 126.00, 124.90, 122.38, 121.86, 115.61, 113.51, 111.37, 110.56, 79.80, 77.16, 71.95,
48.79, 30.09, 28.94, 28.82, 8.74, 8.37. HRMS (ESI+), m/z [M+H"] calculated for C,H,,N,Oq

628.2811; found 628.2831.

H
HQNO N X OMe
0 0 oo

N-(7-(((1r,4r)-4-Aminocyclohexyl)oxy)-8-methyl-2-0xo0-2H-chromen-3-yl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide(5.4a).
Compound 5.9a (0.05mg, 0.0795mmol) was dissolved in anhydrous dichloromethane (1mL).

Trifluoroacetic acid (0.3mL, 30% vol.) was added to the mixture at 0°C. The mixture was

326



warmed to rt and after 12 h the reaction was concentrated and purified via column
chromatography (SiO,, 1:10, MeOH: DCM) to afford 5.4a as a white amorphous solid (70%
yield): '"H NMR (500 MHz, Chloroform-d) 6 8.77 (d, J = 4.0 Hz, 1H), 8.71 (d, J = 6.8 Hz, 1H),
790 — 7.82 (m, 2H), 7.38 — 7.30 (m, 1H), 7.10 — 7.02 (m, 3H), 6.90 (dt, J = 8.1, 4.6 Hz, 1H),
6.84 (d,J =8.5 Hz, 1H), 4.53 (d, J = 18.5 Hz, 1H), 3.88 (d, 6H), 3.60 — 3.54 (m, 1H), 2.24 (s,
3H), 2.09 (m, 2H), 1.88 — 1.81 (m, 2H), 1.76 — 1.54 (m, 4H). "C NMR (126 MHz, CDCL,)
165.99, 160.44, 15991, 159.58, 157.02, 155.06, 149.00, 148.83, 138.16, 131.28, 130.53, 129.86,
128.52, 126.22, 126 01, 124.40, 122.88, 121.83, 115.63, 113.52, 111.57, 110.50, 79.00, 77.36,
71.05, 48.29, 30.39, 28.12, 8.17.HRMS (ESI+), m/z [M+H'] calculated for C,H;,N,Oq

529.23309; found 529.2333.

tert-Butyl ((1s,4s5)-4-((3-(3',6-dimethoxy-[1,1'-biphenyl]-3-ylcarboxamido)-8-methyl-2-
ox0-2H-chromen-7-yl)oxy)cyclohexyl)carbamate (5.9b).

Compound 5.9b was obtained following the procedure for the synthesis of 5.1 as a white
amorphous solid (35%): 'H NMR (500 MHz, Chloroform-d) 8.78 (s, 1H), 8.69 (s, 1H), 7.92 (m,
1H), 7.87 (m, 2H), 7.37 (m, 1H), 7.29 (m, 2H), 7.12 (dt, J = 7.6, 1.2 Hz, 1H), 7.09 (dd, J = 2.7,
1.6 Hz, 1H), 7.06 (d, J = 8.6 Hz, 1H), 6.92 (ddd, J = 8.3, 2.6, 1.0 Hz, 1H), 6.85 (d, J = 8.7 Hz,
1H), 4.62 (s, 1H) 4.53 (m, 1H), 3.89 (s, 3H), 3.85 (s, 3H), 3.52 (m, 1H), 2.33 (s, 3H), 1.98 (m,
2H), 1.77 (m, 2H), 1.70 (tt, J = 14.2, 2.8 Hz, 2H), 1.54 (m, 2H), 1.45 (s, 9H). °C NMR (126

MHz, CDCls) 8 165.59, 159.83, 159.63, 159.39, 156.90, 149.52, 138.68, 132.34, 131.06, 130.03,
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129.26, 128.25, 126.14, 125.69, 124.54, 122.09, 121.58, 117.42, 115.31, 113.27, 113.21, 111.07,
110.27, 79.41, 71.68, 48.49, 28.64, 28.52, 27.98. HRMS (ESI+), m/z [M+H'] calculated for

C36H40N208 628.281 1; found 628.2807.
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N-(7-(((1s,4s)-4-Aminocyclohexyl)oxy)-8-methyl-2-0xo0-2H-chromen-3-yl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.4b).

Compound 54b was obtained following the procedure for the synthesis of S.4a as a white
amorphous solid 70%): 'H NMR (500 MHz, Methanol-d4) 6 8.47 (d,J = 1.3 Hz, 1H), 7.61 (dt, J
=8.6,19 Hz, 1H),7.57 (d,J =2.4 Hz, 1H), 7.08 — 7.03 (m, 2H), 6.82 (dt, / = 7.6, 1.2 Hz, 1H),
6.80 — 6.76 (m, 2H), 6.63 (ddd, J=8.2,2.7,1.0 Hz, 1H), 6.57 (d,/ = 8.7 Hz, 1H),4.39 (t,/ = 3.1
Hz, 1H), 3.60 (d, J = 1.3 Hz, 3H), 3.55 (d,J = 1.3 Hz, 3H), 2.84 (ddt, /= 11.2,7.9,3.9 Hz, 1H),
2.06(s,3H),1.92 -1.83 (m, 2H), 1.65 - 1.58 (m, 2H), 1.55 - 1.45 (m, 2H), 1.39 (tt,J =13.6,3.3
Hz, 2H). "C NMR (126 MHz, MeOD) & 165.81, 159.77, 159.54, 159.17, 156.47, 149.36,
138.51,130.90, 129.84, 129.11, 128.16, 125.70, 124.81, 121.93,121.33, 115.14, 113.01, 111.00,
109.98, 70.03, 55.78, 55.22, 27.85, 25.39, 7.93. HRMS (ESI+), m/z [M+H"] calculated for

C;,H,,N,0, 529.2339; found 529.2336.
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N
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tert-Butyl ((1s4s)-4-hydroxycyclohexyl)(methyl)carbamate (5.47a).

tert-Butyl (4-oxocyclohexyl)carbamate (0.10 g, 0.44 mmol) was dissolved in anhydrous
tetrahydrofuran (4 mL) and the solution was cooled to -40 °C. L-selectride (1.0 M in THF, 0.12
ml) was added dropwise to the solution and the reaction mixture was allowed to stir at rt for 12 h.
The reaction mixture was concentrated and the residue was diluted with water. The suspension
was acidified with 1N HCI and extracted with ethyl acetate. The organic layers were combined,
dried (over Na,SO,), concentrated and purified by column chromatography (Si0O,, 1:2, EtOAc :
hexane) to afford 5.47a as a white amorphous solid (30%): '"H NMR (500 MHz, Chloroform-d) &
3.87 (tt, J = 100, 4.5 Hz, 1H), 2.80 (s, 1H), 2.58 (s, 1H), 2.20 — 2.12 (m, 2H), 2.04 — 1.90 (m,
2H), 1.86 — 1.79 (m, 2H), 1.69 — 1.58 (m, 2H), 1.38 (d, J = 2.4 Hz, 9H). "C NMR (126 MHz,

CDCly) 6 155.33,79.01,69.79,34.29, 28.43, 28.34, 27 .84.
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tert-Butyl  ((1rdr)-4-((3-(3',6-Dimethoxy-[1,1'-biphenyl]-3-ylcarboxamido)-8-methyl-2-
ox0-2H-chromen-7-yl)oxy)cyclohexyl)(methyl)carbamate (5.48a).

Compound 5.48a was obtained following the procedure for the synthesis of 5.1 as a white
amorphous solid (35%): '"H NMR (500 MHz, Methanol-d4) & 8.00 (s, 1H), 7.20 (dd,J = 8.9,2.3
Hz, 1H), 7.10 (d,J =2.5 Hz, 1H), 6.60 — 6.52 (m, 3H), 6.40 — 6.32 (m, 4H), 6.24 — 6.18 (m, 2H),
402 (t,J =3.1 Hz, 1H), 3.14 (s, 3H), 3.10 (s, 3H), 2.60 (p,J = 1.8 Hz, 1H), 2.30 (tt,J =11.9,4.3
Hz, 1H), 1.96 (s, 3H), 1.87 (s, 3H), 1.65-1.55 (m, 2H), 1.45 (m, 4H), 1.32 - 1.25 (m, 2H), 1.11 —

1.07 (s, 9H). "C NMR (126 MHz, MeOD) 8 165.66, 159.56, 159.35, 158.42, 156.05, 149.21,
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138.07, 130.35, 129.06, 128.71, 127.28, 125.17, 124.37, 121.09, 121.00, 114.89, 112.75, 110.09,
109.14, 69.74, 56.54, 5549, 54.00, 29.52, 28.02, 27.09, 22.38, 7.58. HRMS (ESI+), m/z

[M+Na*] calculated for C;,H,,N,0O;Na 665.2839; found 665.2825.

/N\O N N OMe
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3',6-Dimethoxy-N-(8-methyl-7-(((1r,4r)-4-(methylamino)cyclohexyl)oxy)-2-oxo-2H-
chromen-3-yl)-[1,1'-biphenyl]-3-carboxamide (5.5a).

Compound 5.5a was obtained following the procedure for the synthesis of S.4a as a white
amorphous solid 70%): '"H NMR (500 MHz, Methanol-d4) & 8.02 (s, 1H), 7.18 (dd, J = 8.6, 2.5
Hz, 1H),7.14 (d,J =24 Hz, 1H), 6.67 — 6.58 (m, 3H), 6.41 — 6.34 (m, 4H), 6.22 — 6.13 (m, 2H),
399 (t,/=29Hz, 1H),3.17 (s,3H), 3.12 (s,3H), 2.62 (p,/ = 1.6 Hz, 1H), 2.34 (tt,J=11.7,4.1
Hz, 1H),1.94 (d,J=2.6 Hz, 3H), 1.62 (s, 3H), 1.50 (dt,J = 16.0,2.9 Hz, 2H), 1.26 (dd,J =130,
3.8 Hz, 2H), 1.18 — 1.07 (m, 2H), 1.04 — 0.92 (m, 2H). "C NMR (126 MHz, MeOD) 6 165.63,
159.55, 159.25,158.92, 156.15, 149.11, 138.27, 130.65, 129.56, 128.81, 127.88, 12547, 124.67,
121.65,121.07,114.89, 112.71, 110.79, 109.74, 69.73, 56 .58, 55.46, 54.90, 29.22, 27 49, 22 .88,

7.57. HRMS (ESI+), m/z [M+H"] calculated for C;,H;,N,0, 543.2495; found 543.2462.
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tert-Butyl ((1r4r)-4-hydroxycyclohexyl)(methyl)carbamate (5.47b).
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Sodium borohydride (0.02g, 0.53 mmol) was added to an ice-cooled solution of fert-butyl (4-
oxocyclohexyl)carbamate (0.1g, 0.44 mmol) in methanol (4.5 ml) and the reaction mixture was
allowed to stir at rt for 12 h. The reaction mixture was concentrated and the residue was diluted
with water. The suspension was acidified with 1IN HCI and extracted with ethyl acetate. The
organic layers were combined, dried (over Na,SO,), concentrated and purified by column
chromatography (SiO,, 1:2, EtOAc: hexane) to afford 5.47b as a white amorphous solid
(60%):'H NMR (500 MHz, Chloroform-d) 6 3.50 (tt,J = 10.7, 4.3 Hz, 1H), 2.71 (s, 1H), 2.66 (s,
1H),2.17-2.08 (m, 2H),2.01 — 1.93 (m, 2H), 1.85 - 1.78 (m, 2H), 1.67 — 1.56 (m, 2H), 1.42 (d,

J=2.2Hz,9H). "C NMR (126 MHz, CDCl;) 6 155.46,79.19, 69.77, 3439, 28.33, 28 .31, 27.64.
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tert-Butyl ((1s,4s5)-4-((3-(3' ,6-dimethoxy-[1,1'-biphenyl]-3-ylcarboxamido)-8-methyl-2-
ox0-2H-chromen-7-yl)oxy)cyclohexyl)(methyl)carbamate (5.48b).

Compound 5.48b was obtained following the procedure for the synthesis of 5.1 as a white
amorphous solid (35%): 'H NMR (500 MHz, Chloroform-d) 6 9.35 (d, J = 9.7 Hz, 2H), 9.02 (s,
1H), 8.67 (d,J = 10.2 Hz, 1H), 8.60 (s, 1H), 7.90 — 7.82 (m, 2H), 7.35 (dt, J = 21.7, 8.3 Hz, 2H),
7.16 —7.08 (m, 3H), 6.90 (dd, J = 8.1, 2.5 Hz, 1H), 6.82(dd, J = 12.0, 8.5 Hz, 1H),4.55 (d, J =
39 Hz, 1H), 3.95 (s, 3H), 3.91(s, 3H), 2.67 (d, J = 5.1 Hz, 1H), 2.32 (m, 2H), 2.29 (s, 3H),
2.20(d, J = 15.5 Hz, 2H), 2.04 — 1.92 (m, 4H), 1.52 (s, 3H), 1.29 (s, 9H). "C NMR (126 MHz,
CDCly) & 165.04, 159.66, 159.25, 149.02, 138.99, 130.93, 129.56, 129.25, 128.03, 126.54,

125.61, 12543, 12447, 12223, 121.09, 115.43, 113.13, 110.88, 109.34, 55.65, 55.01, 30.58,
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29.62, 29.17, 2745, 2603, 23.60, 7.93. HRMS (ESI+), m/z [M+Na'] calculated for

C4,H,,N,0,Na 665.2839; found 665.2860.

H H
/N\O\l\\N\ OMe
0
0" N o 0o

3',6-Dimethoxy-N-(8-methyl-7-(((1s,4s)-4-(methylamino)cyclohexyl)oxy)-2-oxo-2H-
chromen-3-yl)-[1,1'-biphenyl]-3-carboxamide (5.5b).

