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PART I:

The vitamin D receptofVDR)s a liganeddependent transcription factoand menber of the
nuclear hormone receptor superfamif/DR is gxessd inthe epithelia of endocrine organs,
digestive system, bronchi, kidneys, and thymas well as being present in leukocytes and bone
cells? Cellproliferation, celldifferentiation, andimmunomodulation along with calcium and
phosphate homeostasis, are all processes regulated by the t@c&pWithin the cell, VDR can
be membranebound or located in the nucleus® Nuclear localization of VDR transpires
followingthe binding ofvitamin D metabolitesthe most activeof which islh 25
dihydroxyvitamin B(calcitriol) Within the nucleusinteractonswith coregulators and DNA
occur to induce gene transcriptidit? Universal tool compounds to further elucidate the
expression and localization of VDR ewverently uravailable Therefore developmentof a novel
ligand that can easily be tracaal vitroandin vivois necessary to further probe the complete

role VDRplays within the cell.



Intrinsically fluorescent VDR ligands containing a coumarin scaffold were designed to mirror the
structures of known VDR agonists. Understanding of the binding requirements for VDR ligand
binding pocket (VDRBP) affinity, in combation with nolecular modelingising VDR crystal
structures,has provideda foundation forrational compound desigien coumarircontaining

ligands targeting VDR were synthesized to maintain an emission signal in the visible light range.
Additionally, evalation of the synthetic ligands in a luciferalsased transcription assay

indicated their agonist and/or antagonistic properties towards VDR. Toxicity of the synthetic

ligands under the transfected conditions is also reported.

The cevelopment of aight-binding, intrinsicallfluorescentVDRligandwill not only provide a
means to further investigate direct receptbigand interactions, but also allovisr the
development ofa newin vitro, highthroughput screening assay that targete VDRLBP
Furthermae, and unlike immunohistochemistry, the use of an intrinsically fluoresagamdin
vivocould enablethe physiological distribution of VO®&be determinedn live cells and whole

animals

PARTII:

Orcein dyewas used as a cheap fabric dye during the Middle Ages, but was repurposed as a
histochemical staimear the end of the 19 century*14 Orcein dye can be used today to
visualizealtered stromal material, elagt and connective tissues, collagen, basement
membrane, chromosomes, hepatitis B surface antigens, ceppgociated protein, and

hepatocellular carcinom# Traditionally, orsellinic acid depsides were extracted fiRotcella



LecanoraandVarialarialichens which subsequentlyndemwent hydrolysis decarboxylation

and treatmentwith either uine or ammonia and ato produce the reeviolet dyel® In present
day, direct production occurs from synthetic orcid®A mixtureof chemical structuresesults
during thecurrentmanufacturing processwith batch to batch variation leading to inconsistent

biological tissue stainintf.

Isolaion of the eight major chemical structures from orcein dye occurred in the 1850but

it remainsunclearwhich compoundstructures,or combination thereofare responsible for
staining.lsolated gnthesis othe specific chemical components within orcein dye aidl in
determiningthe structuresresponsible for optimal staining. Furthermoisolated synthesis will
provideconsistencyetween product batcheanddiminish the variation currently observed
during biological stainingHerein, the development of a scalable manufacturing process-for

hydroxy orcein, one of the major components of orcein dye, is described.
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PART |: DEVELOPMENT OF SMALECULIBASED PROBES FOR THE VITAMIN D RECEPTOR



Chapter One An overview of the vitamin D receptor

1.1 The vitamin D receptoran important pharmaceutical target

Extensive studies on the structure and function of the vitamin D receptor (VDRpbeweed

since its isolation in the late 19603 he activity of VDR was quickly associated with calcium and
phosphate homeostasis, as well as bone maintenance, when VDR was discovered to be highly
expressed in cells of the bone, intestine, kidney, and parathyroid gtakoistence of VDR in

other cell typeswvas later uncovered, suggesting a more intricate purpose for the receptor
beyond mineral ion regulatiohVVDR is now known to be pres®d inthe epithelia of

endocrine organs, digestive system, bronchi, kidneys, and thyasusell as being present in
leukocytes and bone celd/ithin the cell, VDR can be located in the nucleusaor be
membranebound®’ Nuclear localization of cytoplasmic VDR was first observed in the 8970s
11 a process that was indicative of hormone receptors. Continued work on the chazatimi

of VDR, followed by its cloning in 198@nd crystallization i2000'3, established VDR as a

member of the nuclear hormone receptor superfandity.