Compound 5.5b was obtained following the procedure for the synthesis of S.4a as a white
amorphous solid 70%): 'H NMR (500 MHz, Chloroform-d) 8 9.39 (d, J = 9.9 Hz, 2H), 9.22 (s,
1H),8.77 (d,J = 10.0 Hz, 1H), 8.67 (s, 1H), 7.92 — 7.85 (m, 2H), 7.33 (dt, J = 21.9, 8.1 Hz, 2H),
714 -7.03 (m,3H),6.92 (dd,J =79, 2.5 Hz, 1H), 6.83 (dd, J = 12.0,8.7 Hz, 1H),4.68 (d, J =
3.7 Hz, 1H),4.30 (d,J=9.6 Hz, 1H),3.89 (d, J = 6.3 Hz, 3H), 3.85 (s, 3H), 3.06 — 2.93 (m, 2H),
2,67 (d,J =5.1 Hz, 5H), 2.32 (s, 2H), 2.29 (s, 1H), 2.22 (d, J = 15.8 Hz, 3H), 2.04 — 1.92 (m,
5H), 1.70 — 1.52 (m, 3H), 1.29 (d, J = 33.7 Hz, 3H). "C NMR (126 MHz, CDCl,) & 165.34,
159.65, 159.21, 149.32, 138.49, 130.91, 129.86, 129.05, 128.00, 126.94, 12591, 12542, 12407,
122.21,121.89, 115.13, 113.03, 110.89, 109.74, 55.75, 55 .21, 30.28, 29.60, 29.07, 27.85, 26.00,
23.10, 8.22, 7.93. HRMS (ESI+), m/z [M+H'] calculated for C,,H;,N,O, 543.2495; found

543.2490.
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N-(7-(((1r,4r)-4-(Ethylamino)cyclohexyl)oxy)-8-methyl-2-0x0-2H-chromen-3-yl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.6a).

Compound 5.4a (0.04g, 0.06mmol) was dissolved in methanol (0.6mL). 10% Pt/C (0.002,
0.008mmol) and acetonitrile (0.01mL) were added to the mixture and the suspension was stirred
under a hydrogen atmosphere. After 25 h, the reaction mixture was filtered through a pad of
Celite; the residue was washed with ethyl acetate. The filtrate was concentrated and purified by
column chromatography (SiO,, 1:10, MeOH: DCM) to yield S.6a as a white solid (60% yield):
'H NMR (500 MHz, Methanol-d4) & 8.02 (s, 1H), 7.18 (dd, J = 8.6,2.5 Hz, 1H), 7.14 (d,J =24
Hz, 1H), 6.67 — 6.58 (m, 3H), 6.41 — 6.34 (m, 4H), 6.22 — 6.13 (m, 2H),3.99 (t,J =29 Hz, 1H),
3.17 (s, 3H), 3.12 (s, 3H), 2.62 (p,J = 1.6 Hz, 2H), 2.34 (tt,J = 11.7, 4.1 Hz, 1H), 2.20-2.15 (m,
4H), 1.94 (d, J = 2.6 Hz, 3H), 1.88 (t, 4H), 1.62 (s, 3H). "C NMR (126 MHz, MeOD) & 165.63,
159.55, 159.25,158.92, 156.15, 149.11, 138.27, 130.65, 129.56, 128.81, 127.88, 12547, 124.67,
121.65,121.07, 114.89, 112.71, 110.79, 109.74, 69.73, 56.58, 55.46, 54.90, 29.22, 27.49, 22 88,

7.57. HRMS (ESI+), m/z [M+H"] calculated for C;;H;(N,O,571.2682; found 571.2667.
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N-(7-(((1s ,4s)-4-(Ethylamino)cyclohexyl)oxy)-8-methyl-2-0x0-2H-chromen-3-yl)-3' ,6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.6b).

Compound 5.6b was obtained following the procedure for the synthesis of 5.6a as a white
amorphous solid (60%): 'H NMR (500 MHz, Chloroform-d) 6 9.39 (d, J = 9.9 Hz, 2H), 9.22 (s,

1H),8.77 (d,J =10.0 Hz, 1H), 8.67 (s, 1H), 7.92 — 7.85 (m, 2H), 7.33 (dt, J = 21.9, 8.1 Hz, 2H),
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714 -7.03 (m,3H), 692 (dd,J =79, 2.5 Hz, 1H), 6.83 (dd, J = 12.0,8.7 Hz, 1H), 4.68 (d, J =
3.7Hz, 1H),4.30 (d,J=9.6 Hz, 1H),3.89 (d, /= 6.3 Hz, 3H), 3.85 (s, 3H), 3.06 — 2.93 (m, 2H),
2.67(d,J=5.1Hz,2H),2.22 (d,J=15.8 Hz, 1H), 2.11 (s, 3H), 2.04 - 1.92 (m, 4H), 1.70 — 1.64
(m, 2H), 1.61 (s, 3H). "C NMR (126 MHz, CDCl,) 8 165.34, 159.65, 159.21, 149.32, 138.49,
13091, 129.86, 129.05, 128.00, 126.94, 12591, 125.42, 124.07, 122.21, 121.89, 115.13, 113 .03,
110.89, 109.74, 55.75, 55.21, 30.28, 29.60, 29.07, 27.85, 26.00, 23.10, 8.22, 7.93. HRMS

(ESI+), m/z [M+H"] calculated for C,;H;,N,0O4571.2682; found 571.2688.
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N-(7-(((1r,4r)-4-(Dimethylamino)cyclohexyl)oxy)-8-methyl-2-o0x0-2H-chromen-3-yl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.7a).

Acetic Acid (0.5mg, 8.5mmol) was added to a solution of 5.4a (0.20g, 1.7mmol) in methanol
(20mL). Formaldehyde (0.10g, 3.4mmol) and NaBH,CN (0.23g, 3.7mmol) were added and the
mixture was stirred at rt. After 12h the reaction was diluted with 40mL of H2O and then
extracted with DCM ( 3 x 30mL). The organic layers were combined, dried, and concentrated.
The crude mixture was purified by column chromatography (SiO,, 1:10, MeOH: DCM) to yield
5.7a as a white solid (40% yield):'H NMR (500 MHz, Chloroform-d) & 8.80 (s, 1H), 8.70 (s,
1H), 794 — 7.87 (m, 2H), 7.39 — 7.32 (m, 2H), 7.12 (dt, J = 7.6, 1.2 Hz, 1H), 7.10 — 7.08 (m,
2H), 7.06 (s, 1H), 6.93 (ddd, J =8.3,2.6,09 Hz, 1H), 6.85 (d, /= 8.8 Hz, 1H), 4.70 (t,J =29
Hz, 1H), 3.90 (s, 3H), 3.86 (s, 3H), 3.18 — 3.03 (m, 1H), 2.69 (s, 6H), 2.35 (s, 3H), 2.31 — 2.21

(m, 2H), 1.99 — 1.79 (m, 4H), 1.76 — 1.62 (m, 2H). "C NMR (126 MHz, CDCl,) 8 165.66,
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159.92, 159.56, 15945, 156.33, 149.56, 138.71, 131.15, 130.07, 129.32, 128.31, 126.15, 125 .87,
12431, 122.13,115.37, 113.26, 111.13, 110.18, 70.33, 63 .46, 39.57, 28.61, 21.12, 8.54. HRMS

(ESI+), m/z [M+H"] calculated for C;;H;,N,04557.2652; found 557.2641.

O O "0 ©

N-(7-(((1s,4s)-4-(Dimethylamino)cyclohexyl)oxy)-8-methyl-2-o0x0-2H-chromen-3-yl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.7b).

Compound 5.7b was obtained following the procedure for the synthesis of 5.7a as a white
amorphous solid (60%):'H NMR (500 MHz, Chloroform-d) & 8.80 (s, 1H), 8.70 (s, 1H), 7.94 —
7.87 (m, 2H), 7.40 — 7.30 (m, 2H), 7.13 (ddd, J = 7.6, 1.6, 1.0 Hz, 1H), 7.09 (dd, J = 2.6, 1.6 Hz,
1H),7.07 (d,J = 8.6 Hz, 1H), 6.93 (ddd, J =8.3,2.6,0.9 Hz, 1H), 6.86 (d, J = 8.7 Hz, 1H), 4.65
(t, J =30 Hz, 1H), 3.90 (s, 3H), 3.86 (s, 3H), 2.51 (t,J = 11.4 Hz, 1H), 243 (s, 7TH), 2.36 (s,
3H),2.23 — 2.14 (m, 2H), 1.81 — 1.72 (m, 5H), 1.63 (ddt, J = 14.0, 11.1, 2.7 Hz, 2H). "C NMR
(126 MHz, CDCl,) & 165.64, 159.88, 159.68, 159.45, 156.86, 149.60, 138.73, 131.13, 130.08,
129.32, 128.29, 126.23, 125.71, 124.52, 122.14, 115.35, 113.28, 111.11, 110.29, 71.46, 62.92,
40.99, 28.94, 22.62, 8.50. HRMS (ESI+), m/z [M+H"] calculated for C;;H;N,O, 557.2652;

found 557.2652.
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N-(7-(((1r,4r)-4-Acetamidocyclohexyl)oxy)-8-methyl-2-0x0-2H-chromen-3-yl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.8a).

Compound 5.4a (0.03g, 0.08mmol) was dissolved in anhydrous dichloromethane (0.8mL).
Triethylamine (0.013mL, 0.08mmol) was added and the mixture was cooled to 0°C. After 10
minutes, acetic anhydride (0.008mL, 0.08mmol) was added dropwise. The reaction was
quenched after 12 h, via the addition of water. The mixture was worked-up with
dichloromethane (3 x 5mL), dried, concentrated, and purified via column chromatography (SiO,,
1:10, MeOH: DCM) to afford 5.8a as a white amorphous solid (70% yield): 'H NMR (500 MHz,
Chloroform-d) 6 8.79 (d,J = 1.3 Hz, 1H), 8.70 (s, 1H), 7.94 — 7.86 (m, 2H), 7.40 — 7.34 (m, 1H),
7.31(d,J=8.6Hz,1H),7.12 (dd,J=7.6,1.4 Hz, 1H), 7.10 - 7.05 (m, 2H), 6.96 — 6.90 (m, 1H),
6.87 (d,J =8.6 Hz, 1H), 5.34 (d, J = 7.8 Hz, 1H), 4.31 — 4.22 (m, 1H), 3.88 (dd, /=200, 1 4
Hz,6H),2.31 (d,J=14Hz,3H),2.19-2.05(m,4H), 198 (d,J =14 Hz,3H),1.71 - 1.57 (m,
4H). "C NMR (126 MHz, CDCl,) 6 169.42, 165.52, 159.77, 159.51, 159.33, 157.25, 138.61,
131.04,129.96, 129.17, 128.13, 126.10, 125 .44, 124 .30, 122.00, 121.64, 115.25, 113.15, 111.01,
110.77, 55.89, 55.33, 47 .44, 30.42, 30.30, 23.57, 8.37. HRMS (ESI+), m/z [M+Na'] calculated

for C,,H,,N,0,Na 593.2264; found 593.2264.
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N-(7-(((1s,4s)-4-Acetamidocyclohexyl)oxy)-8-methyl-2-0x0-2H-chromen-3-yl)-3' ,6-

dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.8b).
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Compound 5.8b was obtained following the procedure for the synthesis of 5.8a as a white
amorphous solid (70%): 'H NMR (500 MHz, Chloroform-d) & 8.81 (s, 1H), 8.70 (s, 1H), 7.92
(dd,J=8.6,24Hz,1H),7.89 (d,J=24Hz, 1H),7.38 (d,J=7.9 Hz, 1H), 7.36 — 7.32 (m, 1H),
713 (ddd,J=7.6,1.6,10 Hz, 1H), 7.09 (dd,J=2.6,1.6 Hz, 1H), 7.07 (d,J = 8.7 Hz, 1H), 6.93
(ddd,J=8.3,2.6,1.0Hz, 1H),6.87 (d,J =8.8 Hz, 1H), 540 (d,J = 8.1 Hz, 1H),4.63 (t,J=3.3
Hz, 1H), 3.90 (s, 3H), 3.86 (s, 3H), 2.36 (s, 3H), 2.11 — 2.03 (m, 2H), 2.00 (s, 3H), 1.86 — 1.81
(m, 2H), 1.78 — 1.69 (m, 2H), 1.65 — 1.57 (m, 7H). "C NMR (126 MHz, CDCl,) 8 169.41,
165.64, 159.90, 159.70, 159.45, 156 .91, 149.58, 138.74, 131.15, 130.07, 129.33, 128.32, 126 .21,
125.80, 124.54, 122.14, 121.70, 115.37, 114.98, 113.39, 113.28, 111.13, 110.28, 71.51, 47 .44,
28.74,27.68, 23.78, 8.56. HRMS (ESI+), m/z [M+Na'] calculated for C;;H,,N,0,Na 593.2264;

found 593.2270.
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N-(7-(((1r,dr)-4-Benzamidocyclohexyl)oxy)-8-methyl-2-0x0-2H-chromen-3-yl)-3' ,6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.10a).

Compound S.4a (0.03g, 0.08mmol) was dissolved in anhydrous tetrahydrofuran (0.8mL).
Triethylamine (0.013mL, 0.08mmol) was added and the mixture was cooled to 0°C. After 10
minutes, benzyl chloride (0.013mL, 0.08mmol) was added dropwise. The reaction was
quenched after 12 hours, via the addition of water. The mixture was worked-up with ethyl
acetate (3 x SmL), dried, concentrated, and purified via column chromatography (SiO,, 1:10,
MeOH: DCM) to afford 5.10a as a white amorphous solid (70% yield): '"H NMR (500 MHz,

Chloroform-d) & 8.78 (s, 1H), 8.70 (s, 1H), 7.90 (d, J = 8.7 Hz, 2H), 7.78 — 7.73 (m, 2H), 7.49
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(d,J=71Hz, 1H),742 (t,J =7.5 Hz, 2H), 7.36 (t,/ = 7.9 Hz, 1H), 7.30 (d, J = 8.6 Hz, 1H),
712 (d,J=7.7Hz,1H),7.09 (t,J =2.0 Hz, 1H), 7.06 (d,J =84 Hz, 1H), 693 (dd,/J =8.2,2.5
Hz, 1H), 6.87 (d, J = 8.7 Hz, 1H), 6.10 (d, J = 7.8 Hz, 1H), 4.30 (tt, J = 9.8, 3.5 Hz, 1H), 4.09
(dq,J =105, 3.6 Hz, 1H), 3.87 (d, J = 18.7 Hz, 6H), 2.32 (s, 3H), 2.21 (td, J = 11.5,10.1, 5.1
Hz, 5H), 1.71 (tdd, J = 13.1,9.9, 4.0 Hz, 2H), 1.49 — 1.38 (m, 2H). °C NMR (126 MHz, CDCl,)
0 167.34, 165.86, 160.13, 159.86, 159.69, 157.62, 149.80, 138.97, 135.06, 131.84, 130.32,
129.54, 128.94, 12849, 127.22, 125.82, 124.66, 122.36, 115.62, 113.50, 111.38, 111.11, 76 .44,
56.25, 55.69, 4825, 30.77, 30.70, 8.74. HRMS (ESI+), m/z [M+Na'] calculated for

C1,H,N,0,Na 655.2420; found 655.2437.
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N-(7-(((1s,4s)-4-Benzamidocyclohexyl)oxy)-8-methyl-2-0x0-2H-chromen-3-yl)-3' ,6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.10b).

Compound 5.10b was obtained following the procedure for the synthesis of 5.10a as a white
amorphous solid (70%): 'H NMR (500 MHz, Chloroform-d) 6 8.80 (s, 1H), 8.70 (s, 1H), 8.10
(dd, J =83, 1.3 Hz, 1H), 7.93 — 7.87 (m, 2H), 7.81 — 7.76 (m, 2H), 7.52 — 7.40 (m, 3H), 7.40 —
7.30 (m, 2H), 7.14 - 7.03 (m, 3H), 6.93 (ddd, J = 8.3,2.6,0.9 Hz, 1H), 6.88 (d, J = 8.8 Hz, 1H),
6.16 (d,/J=8.0Hz, 1H),4.66 (dd,J=4.7,2.5 Hz, 1H),4.17 - 4.08 (m, 1H), 3.99 — 3.90 (m, 1H),
3.89 (s, 3H), 3.85 (s, 3H), 2.37 (s, 2H), 2.18 — 2.07 (m, 2H), 1.99 — 1.92 (m, 2H), 1.83 — 1.67 (m,
4H). "C NMR (126 MHz, CDCl,) 6 170.23, 167.04, 165.63, 159.86, 159.66, 159.41, 156.93,

149.53, 138.70, 134.82, 133.56, 131.58, 131.09, 130.21, 130.03, 129.29, 128.69, 128.53, 128.28,
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127.00, 126.16, 125.77, 124.55, 122.11, 121.63, 115.34, 114.96, 113.23, 111.10, 110.27, 71.57,
70.90,48.54,47.94,28.81,28.57,27.71,26.92, 8.56. HRMS (ESI+), m/z [M+Na'] calculated for

C1,H,N,0,Na 655.2420; found 655.2391.
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N-(7-(((1r,dr)-4-(Benzylamino)cyclohexyl)oxy)-8-methyl-2-o0x0-2H-chromen-3-yl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.11a).

Benzyl Bromide (0.12mL,1.0mmol), was added to a solution of S.4a ( 1.32g, 2.5mmol),
K,CO; ( 0.15g, 1.Immol), in MeCN (30mL) and heated at reflux. After 24 h. the reaction was
cooled to rt, quenched with water, and worked-up with EtOAc (3 x 50mL). The organic layers
were combined, dried, concentrated and purified via column chromatography (SiO,, 1:10,
MeOH: DCM) to afford 5.10a as a white amorphous solid (50% yield): '"H NMR (500 MHz,
Chloroform-d) 6 8.79 (s, 1H), 8.69 (s, 1H), 7.92 — 7.87 (m, 2H), 7.53 (d,J = 7.4 Hz, 2H), 741 —
7.30 (m, 6H), 7.12 (ddd,J=7.6,1.6,1.0 Hz, 1H), 7.09 (dd,J=2.6, 1.6 Hz, 1H), 7.06 (d,J = 8.7
Hz, 1H),6.93 (ddd,J=8.2,2.6,1.0 Hz, 1H),6.87 (d,J=8.7 Hz, 1H),4.32 (ddt,/=9.5,6.7,3 4
Hz, 1H), 3.96 (s, 2H), 3.89 (s, 3H), 3.85 (s, 3H), 2.82 (dd, J = 12.3, 8.8 Hz, 1H), 2.27 (s, 3H),
221(d,J=11.3Hz,5H),1.71 —=1.62 (m,2H), 1.49 (td,J=11.2,9.9, 2.6 Hz, 2H)."C NMR (126
MHz, CDCl;) 6 165.62, 159.87, 159.64, 159.44,157.10, 149.53, 138.73, 131.12, 130.07, 129.31,
129.11, 128.31, 126.22, 125.69, 12443, 122.14, 121.81, 115.34, 113.64, 113.28, 111.11, 110.85,
75.48, 5442, 49.13, 29.76, 27.59, 8.48. HRMS (ESI+), m/z [M+H"] calculated for C;,H;N,Oq

619.2808; found 619.2791.
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N-(7-(((1s,4s)-4-(Benzylamino)cyclohexyl)oxy)-8-methyl-2-0x0-2H-chromen-3-yl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (11b).

Compound 5.11b was obtained following the procedure for the synthesis of 5.11a as a white
amorphous solid (70%): "H NMR (500 MHz, Chloroform-d) & 8.79 (d, J = 2.0 Hz, 1H), 8.70 (d,
J=29Hz, 1H), 7.94 — 7.88 (m, 3H), 7.41 — 7.36 (m, 3H), 7.35 - 7.27 (m, 5H), 7.23 — 7.19 (m,
1H), 7.13 (dt, J="7.6, 1.2 Hz, 2H), 7.10 — 7.04 (m, 3H), 6.93 (dd, /= 8.3, 2.5 Hz, 1H), 6.86 (dd,
J=11.6,8.7 Hz, 1H), 4.66 (s, 1H), 4.60 (dd, J= 7.4, 4.3 Hz, 1H), 3.90 (s, 4H), 3.86 (d,/=5.3
Hz, 5H), 3.69 (s, 2H), 2.64 (dt, J=11.5, 3.7 Hz, 1H), 2.36 (d, /= 1.2 Hz, 3H), 2.18 — 2.02 (m,
2H), 1.79 (ddd, J = 26.3, 13.3, 6.6 Hz, 2H), 1.69 — 1.55 (m, 6H). >°C NMR (126 MHz, CDCl3) &
165.90, 160.15, 159.73, 149.83, 141.33, 139.02, 131.44, 130.36, 129.57, 128.82, 128.57, 128.49,
127.05, 126.56, 125.89, 124.88, 122.43, 115.64, 113.56, 111.41, 110.62, 72.12, 57.15, 56.29,
55.73,54.24, 51.40, 29.82, 28.83, 28.43, 22.85, 8.83. HRMS (ESI+), m/z [M+H ] calculated for

C33H33N206 619.2808; found 619.2811.
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N-(7-(((1rdr)-4-(Bis(cyclopropylmethyl)amino)cyclohexyl)oxy)-8-methyl-2-oxo0-2H-

chromen-3-yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.12a).
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Cyclopropylmethyl methanesulfonate (0.18g, 1.2mmol) was added to a solution of DIPEA (
0.32 mL, 1.8mmol), 54b ( 0.528¢g, 1.0mmol), and anhydrous MeCN (10mL). The mixture was
placed in a sealed microwave safe septum-capped tube, and heated to 120 °C in a microwave
synthesizer. After 1h the reaction was complete and the vial was cooled to rt and quenched with
water. The reaction was worked-up with EtOAc (3 x 20mL). The organic layers were
combined, dried, concentrated, and purified via column chromatography (SiO,, 1:10, MeOH:
DCM) to afford 5.12a as a white amorphous solid (30% yield): 'H NMR (500 MHz, Methanol-
d4) 6 8.69 (d,J =34 Hz, 1H),7.86 (dd,J =8.8,2.3 Hz, 1H),7.82 (d,/ =24 Hz, 1H), 7.35 (d, J
=2.2 Hz, 1H), 7.33 - 7.28 (m, 2H), 7.10 — 7.05 (m, 3H), 6.85 — 6.82 (m, 2H), 4.32 — 4.30 (m,
1H), 3.85 (d, J = 25.3 Hz, 6H), 2.80 (m, 1H), 2.25 (s, 3H), 2.20 (m, 4H), 2.07 (d, J = 12.9 Hz,
3H),1.90 - 1.85 (m,2H), 1.80 (td,J=11.5,3.1 Hz, 1H), 1.69 (d,J = 12.3 Hz, 2H). -0.10 — -0.15
(m, 2H), -0.69 (m, 4H), -0.79 — -0.95 (m, 4H). "C NMR (126 MHz, MeOD) & 166.39, 160.42,
160.02, 157.76,150.42, 139.12, 131.81, 130.23, 129.76, 129.21, 126.86, 125.52, 122.27, 122.11,
116.31,115.96,114.34,113.75,113.04,111.62,110.72,70.44, 56.51, 55.93, 54.34,30.41, 28.22,
25.54,13.16, 8.02,3.91. HRMS (ESI+), m/z [M+H"] calculated for C,,H,,N,0,637.3278; found

637.3266.
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N-(7-(((1s,4s)-4-(Bis(cyclopropylmethyl)amino)cyclohexyl)oxy)-8-methyl-2-oxo0-2H-

chromen-3-yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.12b).
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Compound 5.12b was obtained following the procedure for the synthesis of 5.12a as a white
amorphous solid (30%): '"H NMR (500 MHz, Methanol-d4) 6 8.75 (d, J = 3.6 Hz, 1H), 7.82 (dd,
J=8.7,24Hz,1H),7.79 (d,J=2.6 Hz, 1H), 7.35 (d,J = 2.7 Hz, 1H), 7.33 - 7.29 (m, 2H), 7.07
—7.02 (m, 3H), 6.88 — 6.82 (m, 2H), 4.66 — 4.63 (m, 1H), 3.84 (d, J = 24.6 Hz, 6H), 3.13 — 3.09
(m, 1H), 2.32 (s, 3H), 2.27 (m, 4H), 2.18 (d, J = 13.4 Hz, 3H), 1.93 — 1.88 (m, 2H), 1.81 (td, J =
12.1,3.3 Hz, 1H), 1.68 (d, J = 12.4 Hz, 2H). -0.04 — -0.14 (m, 2H), -0.65 (m, 4H), -0.83 —-1.00
(m, 4H). "C NMR (126 MHz, MeOD) & 166.20, 160.15, 160.46, 157.42, 150.45, 139.48,
131.38, 130.69, 129.95, 129.00, 126.64, 125.75, 122.74, 122.34,116.02, 115.36, 114.51, 113.13,
113.00, 111.52, 110.11, 7049, 56.66, 55.75, 54.81, 30.32, 28.75, 2591, 13.11, 8.07, 3.55.

HRMS (ESI+), m/z [M+H"] calculated for C,,H,,N,O,637.3278; found 637.3292.
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N-(7-(((1r,dr)-4-((Cyclopropylmethyl)amino)cyclohexyl)oxy)-8-methyl-2-oxo0-2H-
chromen-3-yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.12c).

Compound 5.12¢ was obtained following the procedure for the synthesis of 5.12a as a white
amorphous solid (30%): 'H NMR (500 MHz, Methanol-d4) 6 8.68 (d, J = 3.3 Hz, 1H), 7.85 (dd,
J=8.7,2.6Hz, 1H),7.80 (d,J=2.6 Hz, 1H),7.33 (d,J=2.4 Hz, 1H), 7.32 - 7.29 (m, 2H), 7.06
—7.04 (m,3H), 6.87 — 6.82 (m, 2H), 4.52 (s, 1H), 4.35 - 4.30 (m, 1H), 3.81 (d, J =24.9 Hz, 6H),
2.83 (m, 1H), 2.29 (s, 3H), 2.24 (t, J = 5.5 Hz, 2H), 2.10 (d, J = 13.0 Hz, 3H), 1.94 — 1.89 (m,
2H), 1.81 (td,J=11.7,3.4 Hz, 1H), 1.68 (d, J = 12.2 Hz, 2H) -0.08 — -0.16 (m, 1H), -0.66 (dt, J

= 7.7, 2.7 Hz, 2H), -0.82 — -1.01 (m, 2H). "C NMR (126 MHz, MeOD) & 166.72, 160.53,
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160.11, 157.39, 150.36, 13943, 131.66, 130.08, 129.42, 129.30, 126 .45, 125.77, 122.32, 122 .06,
116.31,115.83,114.33,113.11, 113.00, 111.67, 110.22,70.84,56.59, 55.97, 54.33, 30.53, 28 .05,
25.67, 13.36, 8.32, 3.19. HRMS (ESI+), m/z [M+H"] calculated for C,;H;sN,0O, 583.2808; found

583.2806.
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N-(7-(((1s,45s)-4-((Cyclopropylmethyl)amino)cyclohexyl)oxy)-8-methyl-2-oxo0-2H-
chromen-3-yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.12d).