VDR is liganddependent transcription factor that regulates cptbliferation'®, cell
differentiation*®, andimmunomodulatiorf. Since gene expression is tightly regulated, VDR
transcriptional activityhas the ability taaffect repraluction, development, inflammatigrand
general metaboti processes$’*8 Additionally,calcium and phosphatare highly abundant in all

2



tissues. Therefore, the involvement of VDR in naimng a physiological equilibrium for these
minerals is highly important. An imbalance in calcium or phosphate can disrupt normal
biological functions and affect nearly any organ syst&fllmmense progress has been made
over the last fifty years to understand the complex role VDR has in biolsgateims.The
connection VDR has to a variety of cellular processes makes it an important pharmaceutical
target in treatingmetabolic disorders-??, skin diseasé$?*, cancef>?5, autoimmune diseasé$

and cardiovascular diseagés

1.2 Nuclear receptor homology

Nuclear receptorgNRsYorm one of the largest families of transcription factppdacing VDR
alongside the receptors fahyroid (TR)and steroidhormones (i.e. estrogen receptor (ER),
androgen receptor (AR), etcretinoic acid receptar (RARshNd peroxisome proliferater
activated receptor§PPARS), amongst othei®Activation of NRs occurs upon ligand binding,
which induces a conformational change within the receptor. Dissociation of corepressors and
the recruitment of coactivators allow for the initiation of gene transdopt The binding of NRs
to DNA can occur as a homodimer, a heterodimer with the retinoid X receptor (RXR), or in some
cases, as a monométVDR is able to homodimerize, or heterodimerize with RXR, though
heterodimerization is the primary form of DNA binding for VDR. (Figure 1) Each receptor
complex recognizes specific hormone response elements (HRES) on the promoter region of
DNA, whichaffects transcriptionthrough therecruitment of coregulatorscomponents othe
transcriptioninitiation complexor RNA polymerasedt
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Qrystal structuredor severalNRshave been solved
revealing structural similarities within the NR

superfamilydl K & Ay Ff dzSy O0S #KS NBOS

The shared homology between NRs includes multiple
domains necessary for gene transcription. Members
of the NR famy contain the following regions: an

aminoterminus (region A/B), a DNBinding domain

(DBD) (region C), a hinge region (region D), and a
ligandbinding domain (LBD) (region%)3?32 (Figure

Figurel. Molecular model of the full

RXR/VDR/DNA compleesulting froma 2y some NRs also contain a poorly understood
cryo-electron microscopy map with fittec

VDR and RXR crystal structures. (Ima

adopted from Orlov, et al, 2012) terminal region (region F) at the carboxgiminus,

though regim F is absent in VDR.

The amineterminus region (region A/B) has the weakest evolutionary conservation and is the
most variable domain between NRs in regard to both size and sequié@amnerally, this region
of steroid receptors is much longer than thatmgn-steroid receptors’ The A/B region of NRs
are found to ke either unfolded or only partially folded when in their native state, so
elucidating the completéunction of this domain has remained challengitdt is known that

the A/B region isargeted for posttranslational modificationshat regulate transcription,
however3® Additionally, a known component of the A/B region is activation function 11jAF
whichcontributes to liganeindependent activiion of the receptor?® AF1 caninteract with
variouscoregulatos, as well as work in tandem with a second activation functior2jA&und

in the carboxyterminus?’: 36



1 —21 88 240 423

AF-1 DBD Hinge Region LBD AF-2

Figure2. VDR (rat) domains and activation functions. Rat VDR is-ami® acid peptide, whiledman
VDR is 427-amino acidoeptide.(DeLuca, et al. 2004)

The DBD (region C) in NRs is highly conserved and composed®&6iino acid residues.

Within the DBD, there aréwo subdomainghat each contain a zinc fingé¥ (Figure 3Eight
conserved cysines in the DBD organize into these two Zimgers, with four cysine residues
coordinating each zinc ion in a tetrahedral manf€fhe two zinc fingers fold together form
acompacth-heliOl f WNBIF RAY3I R2YIAYQ dza SR P2NhedisS OA FAO
subdomain interacts with genomic response elements in the DNA major groove, while the
second subdomain makes naepecific cotacts with the DNA backbone and contributes to DBD
dimerization with other proteing® Some NRs, including VDR, also contain a variatder@nal
extension (CTE) in tHeBD that interacts with specific base sequences in the DNA minor
groove. The CTE helps to further stabilize the IDBIA binding interaction, and may also
participate in proteirprotein interactions within the homodimer or heterodimé¥.2*The HRE
dictates which NR will bind, and is commonly composed of two hexameric sequences that are
structured in direct, inverted, or everted repeat sequences. The base arrangement anccearian
in space between hexameric sequences largely determines NR bifidingexample, most

VDR response elements (VDRES) are arranged as direct repeat sequences that aredsbparate
three base pairé? Steroid receptorsypicallyfavor AGAACAMMotifs while non-steroid

receptors as well as the ERgefer binding abQAGGTCRQ a Sj &Sy O0S &



Subdomain 1

Subdomain 2

Helix 1

Figure3. Smplified representation of NR DB®sth zinc finger subdomains and CTE reg{tmage
adapted from Weikum, et al. 2018)

The hinge regiofregion D) is traditionally known as a flexible, linker region between the DBD
and LBD domains. It is a poorly conserved regetmween NRs, but a highly ceerved

sequence in different VDR species. Shaffer, et al. displayed that a short deletion of five amino
acids from the @erminal end of the VDR hinge regiogduces transcriptionalactivationby

more than half, suggesting that the length of the hinge region is important for proper
functioning of the receptof® While theN-terminal end of the VDRhingeregioncontains
residuesthat are necessary for dimerizatith the Gterminal end of the hingeregion appears

to function as aesquenceindependentlinker to ensure proper binding geometry between the

DBD and LBD for coregulator interactidfs.