Compound 5.12d was obtained following the procedure for the synthesis of 5.12a as a white
amorphous solid (30%): 'H NMR (500 MHz, Methanol-d4) 6 8.70 (d, J = 3.4 Hz, 1H), 7.86 (dd,
J=85,25Hz, 1H),7.81 (d,J=2.7Hz,1H),7.36 (d,J =2.6 Hz, 1H), 7.34 - 7.27 (m, 2H), 7.08
—7.01 (m, 3H), 6.89 — 6.83 (m, 2H), 4.69 — 4.62 (m, 1H),4.49 (s, 1H),3.82 (d,J =24.7 Hz, 6H),
3.15-3.06 (m, 1H), 2.30 (s, 3H), 2.25 (t,J = 5.7 Hz, 2H), 2.14 (d,J = 13.3 Hz, 3H), 1.92 — 1.83
(m, 2H), 1.79 (td, J = 11.9,3.2 Hz, 1H), 1.66 (d, J = 12.3 Hz, 2H). -0.04 — -0.15 (m, 1H), -0.64
(dt,J =79, 29 Hz, 2H), -0.85 — -1.03 (m, 2H). "C NMR (126 MHz, MeOD) & 166.82, 160.71,
160.06, 157.41, 150.25, 139.42, 131.78, 130.68, 129.92, 129.90, 126.60, 125.95, 122.77, 122.14,
116.00, 115.66,114.11,113.83,113.80,111.92,110.91, 70.89, 56.56, 55.99, 54 .21, 30.40, 28.65,
25.90, 13.81, 8.67, 3.29. HRMS (ESI+), m/z [M+H"] calculated for C,sH;sN,0O, 583.2808; found

583.2786.
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N-(7-(((1r,4r)-4-(Bis(tetrahydrofuran-3-yl)amino)cyclohexyl)oxy)-8-methyl-2-oxo0-2H-
chromen-3-yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.13a).

Compound 5.13a was obtained following the procedure for the synthesis of 5.12a as a white
amorphous solid (30%): "H NMR (500 MHz, Methanol-d4) & 8.72 (d, J = 3.4 Hz, 1H), 7.81 (dd,
J=28.9,2.5Hz, 1H), 7.79 (d, J=2.6 Hz, 1H), 7.36 (d, J=2.5 Hz, 1H), 7.31 — 7.29 (m, 2H), 7.09
—7.02 (m, 3H), 6.90 — 6.86 (m, 2H), 4.39-4.37 (m, 2H), 4.32 — 4.29 (m, 1H), 3.88-3.85 (m, 2H),
3.82 (d, J=24.8 Hz, 6H), 3.70 (m, 2H), 3.66-3.63 (m, 2H), 2.80 (m, 1H), 2.22 (s, 3H), 2.11-2.09
(m, 4H), 1.97 (m, 1H), 1.92 — 1.86 (m, 2H), 1.83-1.80 (m, 4H), 1.69 (m, 2H). *C NMR (126
MHz, MeOD) 8 162.31, 159.07, 159.02, 157.79, 144.57, 131.71, 129.99, 129.77, 129.19, 128.28,
127.62, 125.65, 123.02, 123.12, 122.02, 120.31, 117.82, 115.57, 115.35, 114.28, 75.32, 71.07,
66.69, 58.49, 57.71, 53.69, 52.39, 51.31, 35.24, 31.02, 27.67, 27.39 7.55. HRMS (ESI+), m/z

[M+H+] calculated for C390H44N,05 669.3187; found 669.3200.
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N-(7-(((1s,4s)-4-(Bis(tetrahydrofuran-3-yl)amino)cyclohexyl)oxy)-8-methyl-2-oxo0-2H-

chromen-3-yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.13b).
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Compound 5.13b was obtained following the procedure for the synthesis of 5.12a as a white
amorphous solid (30%): '"H NMR (500 MHz, Methanol-d4) & 8.82 (d, J = 3.5 Hz, 1H), 7.80 (dd,
J=8.6,23Hz,1H),7.75 (d,J=2.6 Hz, 1H), 7.50 (d, J = 2.3 Hz, 1H), 7.34 — 7.28 (m, 2H), 7.05
—7.01 (m, 3H), 6.87 — 6.82 (m, 2H), 4.68 — 4.63 (m, 1H), 4.42-4.38 (m, 2H), 3.90-3.87 (m, 2H),
3.79 d, J = 24.8 Hz, 6H), 3.75 (m, 2H), 3.65-3.60 (m, 2H), 3.11 — 3.06 (m, 1H), 2.28 (s, 3H),
2.10 (d, 4H), 1.99-1.93 (m, 2H), 1.89 — 1.80 (m, 5H), 1.72 (m, 1H), 1.66 (m, 1H). "C NMR (126
MHz, MeOD) & 162.45, 159.35,159.02, 157.17, 144.02, 131.86, 129.95, 129.45, 129.23, 128.37,
127.14, 125.01, 123.28, 123.02, 122.09, 120.55, 117.85, 115.51, 115.21, 114.67, 75.34, 71.31,
66.49, 58.62, 57.51, 53.66, 52.12, 51.14, 35.54, 31.13, 27.56, 27.23 7.55. HRMS (ESI+), m/z

[M+H"] calculated for C;,H,,N,O, 669.3187; found 669.3165.
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3',6-Dimethoxy-N-(8-methyl-2-0x0-7-(((1r,4r)-4-((tetrahydrofuran-3-
yl)amino)cyclohexyl)oxy)-2H-chromen-3-yl)-[1,1'-biphenyl]-3-carboxamide (5.13c).

Compound 5.13¢ was obtained following the procedure for the synthesis of 5.12a as a white
amorphous solid (30%): 'H NMR (500 MHz, Methanol-d4) 6 8.72 (d, J = 3.5 Hz, 1H), 7.89 (dd,
J=838,2.5Hz, 1H),7.80 (d,J=2.6 Hz, 1H),7.33 (d,J =2.6 Hz, 1H), 7.30 — 7.27 (m, 2H), 7.06
—7.01 (m, 3H), 6.86 — 6.80 (m, 2H), 4.55 (s, 1H), 4.38 (t,/ = 5.9 Hz, 1H), 4.32 — 429 (m, 1H),
3.88 (q,J=7.5Hz, 1H),3.80 (d, J =24.7 Hz, 6H), 3.74 (dt, J = 8.3,4.2 Hz, 1H), 3.67 (dq, J =
129,4.5,3.8 Hz, 1H), 2.82 (m, 1H), 2.23 (s, 3H), 2.11 (d, J = 13.2 Hz, 3H), 1.99 (ddd, J = 14.2,

9.4, 6.0 Hz, 1H), 1.94 — 1.88 (m, 2H), 1.83-1.80 (m, 2H), 1.67 (m, 2H). "C NMR (126 MHz,
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MeOD) 6 162.01, 159.37, 159.32, 157.72, 144.53, 131.41, 129.97, 12947, 129.39, 128.48,
127.32, 125.61, 123.82, 123.02, 122.00, 12041, 117.85, 115.50, 115.15, 114.22, 75.22, 71.27,
66.62, 58.19, 57.71, 53.29, 52.39, 51.11, 35.02, 31.72, 27.97, 27.69 7.31. HRMS (ESI+), m/z

[M+H"] calculated for C;sH{N,0,599.2709; found 599.2720.
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3',6-Dimethoxy-N-(8-methyl-2-0x0-7-(((1s,4s)-4-((tetrahydrofuran-3-
yl)amino)cyclohexyl)oxy)-2H-chromen-3-yl)-[1,1'-biphenyl]-3-carboxamide (5.13d).

Compound 5.13d was obtained following the procedure for the synthesis of 5.12a as a white
amorphous solid (30%): '"H NMR (500 MHz, Methanol-d4) 6 8.80 (d, J = 3.4 Hz, 1H), 7.85 (dd,
J=88,26Hz,1H),7.79 (d,J =29 Hz, 1H),7.49 (d,J =2.4 Hz, 1H), 7.34 — 7.28 (m, 2H), 7.03
—7.00 (m, 3H), 6.85 — 6.82 (m, 2H), 4.70 — 4.65 (m, 1H), 4.50 (s, 1H), 4.40 (t,/ = 5.9 Hz, 1H),
3.88(q,J=7.6 Hz, 1H),3.81 (d,J =24.5 Hz, 6H),3.76 (dt,J =8.4,43 Hz, 1H), 3.62 (dq, J =
12.7,4.5,3.7Hz, 1H), 3.12 - 3.07 (m, 1H), 2.32 (s, 3H), 2.14 (d,4H), 1.99 (ddd, J = 14.2,9 4,
6.0 Hz, 1H), 1.92 — 1.80 (m, 3H), 1.75 (td,J = 11.7, 3.1 Hz, 1H), 1.68 (d, J = 12.4 Hz, 1H). °C
NMR (126 MHz, MeOD) 6 162.11, 159.33, 159.02, 157.76, 144.52, 131.44, 129.90, 129.67,
129.23,128.67,127.02, 125.61, 123.22,123.02, 122.00, 120.11, 117.05, 115.59, 115.45, 114.67,
75.09,71.32,66.45,58.65,57.71,53.48,52.23,51.16,35.12,31.45,27.22,27.13 7.33. HRMS

(ESI+), m/z [M+H"] calculated for C,;H;3N,0,599.2709; found 599.2720.
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N-(7-(((1r,dr)-4-(Bis((tetrahydrofuran-3-yl)methyl)amino)cyclohexyl)oxy)-8-methyl-2-
0x0-2H-chromen-3-yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.14a).

Compound 5.14a was obtained following the procedure for the synthesis of 5.12a as a white
amorphous solid (30%): '"H NMR (500 MHz, Methanol-d4) 6 791 (d, J = 2.4 Hz, 1H), 7.11 —
7.06 (m, 1H),7.02 (d,J =24 Hz, 1H),6.60 (d,J = 3.0 Hz, 1H), 6.55 — 6.46 (m, 2H), 6.35 (ddt, J
=8.1,6.7,2.2 Hz, 3H), 6.29 - 6.21 (m, 2H), 6.00 (ddd,J=7.0,5.1,3.2 Hz, 1H), 3.56 — 3.42 (m,
1H),3.17 (d,J=1.6 Hz,3H), 3.11 (d,J = 3.0 Hz, 3H), 2.99 — 2.88 (m, 2H), 2.79 (m, 2H), 2.75 -
2.68 (m, 2H), 2.63 — 2.58 (m, 2H), 2.50 (s, 3H),2.48 (dt,J = 3.3, 1.5 Hz, 1H), 2.30 (m, 2H), 1.88
— 1.76 (m, 1H), 1.62-1.57 (m, 4H), 1.42 — 1.30 (m, 2H), 1.25 (m, 2H), 1.09 — 1.02 (m, 1H). °C
NMR (126 MHz, MeOD) 6 165.06, 159.63, 158.41, 149.33, 144.21, 138.74, 130.39, 129.36,
128.23, 128.07, 125.56, 123.06, 121.59, 114.61, 112.31, 110.98, 70.08, 67.90, 63.52, 55.06,
54.00, 53.17, 49.37, 40.99, 33.76, 28.48, 7.04. HRMS (ESI+), m/z [M+H"] calculated for

C,,H,:N,0, 697.3464; found 697.3487.

0O
O\ OMe
i -
N\©\ N N OMe
& (0] 0] OO
(0]

347



N-(7-(((1s,4s)-4-(Bis((tetrahydrofuran-3-yl)methyl)amino)cyclohexyl)oxy)-8-methyl-2-
0x0-2H-chromen-3-yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.14b).

Compound 5.14b was obtained following the procedure for the synthesis of 5.12a as a white
amorphous solid (30%): '"H NMR (500 MHz, Methanol-d4) & 7.93 (d, J = 2.7 Hz, 1H), 7.20 —
7.15 (m, 1H), 7.10 (d,J = 2.5 Hz, 1H), 6.66 (d, J = 3.0 Hz, 1H), 6.55 — 6.40 (m, 2H), 6.30 (ddt, J
=7.7,6.3,24 Hz,3H),6.21 - 6.17 (m, 2H), 6.09 (ddd, J=6.4,5.1,3.8 Hz, 1H), 3.55 - 3.40 (m,
1H), 3.10 (s, 3H), 3.06 (s, 3H), 2.95 — 2.89 (m, 2H), 2.77 (m, 2H), 2.73 — 2.68 (m, 2H), 2.60 —
2.53 (m, 2H), 2.45(s, 3H), 2.30 (dt, J = 3.3, 1.8 Hz, 1H), 2.22 (m, 2H), 1.88 — 1.65 (m, 1H), 1.58
(m, 4H), 1.39 — 1.28 (m, 2H), 1.22 (m, 2H), 1.13 — 1.06 (m, 1H). "C NMR (126 MHz, MeOD) 6
165.53,159.41, 158.89, 149.05, 144.40, 138.22, 130.44, 129.78, 128.69, 128.19, 125.56, 123.93,
121.88, 114.23, 112.15, 110.63, 70.78, 67.22, 63.42, 55.06, 54.10, 53.57, 49.27, 40.99, 33.82,

28.58,7.66. HRMS (ESI+), m/z [M+H"] calculated for C,;H,sN,O, 697.3464; found 697.3436.
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3',6-Dimethoxy-N-(8-methyl-2-0x0-7-(((1r,4r)-4-(((tetrahydrofuran-3-
yl)methyl)amino)cyclohexyl)oxy)-2H-chromen-3-yl)-[1,1'-biphenyl]-3-carboxamide (5.14c).

Compound 5.14¢ was obtained following the procedure for the synthesis of 5.12¢ as a white
amorphous solid (30%): '"H NMR (500 MHz, Methanol-d4) & 7.95 (d, J = 2.9 Hz, 1H), 7.19 —
7.15 (m, 1H), 7.05 (d,J =2.3 Hz, 1H), 6.57 (d,J = 2.7 Hz, 1H), 6.55 — 6.49 (m, 2H), 6.34 (ddt, J
=7.7,65,24 Hz, 3H), 6.29 — 6.22 (m, 2H), 6.03 (ddd, J = 6.5, 5.5, 3.6 Hz, 1H), 3.62 (s, 1H),
3.54 -3.38 (m, 1H),3.15(d,J=1.8 Hz,3H), 3.11 (d,J =3.2 Hz,3H), 2.98 — 2.86 (m, 1H), 2.77

(td,J=5.8,29Hz,1H),2.76 — 2.69 (m, 1H), 2.64 — 2.55 (m, 1H), 2.52 (s, 3H), 2.49 (dt,J = 3.5,
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1.3 Hz, 1H), 2.40 (dd, J = 8.9, 4.5 Hz, 1H), 1.70 — 1.56 (m, 1H), 1.40 (dd, J = 5.6, 3.4 Hz, 4H),
1.30 — 1.24 (m, 2H), 1.18 (dddd, J = 17.5, 14.8, 10.3, 4.5 Hz, 2H), 0.99 — 0.84 (m, 1H). °C NMR
(126 MHz, MeOD) & 16547, 159.47, 158.37, 149.04, 144.19, 138.32, 130.51, 129.49, 12841,
128.09, 125.73, 123.58, 121.19, 114.11, 112.61, 110.78, 70.48, 67.09, 63.34, 55.35, 54.82, 53.07,
49.15, 41.00, 33.72, 28.08, 7.66. HRMS (ESI+), m/z [M+H'] calculated for CsH,N,O,

613.2807; found 613.2801.