Located at the carboxyerminus is the conserved ligaszinding domain (LBD) (region E). The
LBD idess conservethanthe DBD, but still maintains similarities between NRs while serving as
a multifunctional regiorf? This region opetas as a transcriptional regulatory domain that

binds ligands, mediates dimerization, and directly interacts with coregulator proteifihe

top-half of the LBD which contains helices H1, H4, H5, and®7s themost similar between
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NRswhereas thdower-half containingthe ligandbinding pocket (BB hasmore variety.** A

three-layered antiparallel helicaandwicl? F2 N a (G KS [ . 5twev@ bwad bwa
conserved -helices and a conservedturn betweenhelix5 andhelix6.2% 32The LBP that arises

from NRLBD folding is primarilylaydrophobiccavity for which specificontacts with ligand

canbe made. Diversity in the lower LBP region is what provides distinetiNiRiligand

recognition Additionally, ahighly structuredliganddependentsecondactivationfunction (AR

2) is presentn the LBD region of NRs.-Bksa major interfacefor both heterodimerization

with RXRand coregulator$® Upon liganebinding L(

in the NRLBP, a major conformational @hge

occurs in which helix 11 repositions itself to align
with helix 10. Associated with the repositioning of
KStAE mm A& KRS APV AUz S
mechanism of helix 12he " -helix nearest to the
carboxylterminus?® Helix 12 closes the LBP while
releasing thew-loop, which is located between
helix 2 and helix 3, to flip underneath heli%%lhe
sealing of the LBP by helix 12 further stabilizes th
active conformation of the bounligand. (Figure 4)
Furthermore, the movement of helix 12 is crucial Figure4. NR ligandnduced conformational
change displayed in the RXRBD Primary

for AR2 transcriptional activity because its conformational changes are observed ir
helices 3, 11, and 12 (yellow to fed’he
repositioning provides the surface for coactivator unliganded receptor is shown in yellow ar
green, while the liganded receptor is showi
red and blue. (Figure adapted from Roch
and Moras, 2011)

interactions32



1.3 The vitamin D receptor, ligand binding pocket

As a member of the NR superfamily, VDR mediates its genomic response through ligand

receptor compexation#’ Vitamin Ditself does not bind VDR at physiological concentratjons

but undergoes metabolism to its most active form, 25-dihydroxyvitamin B (caldgtriol).

(Figure 5) This discovery was made in 1961 whiealk and Kodicek discovered thE-labeled

vitamin Ddzy RSNB Sy & WRSad NHzOU A 2 y €8 Subsedught stuglied drouhdl SR A Y
the 1970s began identifying vitamin D metabolites and reported the hydroxylation of vitamin D,

which results in the tighbinding VDR ligant?>! VDR is one of only 11 NRs that hag adfue

below 1 nM for its specific ligarfd.

Rochel, et al. successfully crystallized Wi2RLBD
complexed with calcitriol in 2008.The crystallization of
holo-VDR displayed the contacts debetween the receptor

and calcitriol while in the active form, which improved the

HO™

evaluation of ligandnduced VDR function. An intricate

Figure5. Chemical structure of
calcitriol. network of stabilizing residues was uncovered in activated

VDR that involves contribution from the hydroxyl functdgroups on calcitriol. The LBP of VDR
is primarily lined with hydrophobic residues but contains key polar residues to interact with the
C1, C3, and C25 hydroxyls on calcitriol for recejpgand complex stabilization. Calcitriol

orients itself in the VB-LBP with the Aing at the carboxyterminus of helix 5, and the 26H

near helices 7 and 1*P.(Figure 6A) Two hydrogesond interactions from Ser237 on helix 3 and

Arg274 on helix 5 interact with the10H group, while thei3OH group hydrogebonds with



Ser278 on helix 5 and Tyr143 in the loop between helicagl2aThe Aing sits in a chair
conformation with T -OH in the equatorial position and 3DH in the axial positioff. Deep
inside the VDR.BP arédis305 and His 397, which are located on the loop between helices 6
and 7, and on helix 11, respectively. These two histidine residues form hydbogeing
contacts with the 280H, leaving the ligand in an extended conformati®An additional
structural insight gained upon receptor crystallization includes theplanar geometry in the
conjugated triene, which causes a curved shape of the ligand when it is in the active

conformation?®? (Figure 6B)

¥ ¢ /
< ‘/
K&y,
K / 4
y VN~
H1l H7 y
H6
/ ~

Loop6-7

H3n|‘/\

Insertion domain

Figure6. A) Overall fold of hYDRLBD with calcitriodlepicted in yellowAninsertiondomain
unique to VDRs shown in greerB) Calcitrioln the hVDR.BPhydroxyl groups arendicated
by red sphereshydrogenbonds as green dotted lineand water molecules apurple

spheres(Images adapted from Rochel and Moras, 2011)



As discussed in section 1.1, V®Ribits regulatory control over cell proliferation and
differentiation, as well as calcium homeostasis. Contrary to the original hypothesis that a
separate membrane receptor was responsible for the rapid responses produced by cacitriol
experiments using VDR kneclat mice proved thaVDR was necessary for the occurrence of
calcitriokmediated rapid responses in osteoblastghe ability of calcitriol to elicit both
genomic and rapid responses within VDR is thought to be due to potential flexibility of the
ligand within the receptor. The VEIBBPhas a large volume (69%) that is only 56% occupied
by calcitriol*> Therefore, genomic and rapid responses may arise from diffdigand

conformations when receptebound.

6-s-trans conformation 6-s-cis conformation

Figure7. Rotation around G&7 bond in calcitriol that allows for different
conformations of the secosteroidal structure.

Norman, et al. highlighted the possible rotation around @@&C7 bond in calcitriol, due to the
broken C9C10 bond that would form the-Bng in a traditional steroid scaffoR.(Figure 7)
Calcitriol derivatives locked in either tleesor trans conformation were used to evaluate
transcaltachia, the rapid stimulation of intestinal calcium absorption. It was revealed that the
cisconformdion derivatives were able to effectively induce transcaltachia, whileties-

conformation derivatives did not. Menegaz, et al. then observed that one ofigderivatives,
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1h ,25(0OHj) lumisterol 3 (JN),was able to
stimulatechlorine ionchannels irSertoli cells
more effectively tharcalcitriol, while being a
weakinhibitor to i K S @alitwolinteraction
The ability for calcitriol to adopt the-§cisor 6-s-
trans conformation may account for the rapid
responses it elits when bound to VDR, in
addition to its known genomic functions. In fact,

molecular modeling ofM,25(0OH) lumisterol

GWbUO NB@GSI f SRIAQN i A SAN/U KIARYS
Figure8. VDRLBD(PDB: 1DB1yith genomic  VVDRLBP that partially overlaps with the genomic

pocket (cyan) and alternative pockgtold)

(Figure adopted tm Mutchie, et al. 2019) | BP57 (Figure 8) The highemergy 6s-cis

conformation of calcitriol was able to bind in thigpAcket, providing a possible explanation for

the nongenomic responses produced by calcittiolund VDR8

1.4 Evalwtion of vitamin D analogs

One of the most important qualities of vitamin D is its natural ability to regulate multiple
physiological processes. The potential of synthetic smalecules to partially reproduce or

inhibit the activity of calcitriol estaldhes the VDRBD as an important domain for
pharmaceutical targeting* A major, yet complicated, goal in vitaminr&lated research has
involved preparing ligands in an effort to separate the multiple functions mediated by the VDR

11



calcitriol complex®%° Hypercalcemia, increasing bone resorption, and soft tissue calcification
limit the use of natural vitamin D in clinical applicatidA®eveloping calcitriol derivatives with
improved biological profiles may lead new therapeutic treatmentdor hyperproliferative
disease$?In fact, a number of commercializ&DR ligandbave already been developed
includngthe psoriasis treatmentsalcipotriol(Dovonex®) antacalcitol(Curatoderm®)
secondary hyperparathyroidism treatments paricalcitol (Zemplar@)Yarercalciferol

(Hectorol®), and the osteoporosis treatmehtiecalcitol(Edirol®$*

Various derivatives of calcitriol have been studied to gain further insight intsttiietural
features needed for suitable VDR binding. As mentioned in section 1.3, calcitr@b(@H)Dx)

is the vitamin D metabolite with the highest affinity for VDR. The formation of calcitriol occurs
from two sequential hydroxylation steps from vitamDs: an initial hydroxylation on C25 that
transpires primarily in the liver, followed by a C1 hydroxylation in the ki§@&yThe

metabolite following C2#hydroxylation is known as calcifedi@5OHDB), which is themajor

circulating form of vitamin Ppresent in the bloo®> %4(Figure 9)

In 1975, Procsal, et al. performed a competitive binding assayl@fexfiol and other vitamin

Ds analogs against tritiualabeled calcitriol in chick intestinal chromafihThe lack of the -

OH functional group inherent to calcifediol showed only 1/900 VDR binding affinity relative to
calcitriol. Afacalcidio) which lacks the 2®Hfunctional group (Figure 9), alslisplayed 1/900
VDR binding affinity relative to calcitri@onversely, loss of the 3DH from the calcitriol
scaffoldretained 1/8 the binding affinity of calcitriolThe hydrocarbon scaffold with a singular
hydroxyl present in theM-position maintainedl/5000 binding affinity, but the solé 30H

analog lost all ability to compete with calcitriol for VDR. The findings reported by Procsal, et al.

12



indicate that the polar 1-OH and 280H substituents are significantly more important that the

3 -OH functional group to promote VDR binding.

Calcitriol Calcifediol Alfacalcidiol

Figure9. Chemical structures of calcitriol, calcifediol, and alfacalcidiol with numbered hydrc
positions (red).

In addition to the necessary presence of a hydroxyl substituent in the Cigoofat effective

VDR binding, the stereochemistry of the-OH group is also highly important to retain VDR
affinity. In 1993, Norman, et al. evaluated the stereochemistry of the hydroxyl substituents on
the Aring of calcitriol in arin vitro binding asay to chick intestinal VDRInversion of the B-

OH to the 8-OH epimer retained 24% VDR affinity relative to calcitholvever, epimerization

of the 1n-OH to the 1-OH analog reduced the VDR affinity to 0.2%. The conclusion that the
interaction of the T -OH substituent is more influential than the(GH regarding VIR binding is

further supported by this study.