OMe
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3',6-Dimethoxy-N-(8-methyl-2-0x0-7-(((1s,4s)-4-(((tetrahydrofuran-3-
yl)methyl)amino)cyclohexyl)oxy)-2H-chromen-3-yl)-[1,1'-biphenyl]-3-carboxamide (5.14d).

Compound 5.14d was obtained following the procedure for the synthesis of 5.12¢ as a white
amorphous solid (30%): '"H NMR (500 MHz, Methanol-d4) & 7.90 (d, J = 2.7 Hz, 1H), 7.09 —
7.05 (m, 1H),7.04 (d,J =2.5 Hz, 1H), 6.56 (d,J = 2.9 Hz, 1H), 6.55 — 6.46 (m, 2H), 6.34 (ddt, J
=79,6.7,24 Hz, 3H), 6.30 - 6.22 (m, 2H), 6.09 (ddd, J = 6.8, 5.3, 3.8 Hz, 1H), 3.52 — 3.36 (m,
1H),3.05(d,J=1.8Hz,3H),3.01 (d,/=3.2 Hz,3H),2.93 - 2.86 (m, 1H), 2.76 (td,J =5.6,2.7
Hz, 1H),2.73 — 2.68 (m, 1H),2.67 — 2.58 (m, 1H),2.54 (d,J=3.3 Hz,3H),2.50 (dt,/=34,1.6
Hz, 1H),2.41 (dd,J =8.8,4.7 Hz, 1H), 1.66 — 1.53 (m, 1H), 1.44 (dd, J =5.8, 3.3 Hz, 4H), 1.32
— 1.24 (m, 2H), 1.15 (dddd, J = 17.3, 150, 10.3, 4.3 Hz, 2H), 0.86 — 0.67 (m, 1H). "C NMR
(126 MHz, MeOD) 6 165.57, 159.47, 158.87, 149.07, 144.49, 138.25, 130.54, 129.49, 128.71,

128.09, 125.23,123.56, 121.59, 11481, 112.61, 110.72,70.18, 67.39, 63.50, 55.36, 54.80, 53.27,
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49.17, 40.94, 33.70, 28.18, 7.64. HRMS (ESI+), m/z [M+H'] calculated for CsH,N,O,

613.2807; found 613.2792.

OMe
! 0 00
O/NO N OMe
© 0 0 oO

3',6-Dimethoxy-N-(8-methyl-2-0x0-7-(((1r,4r)-4-((tetrahydro-2H-pyran-4-
yl)amino)cyclohexyl)oxy)-2H-chromen-3-yl)-[1,1'-biphenyl]-3-carboxamide (5.15c).

Compound 5.15¢ was obtained following the procedure for the synthesis of 5.12a as a white
amorphous solid (30%): '"H NMR (500 MHz, Methanol-d4) & 8.59 (s, 1H), 7.75 (dd, J = 8.6,2.5
Hz, 1H),7.70 (d,J =24 Hz, 1H),7.26 (d,J =2.3 Hz, 1H), 7.22 — 7.15 (m, 2H), 6.97 — 6.90 (m,
3H), 6.78 — 6.70 (m, 2H), 4.62, (s, 1H), 4.55 (t,J = 3.1 Hz, 1H), 3.77 (dt,J = 11.8,4.2 Hz, 2H),
3.73 (s, 3H), 3.68 (s, 3H), 3.61 (tt, J =9.1,4.2 Hz, 1H), 3.27 (ddd, J = 12.1, 10.3, 2.6 Hz, 2H),
3.05-292 (m, 1H), 2.19 (s, 3H), 2.09 — 1.98 (m, 2H), 1.69 (m, 4H), 1.60 — 1.47 (m, 2H), 1.37
(dtd, J = 13.6,9.7, 4.2 Hz, 2H), 1.31 (dd, J = 7.1, 2.3 Hz, 4H). °C NMR (126 MHz, MeOD)
165.64, 159.50, 158.86, 156.21, 149.07, 138.22, 130.59, 129.50, 128.73, 127.84, 125.43, 124.76,
121.59, 114.83, 112.63, 110.75, 109.73, 79.98, 69.68, 59.67, 55.38, 54.81, 53.05, 34.62, 34 47,
2746, 24.69, 749. HRMS (ESI+), m/z [M+H"] calculated for C;H,,N,O, 613.2867; found

613.2854.

OMe
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3',6-Dimethoxy-N-(8-methyl-2-0x0-7-(((1s,4s)-4-((tetrahydro-2H-pyran-4-
yl)amino)cyclohexyl)oxy)-2H-chromen-3-yl)-[1,1'-biphenyl]-3-carboxamide (5.15d).

Compound 5.15d was obtained following the procedure for the synthesis of 5.12a as a white
amorphous solid (30%): 'H NMR (500 MHz, Methanol-d4) 6 8.68 (d, J = 2.8 Hz, 1H), 7.83 (dt,
J=85,32Hz, 1H),7.79 (t,J = 3.1 Hz, 1H), 7.30 (m, 2H), 7.04 — 6.97 (m, 4H), 6.81 (ddd, J =
169, 8.8, 4.7 Hz, 2H), 4.65 (s, 1H), 4.62 — 4.56 (m, 1H), 3.85 — 3.70 (m, 2H), 3.55 (ddd, J =
10.5, 6.6, 3.3 Hz, 2H), 3.25 (dt,J = 3.1, 1.6 Hz, 6H), 3.02 (qd,J =7.5,2.9 Hz, 1H), 2.66 (d, J =
2.6 Hz, 1H),2.27 (d,J=3.0 Hz, 3H), 2.14 - 2.04 (m, 2H), 1.83 (d,J=13.0 Hz,2H), 1.72 (d, J =
12.3 Hz,2H), 1.62 (dd,J = 14.0,3.1 Hz, 2H), 1.33 (dt,/J=6.7,2.2 Hz,2H), 1.29 (dd,J=6.7,2.9
Hz, 2H). "C NMR (126 MHz, MeOD) & 165.64, 159.50, 158.86, 156.21, 149.07, 138.22,
130.59, 129.50, 128.73, 127.84, 125.43, 124.76, 121.59, 114.83, 112.63, 110.75, 109.73, 80.02,
69.68, 59.67, 55.38, 54.81, 53.05, 34.62, 34.47, 2746, 24.69, 7.49. HRMS (ESI+), m/z [M+H"]

calculated for C;sH,,N,0O, 613.2867; found 613.2854.

@)

Q OMe
¢ I -
Q/NO N OMe
© 0 0 oO

N-(7-(((1r,dr)-4-(Bis(tetrahydro-2H-pyran-4-yl)amino)cyclohexyl)oxy)-8-methyl-2-oxo-
2H-chromen-3-yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.15a).

Compound 5.15a was obtained following the procedure for the synthesis of 5.12a as a white
amorphous solid (30%): '"H NMR (500 MHz, Methanol-d4) & 8.50 (s, 1H), 7.78 (dd,J = 8.4,2.2

Hz,1H),7.71 (d,J =24 Hz, 1H),7.30 (d,J =24 Hz, 1H), 7.23 - 7.17 (m, 2H), 6.90 — 6.84 (m,
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3H), 6.76 — 6.70 (m, 2H), 4.50 (t, J = 3.2 Hz, 1H), 3.78 (dt, J = 11.9, 4.0 Hz, 4H), 3.70 (s, 3H),
3.67 (s,3H), 3.60 (tt,J =9.1,4.2 Hz, 2H), 3.30 (ddd, J = 12.0, 10.1, 2.5 Hz, 4H), 3.05 - 2.92 (m,
1H), 2.10 (s, 3H), 2.02 — 1.96 (m, 2H), 1.65 (m, 4H), 1.58 — 1.49 (m, 2H), 1.39 (dtd, J = 13.5,
9.9,4.2 Hz, 4H) 1.31 (dd, J = 7.1, 2.3 Hz, 4H). "C NMR (126 MHz, MeOD) 6 165.94, 159.55,
158.06, 155.71, 149.00, 138.42, 130.51, 129.00, 128.33, 127.14, 125 .44, 124.56, 121.50, 114.89,
112.03, 110.55, 10943, 79.90, 69.68, 59.63, 55.18, 54.21, 53.15, 34.64, 34.40, 27.56, 24.60,

7.89. HRMS (ESI+), m/z [M+H"] calculated for C,H,,N,O; 697.3403; found 697.3421.
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N-(7-(((1s,4s)-4-(Bis(tetrahydro-2H-pyran-4-yl)amino)cyclohexyl)oxy)-8-methyl-2-oxo-
2H-chromen-3-yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.15b).

Compound 5.15b was obtained following the procedure for the synthesis of 5.12a as a white
amorphous solid (30%): 'H NMR (500 MHz, Methanol-d4) 6 8.66 (d, J = 2.8 Hz, 1H), 7.82 (dt,
J=8.6,30Hz, 1H), 7.77 (t,J = 2.8 Hz, 1H), 7.28 (m, 2H), 7.01 — 6.92 (m, 4H), 6.80 (ddd, J =
16.7,8.9,4.5 Hz, 2H),4.60 — 4.51 (m, 1H), 3.83 — 3.72 (m, 4H), 3.50 (ddd, J = 10.7, 6.6, 3.1 Hz,
4H), 3.27 (d, 6H), 3.02 (qd, J =7.5,2.9 Hz, 2H), 2.62 (d, J = 2.8 Hz, 1H), 2.20 (s, 3H), 2.13 —
2.08 (m, 2H), 1.80 (d, J = 12.8 Hz, 2H), 1.75 (d, J = 12.5 Hz, 2H), 1.60 (dd, J = 14.2, 3.0 Hz,
2H), 1.35 (dt,J = 6.5, 2.4 Hz, 4H), 1.30 (dd, J = 6.9, 2.6 Hz, 4H). °C NMR (126 MHz, MeOD)
0 165.04, 159.51, 158.82, 156.22, 149.27, 138.52, 130.50, 129.51, 128.70, 127.14, 12542,

124.26, 121.50, 114.84, 112.63, 110.25, 109.53, 80.12, 69.08, 59.47, 55.08, 54.82, 53.05, 34.22,
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34.44, 27.66, 24.09, 7.59. HRMS (ESI+), m/z [M+H"] calculated for C,H,iN,O; 697.3403;

found 697.3390.

tert-Butyl ((1r4r)-4-((3-(3',6-dimethoxy-[1,1'-biphenyl]-3-ylcarboxamido)-8-methyl-2-
ox0-2H-chromen-7-yl)oxy)-1-methylcyclohexyl)carbamate (5.50a).

Compound 5.50a was obtained following the procedure for the synthesis of 5.1 as a white
amorphous solid (35%): 'H NMR (500 MHz, Chloroform-d) & 8.80 (s, 1H), 8.70 (s, 1H), 7.94 —
7.87 (m, 2H), 7.39 — 7.30 (m, 2H), 7.13 — 7.10 (m, 1H), 7.10 — 7.05 (m, 2H), 6.93 (ddd, J = 8.3,
2.6, 0.9 Hz, 1H), 6.87 (d, J = 8.7 Hz, 1H), 4.40 (s, 1H), 4.32 (dt, J = 9.2, 4.9 Hz, 1H), 3.90 (s,
3H), 3.86 (s, 3H), 2.34 (s, 3H), 2.19 — 2.12 (m, 2H), 1.93 (dq, J = 12.9, 4.5 Hz, 2H), 1.81 — 1.69
(m, 2H), 1.57 (s, 3H), 1.46 (s, 9H), 1.37 (s, 3H). *C NMR (126 MHz, CDCls) & 165.40, 159.65,
159.45, 159.23, 157.20, 149.35, 138.51, 130.94, 129.85, 129.06, 128.04, 126.04, 125.39, 124.28,
121.92, 121.47, 115.14, 113.22, 113.06, 110.91, 110.58, 55.79, 55.23, 51.07, 28.38, 27.26, 8.32.

HRMS (ESI+), m/z [M+Na+] calculated for C37H4N,OgNa 665.2839; found 665.2854.
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N-(7-(((1r,4r)-4-Amino-4-methylcyclohexyl)oxy)-8-methyl-2-oxo-2H-chromen-3-yl)-3',6-

dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.17a).
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Compound 5.17a was obtained following the procedure for the synthesis of 5.4a as a white
amorphous solid (70%): '"H NMR (500 MHz, Chloroform-d) & 9.65 (s, 1H), 8.50 (s, 1H), 8.32 (s,
1H), 801 (dd,J=8.7,24 Hz, 1H),794 (d,J =24 Hz, 1H),7.59 (d,J = 8.6 Hz, 1H), 7.38 (t,J =
79 Hz, 1H), 7.27 (d, J = 8.8 Hz, 1H), 7.14 — 7.08 (m, 3H), 6.97 (ddd, J = 8.3,2.6,0.9 Hz, 1H),
5.76 (s, 1H), 4.71 (s, 1H), 3.89 (s, 3H), 3.82 (s, 3H), 2.21 (s, 3H), 1.88 (td, /= 15.0, 13.3, 9.1 Hz,
6H), 1.62 (dd, J = 10.2, 5.9 Hz, 2H), 1.33 (s, 3H). "C NMR (126 MHz, CDCl;) & 165.61,
15942, 157.05, 150.23, 139.15, 129.86, 126.24, 122.19, 121.67, 95.24, 56.38, 55.57, 53.15,

25.93, 8.69. HRMS (ESI+), m/z [M+H"] calculated for C;,H,,N,0,543.2495; found 543.2470.

tert-Butyl ((1s,4s5)-4-((3-(3',6-dimethoxy-[1,1'-biphenyl]-3-ylcarboxamido)-8-methyl-2-
ox0-2H-chromen-7-yl)oxy)-1-methylcyclohexyl)carbamate (5.50b).