Calcitriol contains a triene within its hydrocarbon scaffold. Two of the alkenes, betwe€6 C5
and CYC8, link the Aing to the fused Cfoing system, while the third alkene is a substituent at
position C10 on the -Ang. Theconjugatedtriene in the natural metabolitehas a5(Z),7(E)
configuration.(Figure 10) In 1980, Wecksler and Norman analyzed the8ans-isomer of

calcitriol in a competitive binding assay against tritHaheled calcitiol in chick intestinal VDR.
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It was determined that the 5(E),7¢Epmer had 13% affinity
for VDRrelative to calcitriof’ Following in 1994, VanAlstyne,
et al. synthesized the 5(Z),7{@pmer and 5(E),7(Z3omer of

calcitriol. The 5(Z),5(Z) derivative m@ined only 0.82%

affinity for VDR, wherease 5(E),7(Z) had.6%VDR affinity HO™
Figurel0. Chemical structure of

relative to calcitriol in the same ass&Therefore, the calcitriol with triene numbering
(red) and 5(Z),7(E) conformatio

geometry and positioningf the fused C,Bring system (blue) labels.

relative to theA-ringis inportant for suitable binding in the VRIEBP

Hydrophobicity within the center of VDR ligandalso

A important for good binding to VDR, due to the largely
lipophilic VDR.BP. In 1986, researchers at New Drug
Research Laboratories, Chugai Pharmaceutical Co. sought to
HOW develop an analog of calcitriol that was able to induce

differentiation of myeloid lekemia cells without altering
mineral homeostasis. By replacing the C20 carbon with an
oxygen atom (with loss of the C21 methyl), it was discovered
that the 20oxa21-norvitamin @ analog (Figure 11A) was as
effective as calcitriol in differentiating humanyeloid

leukemia (H60) cellsn vitroand had no effect on bone

calcium mobilization in rats. The affinity for VDR was only
Figurell. A) Chemical structure
the 20oxa21-norvitamin @ 1/1000 that of calcitriol, howevet Moving the ether linkage
analog; B) Chemical structure ¢

the 22oxavitamin Ranalog. 1 the 22 position, and therefore retention of the C21

14



methyl (Figure 11B), found that differentiation of-8Q cells was fold higher than
differentiation induced by calcitriol. Similarly, ndexft on bone calcium mobilization was
observed in rats for the 2@xavitamin @ analog. The binding affinity was reported to be 1/14
that of calcitriol’° While the presence of an ether linkage in the aliphatic chain was able to
influence differatiation and regulatory effects, the added polarity also negatively impacted

VDR affinity.

More than 3,000 synthetic analogues of calcitriol have been developed for VDR that retain th
secosteroidal scaffolét Generaly, it can be concluded that structural changes to the
hydrophobic core o€alcitriolcan still result in high affinity ligands for VIF®sitioning of the
hydroxyl functionalities to conserve hydrogéonding interactions with polar residues in the
VDRLBP are particularly important. In fact, neacosteroidal ligands have been developed
agonists for VDR that maintain a similar conformation to calcitriol in the MEAR Boehm, et al.
synthesizedon-secosteroidl ligandswith a structurally distincbis-phenyl scaffold? One

racemic analogLG190178Figure 12), was found to activate VDR in HEPG2 cells using a
transcription assay with aBGo of 40 nM. A competitive binding assay with trititiabeled

calcitriol showed lte racemic mixture of LG1901#@have 0.3%ffinity to VDRrelative to

OFt OAGNR2E & / NBAGI f f-idomdr of AGLY0178, FevealeddhatvhE twd K S H 6 {
ethyl substituents on theuaternary carbon centealigned well with the fused,Dring system

of VDRbound calcitriol®* YR301 was determined to

be the most active isomer of the LG190178 >H/-\ O O OH
racemates, with 28.3%affinity for VDR compad OH © O/\OHH

to calcitriol”# Figure12. Chemical structure of LG19017
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Beyond the many synthetic ligands developed as agonists for mediating VDR gentivitig,
synthetic antagonists have also displayed high affinity for VDR. In 1999, Miura, et al. reported
the first series of VDR antagonists containing a lactamg.” (Figurel3) The antagonists were
derivatives from the natural occurring vitamin D metabolite, (23S 2bR)Z H pDs-26/23

lactone which was first isolated in 198% Compared to calcitriolTE49647had 10%affinity for

VDR in HB0 cells, while TEI648, theC23 epimermaintained 8%V DRaffinity.”> Further
researchusing MALDTOF M&onfirmed that the unsaturated esters underwent a conjugate

addition reaction with cysteine residues in tBF'E region dhe human VDR ligand pockét.

HO" HO" HO™

(23S5,25R)-11,25-(OH),D3-26,23-lactone TEI-9647 TEI-9648

Figurel3. Vitamin D analogs containing a lacteneg.
Agonism and antagonism of hormone analogs are closely related procéssestrect
stabilization of helix 12 preventoactivator interaction with the AB domain in the VDRBD.
Synthetic compound«ZK159222 and ZK1682%igure 14), act to displace helix 12 in this
manner. Both ZK159222 and ZK168281pmar inducers of VDR transcriptigout reduce

calcitriokmeditated transcription’®
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HO HO™

ZK159222 7K168281

Figureld. Chemical structure of VDR antagonists, ZK159222 and ZK1682¢

Significant advancements in understanding the role of VDR have ocaimnlits isolation

over 50 years ago. A great deal of this knowledge arises from evaluating the impact ligand
structural changes hee on VDRmediated biological responses. In order to further clarify the
complete activity transpiring within the LBP, amdunderstand the diverse pharmacological
effects ligands have on VDR, a method to monitor ligaawptor complexation in redlme

must be established. The development of an intrinsically fluorescent ligand for this purpose
would probe direct ligangleceptor interactions, as well as provide a noninvasive means to

trace cellular VDR distribution and localization.
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Chapter Two: Design of an intrinsically fluorescent VDR ligand

2.1 Fluorescege detectionin biological systems

Many creative approaches for analyzing recegigand interactions have furthered our
knowledge abouthe complexity of intertwined cellulgsrocessesAssessment of receptor
function is often completed through indireateasurements or extraction assays, which leaves
room for ambiguity in understanding the complete function of the receptor in its natural
environment?! Direct measurement assays that utilize fluorescence imaging cmagaver
informationthat is currently missewith existingimaging techniques. Fluorescence signaling
has the ability to produce strong signals at low concentratitimsrefore, compound activation
can be exploited over compound accumulatfdrurthermore, fuorescencebased assaysan
be afast, simple, andhighly sensitive way to analyze biological targets im@ndestructive
manner: As a result, this noninvasive method of imaging is being widely used for detectin
both protein-protein and liganeprotein pharmaceutical targetsA distinct shifiin the
fluorescent properties of a chemical probe upeinding or interacting with &iological target
permitsreaktime obsenationsto occur bothin vitroandin viva® Therefore, rational design of
smalltmolecule fluorescent probes have the potential to directignitor the activity of specié
protein targetsin living cell® Visualization of complex peessesy fluorescencenaybe the

answer torevealng new avenuedor future pharmaceutical discovery and development.

23



2.2 Intrinsically fluorescent smalmolecule probes

Various methods exist that utilize fluorescence to monitor molecular movement and observe
target distribution,including labeling smatholecule ligands, tagging protein targets, and
reactionbased fluorophore activatiofi® While each of these approaches to biological imaging
possesses benefits and limitations in their applmas, we are particularly interested in the use
of smaltmolecule fluorescence to develop a novel and efficiantitro assay for the VDRBP.
Huorophores with longmissionwavelengths aravailable for the extrinsic labeling of small
molecules, such @B80DIPYabeled calcitrioP1° Emission wavelengthia the visible lightange
allow background autofluorescence to be avoidsithplifyingimagingand removing the need

for specialized equipmenit Extrinsic labels often result in large attached fluorophores that are
the same size or even larger than the ligand itself though. The presence of these extrinsic labels
may dramatically impadhe physical and chemical properties the cellular environment being

monitored, affecting the interpretation of monitored events.

O
@ -

Figurel5. Extrinsic fluorescence from fluorophetabeled calcitriol (left) and intrinsic fluorescence fr
fluorophore-incorporated calcitriol (right).
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inherently photeexcitablecompound capable of cellular mapping, while minimizing

24



disturbances to the natural cellular proce$Designing a ligand to be intrinsically fluorescent
provides a more accurate representation of the traditional biological procdaswe to an

extrinsicallytagged ligand. (Figure 15)

A majority of biological fluorophores were discovered empirically,novel approaches to

develop fluorophores for targeted purposes are increasingly common. A series of studies during
the 1980s led by John Katzenel®gen sought to make use of a fluorescent estrogen ligand
that was suitable for visualizing nuclear ERS Extrinsicalljtagged ER ligands were generally
reported as having low ER affinity with high repecific binding. Therefore, the development

of an intrinsicallylfiorescent ligands began in the 19984\ mapr challenge faced while
designing an intrinsically fluorescent ligand was maintaining sufficient fluorescence for cellular
visualizatiorwhile ensuring a high affinity for the ER was maintained. Hwang, et al. began
developing a series of substitutéd6,11,12-tetrahydrochrysene§THCS) in an attempt to fulfill
both spectral and binding requirement3In particular, a 5,1tiethylsubstituted
tetrahydrochrysene (THGaffold displayed high ER affinity,

with the 2,8diol analog surpassing the estradiol affinity forZR.

HO (Figure 16) While the,&-diol had a maximum emission

Figurel®6. Intrinsically _ .
fluorescent ER ligand with ¢ Wavelengthof only 382 nm in ethanol, placing an electron

THC scaffold. Substituted
positions numbered in red. withdrawing group in the osition considerably improved the

spectral properties. For example, the electron domaceptor system created by substituting
the 2-hydroxyl functionality for a 2acetyl shifted the maximum emission wavelength to 525 nm

in ethanol. The Acetyl analog also maintained 40% affinity for ER relative to estradiol. These
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THC compounds are reportedly the first fluorescent ligands where fluoresteme

receptorbound ligand can be observed due to their sensitivity to solvent pol#tity.