Compound 5.50b was obtained following the procedure for the synthesis of 5.1 as a white
amorphous solid (35%): 'H NMR (500 MHz, Chloroform-d) & 8.79 (s, 1H), 8.69 (s, 1H), 7.94 —
7.88 (m, 2H), 7.38 — 7.30 (m, 2H), 7.12 (dt, /= 7.6, 1.1 Hz, 1H), 7.10 — 7.05 (m, 2H), 4.56 (t, J =
4.2 Hz, 1H), 4.38 (s, 1H), 3.88 (d, /= 19.7 Hz, 5H), 2.34 (s, 3H), 1.95 (d, /= 12.3 Hz, 2H), 1.84
(dt, J=9.2, 4.1 Hz, 4H), 1.78 — 1.72 (m, 2H), 1.60 (s, 3H), 1.45 (s, 9H), 1.37 (s, 3H). *C NMR
(126 MHz, CDCl3) 6 165.65, 159.90, 159.71, 159.48, 157.18, 149.61, 138.76, 131.18, 130.10,
129.31, 128.28, 126.29, 125.72, 124.58, 122.17, 121.67, 115.38, 113.36, 111.16, 110.49, 72.88,
56.03, 55.47, 51.82, 32.06, 28.63, 26.37, 8.45. HRMS (ESI+), m/z [M+Na'] calculated for

C37H42N20gNa 665.2839; found 665.2830.
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N-(7-(((1s,4s)-4-((Cyclopropylmethyl)amino)cyclohexyl)oxy)-8-methyl-2-oxo0-2H-
chromen-3-yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.17b).

Compound 5.17b was obtained following the procedure for the synthesis of 5.4a as a white
amorphous solid (70%): "H NMR (500 MHz, Methanol-d4) & 8.59 (s, 1H), 7.74 (dd, J = 8.6, 2.4
Hz, 1H), 7.70 (d, /= 2.4 Hz, 1H), 7.20 — 7.16 (m, 3H), 6.96 — 6.90 (m, 3H), 6.76 (ddd, J = 8.4,
2.7,1.0 Hz, 2H), 4.33 (dt, /= 7.3, 3.7 Hz, 1H), 3.73 (s, 3H), 3.68 (s, 3H), 3.20 (s, 1H), 2.14 (s,
3H), 1.92 — 1.84 (m, 2H), 1.78 — 1.69 (m, 2H), 1.69 — 1.54 (m, 4H), 1.26 (s, 3H). *C NMR (126
MHz, MeOD) 3 165.65, 159.59, 158.98, 156.56, 149.14, 138.32, 130.72, 129.62, 128.87, 127.94,
125.52,124.71, 121.73, 121.14, 114.95, 113.19, 112.81, 110.84, 110.31, 73.03, 55.54, 54.98,
31.98, 28.53, 25.93, 7.87. HRMS (ESI+), m/z [M+H+] calculated for C3,H34N,0¢ 543.2495;

found 543.2510.

OMs

OMs
Cyclohex-2-ene-1,4-diyl dimethanesulfonate (5.52).
Triethylamine (0.07mL, 0.526 mmol) was added to an ice-cooled solution of alcohol 5.51°!
(0.03 g, 0.26 mmol) in anhydrous tetrahydrofuran (2.5 ml), followed by a dropwise addition of
methanesulfonyl chloride (0.03 ml, 0.39 mmol). The reaction mixture was then allowed to stir at

rt for 4 h. The reaction mixture was diluted with water and extracted with ethyl acetate. The
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organic layers were combined, dried (over Na,SO), concentrated to yield 5.52 as a white

amorphous solid (94%) that was used in the next step without further purification.
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4-((3-(3',6-Dimethoxy-[1,1'-biphenyl]-3-ylcarboxamido)-8-methyl-2-0x0-2H-chromen-7-
yloxy)cyclohex-2-en-1-yl methanesulfonate (5.53).

Compound 5.52 (0.67g, 2.5mmol) was added to a solution of Cs,CO; (0.65, 2.0mmol), 5.36
(0.431g, 1.0mmol) in anhydrous DMF (10mL). The mixture was heated 700C for 12 h. The
reaction was then cooled to rt and worked up with sat. LiCl (3 x 20mL) and EtOAc (30mL). The
organic layer was dried and concentrated to yield mesylate 5.53, which was used immediately

and without further purification.

N-(7-((4-Azidocyclohex-2-en-1-yl)oxy)-8-methyl-2-oxo-2H-chromen-3-yl)-3',6-dimethoxy-
[1,1'-biphenyl]-3-carboxamide (5.54).

A mixture of methanesulfonate ester 5.53 (mg, 1.0 mmol) and sodium azide (mg, 3.0 mmol)
in anhydrous dimethylformamide was heated at 100 °C. After 12 h, the reaction mixture was
cooled to rt and concentrated. The residue was diluted with water and extracted with ethyl

acetate. The organic layers were combined, concentrated and purified by column
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chromatography (SiO,, 1:20, EtOAc : hexane) to afford 5.54 as a white amorphous solid (60%):
'H NMR (500 MHz, Methanol-d4) 6 8.60 (s, 1H), 7.76 (dd, J = 8.1, 2.4 Hz, 1H), 7.60 (d,J =2.3
Hz, 1H), 7.20 — 7.12 (m, 3H), 6.90 — 6.85 (m, 3H), 6.70 (ddd, J = 8.2,2.3, 1.2 Hz, 2H), 5.62 (d,
2H), 4.27-4.20 (m, 1H), 3.86 (s, 3H), 3.82 (s, 3H), 2.25 (m, 1H), 2.21 (m, 1H), 2.11 (s, 3H),
1.96-1.72 (m, 4H). "C NMR (126 MHz, MeOD) & 165.55, 159.39, 158.08, 155.00, 150.32,
138.79, 13092, 129.22, 128.45, 127.17, 125.99, 125.05, 124.11, 121.83, 121.14, 114.98, 113.59,

112.77,110.04,79.02,55.02, 54.33,23.44,23 .02, 8.10.

OMe
H
L) J Cr
HO" > "0 0 oo

OH

N-(7-(((2R 3R)-4-Amino-2 3-dihydroxycyclohexyl)oxy)-8-methyl-2-0x0-2H-chromen-3-
yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.16).

050, (0.001g, 0.002mmol) was added at rt to a solution of 5.54 (0.01g, 0.02mmol) and NMO
(0.006g, 0.05mmol) in THF/H,O (1:1,0.6 mL). The resulting solution was stirred at rt on. After
12 h the THF was evaporated and the residue was extracted with EtOAc (3 x SmL). The organic
layers were collected, dried, concentrated and purified by column chromatography (SiO,, 1:10,
MeOH: DCM) to give a white solid, which was then dissolved in EtOAc (4 mL). Pd/C (10%
w/w, 20 mg) was added, the mixture was degassed and flushed with argon, then degassed and
flushed with hydrogen using a balloon. After 12 h the reaction was filtered through a pad of
Celite, washed with EtOAc. The filtrate was concentrated and purified via column
chromatography (SiO,, 1:10, MeOH: DCM) to give 5.16 as a white solid (33% yield): 'H NMR

(500 MHz, Methanol-d4) 6 8.51 (s, 1H), 7.72 (dd, J = 8.2, 2.1 Hz, 1H), 7.68 (d, J = 2.2 Hz, 1H),
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7.18 —7.10 (m, 3H), 6.93 — 6.88 (m, 3H), 6.71 (ddd, J=8.2,2.4,1.3 Hz, 2H), 4.07-4.05 (m, 1H),
3.96-3.94 (m, 1H), 3.83 (s, 3H), 3.80 (s, 3H), 3.72-3.69 (m, 1H), 2.74 (t,J = 3 Hz, 1H), 2.16 (s,
3H), 1.94-1.72 (m, 4H). °C NMR (126 MHz, MeOD) & 165.87, 159.09, 158.78, 156.16, 149.34,
138.72,130.32,129.62, 128.17, 127.77, 125.55, 12431, 121.23,121.04, 11498, 113.49, 112 .31,

110.34, 73.03, 7242, 71.06, 55.52, 54.18, 23.89, 23.40, 7.80. HRMS (ESI+), m/z [M+H"]

calculated for C;H;,N,O4 561.2254; found 561.2231.

OMe
H
,\\N O OMe
U

N-((1r4r)-4-(4-Hydroxyphenyl)cyclohexyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-

HO

carboxamide (5.63).

Compound 5.63 was synthesized following the procedure reported in Chapter 4.

OMe
H
N O OMe
: r 0
Boc” \O | AN
"’O —

tert-Butyl ((1R 4r)-4-(4-((1r4R)-4-(3' ,6-dimethoxy-[1,1'-biphenyl]-3-
ylcarboxamido)cyclohexyl)phenoxy)cyclohexyl)carbamate (5.64a).

Compound 5.64a was obtained following the procedure for the synthesis of 5.1 as a white
amorphous solid (35%): 'H NMR (500 MHz, Chloroform-d) & 7.73 (ddd, J = 10.5, 8.3, 2.4 Hz,

1H), 7.63 (dd, J = 10.5, 2.1 Hz, 1H), 7.30 (t, J = 8.1 Hz, 1H), 7.11 (q, J/ = 9.2, 8.1 Hz, 3H), 7.05
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(t,J=24Hz, 1H), 6.89 — 6.84 (m, 1H), 6.80 (dd, J=8.1,2.3 Hz, 1H), 6.76 (dt, J = 9.5, 2.6 Hz,
2H),4.53 (s, 1H), 4.42 (t, J = 3.3 Hz, 1H), 4.33— 4.24 (m, 1H), 3.96 (m, 1H), 3.85 (d, 6H), 3.11
(dt,J =10.2,4.8 Hz, 1H), 2.32 (tt, J = 11.8, 3.6 Hz, 1H), 2.12 (ddt, J = 19.1, 12.5, 3.7 Hz, 4H),
192 (ddd, J =275,140,3.1 Hz, 2H), 1.86 — 1.73 (m, 6H), 1.58(dtd, J = 18.2, 10.5, 8.3, 4.3 Hz,
4H), 1.45 (s, 9H). "C NMR (126 MHz, CDCl,) & 167.44, 159.67, 159.19, 155.00, 140.93,
139.33,131.01, 130.06, 129.79, 128.40, 128.03, 122.12, 11641, 116 .08, 113.66, 113.07, 111.32,
70.52,56.16, 55.00, 43.45, 34.19, 33.88, 30.34, 29.15, 28.55, 25.70. HRMS (ESI+), m/z [M+H"]

calculated for C;;H,sN,0,629.3535; found 629.3032.

OMe
H
N O OMe
HoN o) O
[ ]"'O

N-((1R 4r)-4-(4-(((1r,4R)-4-Aminocyclohexyl)oxy)phenyl)cyclohexyl)-3',6-dimethoxy-
[1,1'-biphenyl]-3-carboxamide. (5.18a).

Compound 5.18a was obtained following the procedure for the synthesis of 5.4a as a white
amorphous solid (70%): '"H NMR (500 MHz, Chloroform-d) & 7.75 (ddd, J = 10.7, 8.5, 2.4 Hz,
1H), 7.64 (dd,J =10.5,2.3 Hz, 1H), 7.30 (t,J =79 Hz, 1H), 7.08 (q,J =9.1, 8.3 Hz, 3H), 7.03
(t,/=2.2Hz, 1H), 6.99 — 6.94 (m, 1H), 6.87 (dd, J = 8.3,2.5 Hz, 1H), 6.78 (dt, / = 9.8, 2.6 Hz,
2H),4.46 (t,J =3.1 Hz, 1H), 4.30 — 4.23 (m, 1H),3.96 (ddd,J=11.9,7.7,4.3 Hz, 1H), 3.81 (dt,
J=7.1,34Hz,6H),3.09 (dt,J =10.0,5.0 Hz, 1H), 2.42 (tt,J = 12.0,3.4 Hz, 1H), 2.12 (ddt, J =
19.2,12.6,3.3 Hz,4H), 1.93 (ddd, J = 27.7, 14.2,3.2 Hz, 2H), 1.84 — 1.72 (m, 6H), 1.56 (dtd, J
=18.1, 10.8, 8.1, 4.3 Hz, 4H). "C NMR (126 MHz, CDCl,) 6 167.49, 159.97, 159.69, 155.90,

140.03, 139.73,131.11, 130.01, 129.79, 128 .90, 128.45, 122.72,116.71, 116.08, 113.56, 113 47,
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111.62,70.22, 56.46, 55.99, 43 .40, 34.09, 33.86, 30.74, 29.65, 28.45, 25.78. HRMS (ESI+), m/z

[M+H"] calculated for Cy;H,,N,0,529.3076; found 529.3082.

OMe
H
N O OMe
: )
Boc” O | A
"’O =

tert-Butyl (1S 4s)-4-(4-(1r4R)-4-(3' ,6-dimethoxy-[1,1'-biphenyl]-3-
ylcarboxamido)cyclohexyl)phenoxy)cyclohexyl)carbamate (5.64b).