More recently, Yang, et al. synthesizzmbmarinbased analogs R, 0 OH

as fluorescent probes for the ERne compound (3e) (Figure ~
Ra2
MTO 61a NBLRNISR G2 RaaLktlea@Qwr Pydf

3c: Ry =Me, Ry = Me

luciferasereporter assay with aiGs value of 12 nM. 3e:Ry=Et,R,=F

Additionally, 3e was described to be equipotent to 4 Figurel?. Intrinsically
fluorescent ER ligand with ¢

hydroxytamoxifen imeducing hormonedependentcancer cell coumarin scaffold.

proliferationin MCF7 cells. Thenaximumemissionwavelengthof 3e was 406 nm in methanol,

which shifted to 457 nm in argaeous buffer solution. Compound 3e was observed inties

to cross the cell membrane and localize iIR(ERMCF/ cells. Another derivative, compound 3c,

the spectral data for 3c was not reported neas it evaluatedn vitro. Nonetheless, coumarin
fluorophores havepromisingpotential as ligand scaffolds for NRaging andas therapeutic

treatments.

Coumarinbased fluorescent ligands have been synthesized for GPCRs asawealFu2nte
Revengaet al. substituted the indole present in the natural melatonin neurohormone for a

‘< coumarin flusophore?! (Figure 18) Coumarin analog (B3ving

HN
X A © the amide linkage at position 4 and a methoxy functional group at
RO l\
o "0

position 6, ha the highest affinity for both melatonin receptors,

Figurel8. Intrinsically
fluorescent MT ligand with
coumarin scaffold.

MT: and M. When competing with '?9]-iodomelatonin,

compound 3 had aikKalue of 13 nM for MTand a Kvalue of 3.4
26
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nM for MT,. Additionally, compound 3 was observed to be a potent agonist with@gvalue
of 117.8 nM inXenopus laeviselanophores Though no cellular imaging experiments were
described, anaximum emissiorwavelengthof 435 nm in phosphate buffer for compound 3

was reported.

Another approach toward developing a fluorescing melatonin neurohormone was fusing a
BODIPY fluorophore with the natural melatonin scaffl@hireau, et al. synthesized four
indole-based BODIPY ligands (Figure 19) and repdntedhaximumemissionwavelength

ranging from493-616nm in DMSO. All four ligands had good affinity for the kfid M

receptors in the nanomolar range when in competition witht21]-iodomelatonin as well.
Compound | displayed the highest affinity for both \Miid M, with K values of 32 nM and 10
nM, respectively. Compound Il was more selective toward, Mhile compound Il had a

higher selectivity for MTduring the binding assay. Melatonin receptors have a very low level of
expression despite being linked to a number midgical processes. Thus, BODIPY fluorophores

may also provide promising scaffolds for intrinsically fluorescent ligands.

I:R1=Me,R2=H,R3=IVIe

Il: Ry = Me, R, = Et, Ry = Me u v

MeO

MeO

Figurel9. Fluorescent MT receptor ligands.
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While a number of intrinsically fluorescent ligands have been developed and continue to be
explored for their imaging properties, amtrinsically fluorescent ligand comparable to the ones

described above does not currently exist for VDR.

2.3 Rational design of intrinsically fluorescent VDR ligands

A coumarin scaffold is an appealing fluorophore for developing an 5 4

6 X3
intrinsically fluorescent ligand due to its small molecular weight,

! 0720
biocompatibility, sensitivity to polarity changes, and strong yabkt 8 2

Figure20. Chemical
structure of coumarin
with numbering (red).

fluorescence emissioh?>Coumarins are among the oldest and most
easily synthesized fluorophoréisat arecommonly used foboth in

vitro andin vivoimagingand diagnostic$*?° In fact, the commercially available Alexa 350 and
Alexa 430 dyes are based on a coumarin scaffd&ructurallyconsistingof a fused -pyrone

and benzeneing, the core coumarin structure contains a cyclic ester functionality and a rigid
3,4-alkene locked in theisconformation. (Figure 20) While unsubstituted coumarins display
little to no fluorescence, suitable emission in the visible light range can arise from properly
substituting coumarins to create a pughill effect though the structuré’-2 Srong

fluorescence emission and good photostabiigyalso largely attributed to the rigidity of the

coumarinstructure.z3
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2.3.1 Design of the series A scaffold
Maintaining a high affinity for the VBIEBP is central to our intrinsically fluorescent ligand
design. Therefore, the initial compound dgs incorporating a coumarin fluorophore was
based off the secosteroidal structure of calcitriol. As mentioned in sectiorcdldriolis the
vitamin D metabolite with the highest affinity for VDR. It was hypothesized that mirroring the
structure of catitriol would allow a synthetic analog to retain good affinity for VDR. Calcitriol
contains a fused twaing structure (C and D rings), as does the coumarin structure. Thus, we

substituted the C and D rings in calcitriol for the unsaturated coumarin fprae. (Figure 21)

MeO o "0

OH

HO

Figure21. Chemical structure of calcitriol with ring labels in red (le
and the initial synthetic ligand, TM21 (right).