Compound 5.64b was obtained following the procedure for the synthesis of 5.1 as a white
amorphous solid (35%): '"H NMR (500 MHz, Methylene Chloride-d2) 6 7.80 (ddd, J = 8.4, 6.1,
2.3 Hz, 1H), 7.65 (t,J = 3.0 Hz, 1H), 7.30 (t,J = 8.1 Hz, 1H), 7.10 — 7.00 (m, 2H), 6.95 (td, J =
92,64 Hz, 2H), 6.87 (dd, J = 8.3, 2.2 Hz, 1H), 6.80 — 6.72 (m, 2H), 448 (s, 1H) 4.22 (t,J =
39Hz, 1H), 4.07 (dd, J = 9.5, 4.6 Hz, 1H), 391 (ddt, J = 10.8, 7.4, 4.1 Hz, 1H), 3.85 (s, 3H),
3.81 (s,3H),3.10 - 3.01 (m, 1H), 2.55 - 2.40 (m, 1H), 2.22 — 2.09 (m, 4H), 2.03 — 1.96 (m, 1H),
1.90 — 1.86 (m, 1H), 1.80 — 1.73 (m, 1H), 1.71 — 1.35 (m, 8H), 1.31 (s, 9H). "C NMR (126 MHz,
CD,Cl,) 6 159.83, 159.00, 155.18, 139.89, 139.46, 130.57, 129.50, 129.06, 127.45, 122.10,
116.28, 115.59, 112.08, 111.01, 74.45, 55.65, 55.22, 42.07, 33.45, 29.67, 29.37, 29.02, 28.29.

HRMS (ESI+), m/z [M+H"] calculated for C;;H,4N,0O4629.3535; found 629.3010.
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OMe
H
N O OMe
H5N, O /@/O O O
0

N-((1R 4r)-4-(4-(((1s,4S)-4-Aminocyclohexyl)oxy)phenyl)cyclohexyl)-3' ,6-dimethoxy-
[1,1'-biphenyl]-3-carboxamide (5.18b).

Compound 5.18b was obtained following the procedure for the synthesis of S.4a as a white
amorphous solid (70%): '"H NMR (500 MHz, Methylene Chloride-d2) 6 7.78 (ddd, J = 8.7, 6.2,
2.5 Hz, 1H),7.69 (t,J =29 Hz, 1H), 7.32 (t,J =79 Hz, 1H), 7.15 - 7.10 (m, 2H), 7.05 (td, J =
90, 6.2 Hz, 2H), 6.89 (dd, J = 8.3, 2.6 Hz, 1H), 6.84 — 6.78 (m, 2H), 4.26 (t, J/ = 3.8 Hz, 1H),
4.17(dd,J=9.7,4.6 Hz, 1H),3.94 (ddt,J=11.4,7.5,43 Hz, 1H),3.85 (d,J = 2.6 Hz, 3H), 3.82
(d,J =23 Hz,3H),3.13 - 3.07 (m, 1H), 2.52 — 2.42 (m, 1H), 2.23 — 2.05 (m, 5H), 2.01 — 1.96
(m, 1H), 1.94 — 1.88 (m, 1H), 1.83 — 1.73 (m, 1H), 1.71 — 1.35 (m, 8H). "C NMR (126 MHz,
CD,Cl,) 6 159.53, 159.50, 155.78, 139.81, 139.36, 130.51, 129.56, 129.16, 127.85, 122.11,
116.21, 115.51, 112.88, 111.05, 74.40, 55.85, 55.40, 42.87, 33.41, 29.65, 29.60, 29.12, 28.49.

HRMS (ESI+), m/z [M+H"] calculated for C,;H,,N,0,529.3076; found 529.3056.

OMe
H
N O OMe
-~ Y0
HO

N-(4'-Hydroxy-[1,1'-biphenyl]-4-yl)-3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.71)

Compound 5.71 was synthesized following a reported procedure.”
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H
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™ | OMe
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Boc” \O O
0

tert-Butyl ((1rdr)-4-((4'-(3',6-dimethoxy-[1,1'-biphenyl]-3-ylcarboxamido)-[1,1'-
biphenyl]-4-yl)oxy)cyclohexyl)carbamate (5.72a).

Compound 5.72a was obtained following the procedure for the synthesis of 5.1 as a white
amorphous solid (35%): '"H NMR (500 MHz, Chloroform-d) 6 8.01 (s, 1H), 7.97 (dt,J =8.5,2.4
Hz, 1H),7.89 - 7.83 (m, 1H), 7.58 (dd,J = 8.7, 1.8 Hz, 2H), 749 — 741 (m, 3H),7.39 (d,/=8.9
Hz, 1H),7.32 (t,J =7.7 Hz, 1H), 7.22 (dd, J = 8.6, 1.8 Hz, 1H), 7.10 (t,J = 1.4 Hz, 1H), 6.97 (s,
1H),6.95 (d,J =89 Hz, 1H),6.88 (dd,J=8.4,2.3 Hz, 1H), 6.78 (d,J = 8.4 Hz, 1H), 4.60 — 4.55
(m, 1H), 4.32 (dt,J =9.5,5.4 Hz, 1H), 3.85 (s, 3H), 3.82 (s, 3H), 2.89 (dd, J = 9.7, 3.3 Hz, 1H),
2.16 —2.09 (m, 2H), 2.04 — 1.97 (m, 2H), 1.78 — 1.69 (m, 4H), 1.47 (s, 9H). "C NMR (126 MHz,
DMSO) 6 164.72, 158.99, 158.74, 138.88, 138.19, 138.17, 129.90, 129.25, 129.12, 127.39,
127.33, 126.16, 12593, 121.80, 120.72, 116.11, 115.71, 115.22, 112.59, 111.43, 55.89, 55.13,
48.77, 30.37, 29.53. HRMS (ESI+), m/z [M+H"] calculated for C;H,,N,0O, 623.3054; found

623.3067.
OMe
H
N\[ O OMe
0 O

N-(4'-(((1rdr)-4-Aminocyclohexyl)oxy)-[1,1'-biphenyl]-4-yl)-3' ,6-dimethoxy-[1,1'-

biphenyl]-3-carboxamide (5.19a).
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Compound 5.19a was obtained following the procedure for the synthesis of 5.4a as a white
amorphous solid (70%): 'H NMR (500 MHz, DMSO-d6) & 10.25 (s, 1H), 8.04 (dt,J = 8.7,2.2
Hz, 1H),8.01 —7.98 (m, 1H), 7.86 (dd,J=9.0, 2.1 Hz, 2H), 7.63 — 7.54 (m,3H),7.49 (d,J = 8.6
Hz, 1H),7.37 (t,J =79 Hz, 1H), 7.26 (dd,J=8.9, 1.5 Hz, 1H), 7.14 (t,/ = 1.2 Hz, 1H), 7.12 (s,
1H), 701 (d,J =8.7 Hz, 1H), 6.95 (dd, J =8.2,2.6 Hz, 1H), 6.85 (d, J = 8.6 Hz, 1H), 4.30 (dt, J
=9.7,5.2Hz, 1H), 3.86 (s, 3H), 3.80 (s, 3H), 2.87 (dd,J =9.5,3.7 Hz, 1H), 2.13 - 2.06 (m, 1H),
2.06 — 1.99 (m, 1H), 1.93 (dd, J = 9.5, 4.6 Hz, 1H), 1.60 — 1.27 (m, 4H). "C NMR (126 MHz,
DMSO) 6 164.72, 158.99, 158.74, 138.88, 138.19, 138.17, 129.90, 129.25, 129.12, 127.39,
127.33, 126.16, 12593, 121.80, 120.72, 116.11, 115.71, 115.22, 112.59, 111.43, 55.89, 55.13,
48.77,30.37,29.53. HRMS (ESI+), m/z [M+Na'] calculated for C,;H;,N,0,Na 545.2416; found

545.2399.

= OMe
H |
N N OMe
q 0y
=),
0

tert-Butyl ((1s 4s5)-4-((4'-(3' ,6-dimethoxy-[1,1'-biphenyl]-3-ylcarboxamido)-[1,1'-
biphenyl]-4-yl)oxy)cyclohexyl)carbamate (5.72b).

Compound 5.72b was obtained following the procedure for the synthesis of 5.1 as a white
amorphous solid (35%): '"H NMR (500 MHz, Chloroform-d) 6 7.92 (dd, J = 8.6, 2.4 Hz, 1H),
7.89 (s, 1H), 7.83 (d,J =2.4 Hz, 1H), 7.69 (d, J = 8.6 Hz, 2H), 7.54 (d, J = 8.6 Hz, 2H), 7.52 —
749 (m, 2H), 7.36 (t,J =79 Hz, 1H), 7.12 (dt,J = 7.6, 1.2 Hz, 1H), 7.09 (dd, J = 2.6, 1.6 Hz,
1H),7.05 (d,J =8.6 Hz, 1H), 6.95 (d,J = 8.8 Hz, 1H), 6.92 (ddd, J = 8.3, 2.6,0.9 Hz, 1H), 4.58

—4.53 (m, 1H),4.49 (dt,J=4.7,2.3 Hz, 1H), 3.88 (s, 3H), 3.85 (s, 3H), 3.57 (s, 1H), 2.06 — 1.98

363



(m, 2H), 1.81 — 1.73 (m, 2H), 1.71 — 1.58 (m, 4H), 1.45 (s, 9H). "C NMR (126 MHz, CDCl;) 6
16549, 159.70, 157.18, 155.62, 139.20, 137.22, 133.46, 131.06, 129.93, 129.55, 128.79, 128.28,
127.56, 122.36, 120.83,116.66, 115.68,113.34,111.43,71.52,56.24,55.72, 53.22, 48.64, 28 .83,

28.19. HRMS (ESI+), m/z [M+H"] calculated for C;,H,,N,0O, 623.3054; found 623.3027.

OMe
H
N\[ O OMe
HoN, O o O
o

N-(4'-(((1s,4s)-4-Aminocyclohexyl)oxy)-[1,1'-biphenyl]-4-yl)-3' ,6-dimethoxy-[1,1'-
biphenyl]-3-carboxamide (5.19b).

Compound 5.19b was obtained following the procedure for the synthesis of S.4a as a white
amorphous solid (70%): '"H NMR (500 MHz, DMSO-d6) & 10.24 (s, 1H), 8.03 (dd,J = 8.6,2.4
Hz, 1H), 798 (d,J =24 Hz, 1H), 7.86 — 7.83 (m, 2H), 7.62 — 7.57 (m, 4H), 7.36 (t,J = 7.9 Hz,
1H),7.25 (d,J = 8.8 Hz, 1H), 7.12 (dt,J =7.6, 1.2 Hz, 1H), 7.10 (dd, J = 2.6, 1.5 Hz, 1H), 7.04
—7.01 (m,2H), 6.95 (ddd, J =8.3,2.6, 1.0 Hz, 1H), 4.62 (dd, J =4.3,2.3 Hz, 1H), 3.86 (s, 3H),
3.80 (s, 3H), 3.10 (td, J = 8.9, 8.2, 4.0 Hz, 1H), 2.01 — 1.93 (m, 2H), 1.79 — 1.59 (m, 6H). °C
NMR (126 MHz, DMSO) § 164.43, 158.68, 158.44, 155.92, 138.56, 13791, 134.51, 132.02,
129.58, 128.95, 127.16, 126.62, 125.88, 121.49, 12042, 116.18, 114.90, 112.30, 111.15, 69.50,
55.60, 54.83, 4798, 26.70, 24.84. HRMS (ESI+), m/z [M+H'] calculated for C;;HyN,O,

523.2597; found 523.2600.
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OMe

N-(2-(3'-Fluoro-5-hydroxy-[1,1'-biphenyl]-2-yl)ethyl)-3',6-dimethoxy-[1,1'-biphenyl]-3-
carboxamide (5.80).

Compound 5.80 was synthesized following the procedure reported in Chapter 3.

OTs

4-(Benzyloxy)cyclohexyl 4-methylbenzenesulfonate (5.84a).
Compound 5.84a and related derivatives (5.84a-d) were synthesized following the procedure

reported in Chapter 2.

N-(2-(5-((4-(Benzyloxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)-3',6-

dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.20).
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Potassium carbonate (30 mg, 0.19 mmol) was added to a solution of 5.80 (45 mg, 0.16 mmol)
in anhydrous DMF (1 mL) and stirred at rt for 30 min, before 4-(benzyloxy)cyclohexyl 4-
methylbenzenesulfonate (75 mg, 0.19 mmol) and TBAI (7 mg, 0.016 mmol) were added. The
solution was heated to 90 °C for 16h. Distilled water (3x 5 mL) was added to the mixture and the
organic layer extracted with EtOAc. After removal of the solvent on a rotorevarporator, the crude
mixture was purified by column chromatography (SiO,, 1:10, MeOH: DCM) to give 5.20 as a
white solid in 75% yield: '"H NMR (500 MHz, Chloroform-d) 6 7.68 (dt, J = 8.6, 2.4 Hz, 1H),
7.57 (dd,J =3.6,24 Hz, 1H), 7.38 — 7.19 (m, 12H), 7.09 — 6.95 (m, 5H), 6.89 (dddd, J = 11.3,
8.5,4.7,2.0 Hz, 2H), 6.75 (dd, J = 8.6, 2.7 Hz, 1H), 5.90 (dt, J = 6.0, 2.7 Hz, 1H), 4.55 (s, 2H),
435 (dt,J=6.6,34Hz, 1H),4.29 (dt,J=84,42 Hz, 1H),3.84 (d,/=4.2 Hz, 6H),3.53 - 342
(m, 3H),2.84 (t,J=7.1 Hz, 2H), 2.13 - 1.96 (m, 2H), 1.94 — 1.86 (m, 1H), 1.74 — 1.66 (m, 2H),
1.62 — 1.48 (m, 6H). °C NMR (126 MHz, CDCl,) 6 167.16, 163.87, 161.90, 159.66, 159.29,
156.51, 156.33,139.35, 131.37, 130.75, 129.76, 129.46, 128.74, 128.36, 127.86, 127.79, 125 .27,
122.35,117.97,116.45,115.65,115.64,113.25,111.17,70.55,70.13,41.34,34.71, 32.34, 30.35,
27.74, 23.11, 21.27, 14.54. HRMS (ESI+), m/z [M+H"] calculated for C,,H,;FNO; 660.3125;

found 660.3128.

Cl ! Z | OMe
O\O\ l N N OMe
ek
F

N-(2-(5-((4-((4-Chlorobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)-

3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.21).
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Compound 5.21 was obtained following the procedure for the synthesis of 5.20 as a white
amorphous solid (70%): '"H NMR (500 MHz, Chloroform-d) & 7.68 (dd, J = 8.6, 2.4 Hz, 1H),
7.52(d,J=24Hz,1H),748 —7.43 (m,3H),7.37-7.31 (m, 1H), 7.30 - 7.27 (m, 1H), 7.22 (dd,
J=89,8.1Hz,3H),7.17 (d,J=8.3 Hz, 1H), 7.10 - 7.07 (m, 1H), 7.02 (ddt,J =4.2,2.5, 1.3 Hz,
2H), 6.96 (d,J =8.5 Hz, 2H), 691 (ddd, J =8.3,2.6, 1.0 Hz, 1H), 6.82 (dd, J = 8.3,2.7 Hz, 1H),
6.71 (d,J =2.7 Hz, 1H), 594 (t,J = 5.8 Hz, 1H), 4.47 (d,J =79 Hz, 3H), 3.85 (d, J = 3.4 Hz,
6H), 3.78 — 3.65 (m, 2H), 3.50 — 3.40 (m, 3H), 2.83 (t,J = 7.1 Hz,2H), 2.06 — 2.01 (m, 1H), 2.01
—1.95 (m, 1H), 1.93 — 1.83 (m, 2H), 1.76 — 1.65 (m, 6H), 1.63 — 1.51 (m, 2H). "C NMR (126
MHz, CDCly) 6 167.19, 163.58, 159.32, 159.11, 154.70, 142.23, 139.05, 138.23, 131.58, 131.54,
131.26,130.41, 129.94, 12942, 129.24, 129.17, 129.08, 128.27, 127.76, 126.79, 12494, 122 24,
121.27, 117.27, 116.27, 116.10, 115.58, 115.35, 114.29, 114.12, 112.82, 111.00, 69.56, 69.06,
41.05, 32.72, 3198, 30.61, 29.39, 27.62. HRMS (ESI+), m/z [M+H'] calculated for

C,,H,:CIFNO, 694 2736; found 694.2756.

Br ! Z | OMe
0] N N OMe

N-(2-(5-((4-((4-Bromobenzyl)oxy)cyclohexyl)oxy)-3'-fluoro-[1,1'-biphenyl]-2-yl)ethyl)-
3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.22).

Compound 5.22 was obtained following the procedure for the synthesis of 5.20 as a white
amorphous solid (70%): '"H NMR (500 MHz, Chloroform-d) & 7.68 (dt, J = 8.6, 2.2 Hz, 1H),

7.57 (t,J =2.7 Hz, 1H), 7.36 — 7.22 (m, 8H), 7.08 — 6.94 (m, 7TH), 6.90 (dddd, J =9.2,8.3,2.5,
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14 Hz, 2H), 6.75 (dd, J = 8.3, 2.7 Hz, 1H), 595 - 5.88 (m, 1H), 4.51 (s, 2H), 4.35 (dt, J = 6.6,
34 Hz, 1H),4.31 —4.24 (m, 1H),3.84 (d,J =4.3 Hz, 6H), 3.54 — 342 (m, 3H),2.84 (t,/J=7.1
Hz, 2H), 2.15 - 1.95 (m, 3H), 1.93 — 1.83 (m, 1H), 1.75 — 1.65 (m, 2H), 1.63 — 1.49 (m, 2H). °C
NMR (126 MHz, CDCl;) & 166.93, 161.64, 159.39, 159.03, 156.02, 142.19, 139.09, 137.66,
131.11, 130.49, 129.96, 129.49, 129.20, 128.88, 128.12, 126.98, 125.02, 122.09, 117.71, 116.18,
115.78, 115.39, 11431, 112.98, 11091, 69.54, 69.13, 41.10, 32.08, 30.09, 29.85, 28.45, 27.59,

27.45. HRMS (ESI+), m/z [M+H"] calculated for C,,H,;BrFNO,738.2256; found 738.2245.

OMe
H
.i T
F

N-(2-(3'-Fluoro-5-((4-((2-methylbenzyl)oxy)cyclohexyl)oxy)-[1,1'-biphenyl]-2-yl)ethyl)-
3',6-dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.23).

Compound 5.23 was obtained following the procedure for the synthesis of 5.20 as a white
amorphous solid (70%): 'H NMR (500 MHz, Chloroform-d) & 7.68 (dt, J = 8.6, 2.7 Hz, 1H),
7.58 (t,J =2.6 Hz, 1H), 7.39 - 7.29 (m, 2H), 7.24 (dd,J =8.5,2.4 Hz, 1H), 7.21 — 7.15 (m, 2H),
7.09 —7.03 (m, 3H), 7.03 - 6.99 (m, 1H), 6.97 (d, J = 8.7 Hz, 1H), 6.89 (dddd, J = 8.5,7.8, 3.9,
2.3 Hz, 2H), 6.76 (dd, J = 6.6, 2.7 Hz, 1H), 594 — 590 (m, 1H), 4.53 (s, 2H), 4.35 (dt,J = 6.5,
3.3 Hz, 1H),4.29 (ddd, J = 8.6, 4.8, 3.3 Hz, 1H), 3.88 — 3.81 (m, 6H), 3.56 — 3.41 (m, 3H), 2.85
(t,J=7.1Hz,2H),2.34 (d,J=1.8 Hz,3H), 2.16 — 1.98 (m, 2H), 1.94 — 1.88 (m, 1H), 1.70 (tdd,
J=1209,6.6,3.5 Hz, 2H), 1.62 — 1.50 (m, 3H). "C NMR (126 MHz, CDCl,) & 167.16, 163.85,

161.89, 159.64, 159.28, 156.50, 156.32, 142.42, 139.34, 137.16, 136.88, 131.35, 130.74, 130.60,
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130.54, 130.20, 129.76, 12945, 128.76, 128.73, 128.48, 128.36, 128.09, 127.99, 127.25, 126 .22,
126.19, 125.26,122.34,117.98,116.61,116.44,116.05, 115.63, 114.54, 11438, 113.23, 111.16,
69.16, 68.77, 41.34, 32.33, 30.35, 30.10, 27.77, 19.27, 19.24. HRMS (ESI+), m/z [M+H"]

calculated for C,;H,,FNO;673.3205; found 673.3217.

N-(7-((4-(Benzyloxy)cyclohexyl)oxy)-8-methyl-2-0x0-2H-chromen-3-yl)-3' ,6-dimethoxy-
[1,1'-biphenyl]-3-carboxamide (5.24).

Compound 5.24 was obtained following the procedure for the synthesis of 5.20 as a white
amorphous solid (70%): 'H NMR (500 MHz, Chloroform-d) & 8.80 (s, 1H), 8.70 (s, 1H), 7.95 —
7.87 (m,2H),7.39 - 7.31 (m,7H), 7.13 (ddd,J=7.6,1.6,1.0 Hz, 1H), 7.11 — 7.04 (m, 2H), 6.93
(ddd,J =8.3,2.6,1.0 Hz, 1H), 6.89 (d, J = 8.7 Hz, 1H), 4.57 (s, 2H), 4.45 (dt, J = 7.6, 4.0 Hz,
1H), 3.90 (s, 3H), 3.86 (s, 3H), 3.57 (dt,J = 7.8, 4.0 Hz, 1H), 2.32 (s, 3H), 2.17 - 2.11 (m, 2H),
2.10 — 2.03 (m, 2H), 1.70 - 1.59 (m, 3H). "C NMR (126 MHz, CDCl;) 6 165.64, 159.87,
159.73, 159.45, 157 .45, 149.57, 139.01, 138.74, 131.13, 130.08, 129.32, 128.54, 128.30, 127.62,
126.25, 125.69, 124.60, 122.14, 121.63, 115.35, 113.29, 111.12, 110.75, 75.18, 74.98, 70.31,
56.03,55.47,28.03, 8.46. HRMS (ESI+), m/z [M+H"] calculated for C;;H;;NO, 620.2648; found

620.2637.
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N-(7-((4-((4-Chlorobenzyl)oxy)cyclohexyl)oxy)-8-methyl-2-oxo0-2H-chromen-3-yl)-3',6-
dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.25).

Compound 5.25 was obtained following the procedure for the synthesis of 5.20 as a white
amorphous solid (70%): 'H NMR (500 MHz, Chloroform-d) 6 8.80 (s, 1H), 8.70 (s, 1H), 7.97 —
7.85 (m, 2H), 7.52 — 7.44 (m, 2H), 7.42 — 7.30 (m, 2H), 7.24 (d,J = 8.3 Hz, 2H), 7.14 - 7.12 (m,
1H),7.09 (dd,J=2.6,1.6 Hz, 1H), 7.07 (d,J = 8.6 Hz, 1H), 6.96 (d,J = 0.7 Hz, 1H), 6.93 (ddd,
J=83,26,10 Hz, 1H), 6.89 (d, J = 8.7 Hz, 1H), 4.51 (s, 2H), 4.49 — 443 (m, 2H), 3.90 (s,
3H), 3.86 (s, 3H), 3.55 (dt, J = 7.8, 4.3 Hz, 1H), 2.32 (s, 3H), 2.17 — 2.10 (m, 2H), 2.09 — 2.00
(m, 3H), 1.72 — 1.59 (m, 3H).”C NMR (126 MHz, CDCl,) 8 165.65, 159.88, 159.72, 159.45,
157.40, 149.57, 138.74, 138.06, 131.63, 131.14, 130.08, 129.32, 129.23, 128.98, 128.30, 126.24,
125.70, 124.59, 122.14, 121.44, 11535, 113.29, 111.12, 110.73, 75.18, 75.04, 69.59, 34 .46,
32.08, 30.10, 29.85, 27.93, 22.85, 21.01, 14.29, 8.46. HRMS (ESI+), m/z [M+H"] calculated for

C1H,,CINO, 654.2259; found 654.2249.

Br OMe
99 1 ~
O\O\ N N\[ OMe
0] (0] OO

N-(7-((4-((4-Bromobenzyl)oxy)cyclohexyl)oxy)-8-methyl-2-0x0-2H-chromen-3-yl)-3',6-

dimethoxy-[1,1'-biphenyl]-3-carboxamide (5.26).
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Compound 5.26 was obtained following the procedure for the synthesis of 5.20 as a white
amorphous solid (70%): 'H NMR (500 MHz, Chloroform-d) 6 8.80 (s, 1H), 8.70 (s, 1H), 7.97 —
7.83 (m, 2H), 741 — 7.22 (m, 12H), 7.19 - 7.03 (m, 4H), 6.97 — 6.83 (m, 2H), 4.52 (s, 2H), 4.45
(dt,J=7.7,4.0 Hz, 1H), 3.90 (s, 3H), 3.86 (s, 3H), 3.55 (dt,J = 7.8, 4.2 Hz, 1H), 2.32 (s, 3H),
2.17 = 2.09 (m, 2H), 2.09 — 2.00 (m, 2H), 1.72 — 1.58 (m, 2H). "C NMR (126 MHz, CDCl,) 6
165.89, 161.07, 160.13, 159.96, 159.70, 157.65, 149.82, 138.99, 137.78, 133.58, 131.39, 130.33,
129.57,129.20, 129.15, 128.93, 128.55, 126.49, 125.95, 124.83, 122.40, 121.90, 115.61, 113.63,
113.54, 111.37, 11098, 7542, 75.30, 69.82, 30.35, 30.11, 28.22, 8.71. HRMS (ESI+), m/z

[M+H"] calculated for C;;H,,BrNO, 698.1753; found 698.1758.

OMe
o) N N O OMe
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3',6-Dimethoxy-N-(8-methyl-7-((4-((2-methylbenzyl)oxy)cyclohexyl)oxy)-2-ox0-2H-
chromen-3-yl)-[1,1'-biphenyl]-3-carboxamide (5.27).

Compound 5.27 was obtained following the procedure for the synthesis of 5.20 as a white
amorphous solid (70%): 'H NMR (500 MHz, Chloroform-d) 6 8.80 (s, 1H), 8.70 (s, 1H), 7.96 —
7.85 (m, 2H), 7.39 — 7.35 (m, 2H), 7.32 (d, J = 8.6 Hz, 1H), 7.22 — 7.15 (m, 4H), 7.13 (dt, J =
7.6,12 Hz, 1H),7.09 (dd, J = 2.6, 1.5 Hz, 1H), 707 (d, J = 8.6 Hz, 1H), 6.96 — 6.95 (m, 1H),
6.93 (ddd, J =8.3,2.6,09 Hz, 1H), 6.88 (d, J = 8.7 Hz, 1H), 4.55 (s, 2H), 4.53 — 4.48 (m, 2H),
3.90 (s, 3H), 3.86 (s, 3H), 3.56 — 348 (m, 1H), 2.35 (d, J/ = 5.5 Hz, 6H), 2.11 — 2.00 (m, 2H),
1.95 — 1.87 (m, 2H), 1.8 °C NMR (126 MHz, CDCl;) & 165.90, 161.11, 160.12, 159.97, 159.70,

157.51, 149.87,139.00, 137.03, 131.39, 130.62, 130.35, 129.57, 128.83, 128.53, 128.10, 128 .05,
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126.51, 126.22, 125.86, 124.84, 122.40, 121.86, 115.60, 113.55, 111.36, 110.77, 75.23, 73.80,
68.87,34.71,32.33, 30.35, 30.11, 28.15, 27.80, 23.10, 21.26, 19.28, 14.54, 8.77. HRMS (ESI+),

m/z [M+H"] calculated for C,,H,,NO, 634.2805; found 634.2827.
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