The tertiary alcohol was planned as an attachment at position 4 with a thioether linkage for
ease of synthesis. Additionally, a -h@nzenedimethanol source was used to replace th&ng

in calcitriol. This particular diol source hasheaused in norsteroidal synthetic VDR agoni&ts

and thus is capable of making appropriate cantsawithin the VDR.BP for receptor activation.
Although calcitriol naturally contains a diene that connects the A and C rings, the unsaturation
inherent to the coumarin structure prohibits an alkene attachment at position 8 that would

mimic the C7=C8 bond calcitriol. An ether linkage was incorporated into the compound
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methoxy substituent is present in position 7 to promote suitable emission properties for
cellularimaging.Molecular modeling of thigitial compound (TMI-21)in the calcitrioflVDR

crystal structurg(PDB: 1DB1jisplayed that the synthetic analagas able to orient similarlio

the natural ligand following inducetit refinement. (Figure 22)
N Fisa05
-

=8

A

Figure 22. Molecular modeling of TMI-21 (purple) in the calcitriol (green) crystal structure
[PDB 1DB1] The displayed pose made hydrogen bonding contacts with His305, His397,
and Arg274.
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2.3.2 Design of the series Bcaffold
The series B scaffold design continued to utilize a 4ulBtituted coumarin as our
fluorophore source, maintaining the methoxy substituent in position 7. Reldb the series A
scaffold, however, the orientation of the coumarin was flipped to attach the tertiary alcohol in
position 8 and the diol source in position 4. To streamline the compound synthesis (further
discussed in chapter 3), a thioglycerol subsit was utilized as the diol source instead of the
1,2-benezenedimethanol that was used in the series A scaffofly@rolmoiety is present in

the nonsecosteroidal VDR agonist, LG190178, and thus is capable of maintaining necessary

S oH hydrogen bonds witlpolar residues near the VDR
“ OH LBP opening. The shorter length of the thioglycerol
MeO 0" >0 TM-I11-20: n = 3 Substituent relative to the 1:benezenedimethanol
0 TM-lI-72: n=4
qln TM-lII-31: n =5 mpojety required a lengthened alkyl chain for the
OH

tertiary alcohol to reach the His305 and His397

Figure23. Chemical structure of the series
scaffold. residues deep in the VRIEP. (Figure 23)

One promising cowimation of TMII-72 in the YR30VDR crystal structure (PDB: 2ZFX)
RA & LJ I & S Rstackng ibtgfactioms between C5=C6 on the coumarin and Trp282.
Furthermore, a water molecule was able to create a hydrelgending retwork between
Tyrl43, Ser274 and a hydroxyl on the thioglycerol substituent, while the thioether sulfur

maintained a hydrogen bond with Cys284. (Figure 24)
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Figure24. Molecular modeling of TMI-72 (purple) in the YR301 (green) crystal structure. [l
2ZFX] The displayed pose made hydrogen bonding contacts with His301, His393, Ser23:
Ser274, and Cys284.
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2.3.3 Design of the series C scaffold

Concurrent with the design of the series B scaffold, a series C OH
S
scaffold was conceived as a potential intrinsically fluorescent \)\
OH
x

ligand for VDR. The series C scaffold utilizé@substituted
O o "0

coumarin where a thioglycerol substituent was maintained in %)4

position 4 and an ether linkage to the tertiary alcohol source OH

Figure25. Chemical structure «
was located at position 7. (Figure 25) The-gBstitution gives the series B scaffold (TM88).

(KS O2YLRdzy R | yI (dzNI f orlomatom emild odhgacivg 'y SEG S

conformation known VDR agonists have in the LBP.

While maintaining hydrogen bonding contacts with both His301, His393, and Ser233 in the
YR301VDR crystal structure, T88 was also able to create a hydrogen bondingumek with

a water molecule, Tyrl43, and Ser274. Furthermore, the thioether sulfur made hydrogen
bonding contact with Ser271 while the coumarin carbonyl had a hydrogen bonding interaction

with Cys284. (Figure 26)
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Figure26. Molecular modeling of TMI-88 (purple) in the YR301 (green) crystal structure. [|
2ZFX] The displayed pose made hydrogen bonding contacts with His301, His393, Ser23:
Ser274, Ser271, and Cys284.
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2.3.4 Design of the series D scaffold
Design of the series D scaffold intended for the coumarin fluorophore to be kept near the
opening of the VDRBP. Since the VEMBP is primarily lined with hydrophobic residuesyrayl
alkyl chain was attached at position 7 to reach the two histidine residues while a substituent
capable of hydrogen bonding was located in position 3. (Figure 27) Simple, deconstructed
calcitriol analogs that have highly flexible structures have shmnnduce moderate VDR

R activity3*32Furthermore, the 3,%ubstitution pattern in coumarins can

O/©fo\’\[0 have excellent emission properties upon creating a posh system

>[/(J)6 through the fluorophore. Therefore, the first corieed series D

OH

Figure27. General  compound (TMII-91) contained a carboxylic acid substituent in

chemical structure of
the series D scaffold position 3.

An intriguing pose displayed by TIM91 in the calcitrioVDR crystal structure showed an
interaction between Arg274 and the carboxylate oxygen, while the carlmxygen maintained
a hydrogen bonding interaction with Tyr143. The cyclic carbonyl in the coumarin fluorophore

also formed a hydrogen bond with Cys288. (Figure 28)
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Figure28. Molecular modeling of TMII-91 (purple) in the calcitriol (green) crystal structure
[PDB 1DB1] The displayed pose made hydrogen bonding contacts with His305, Tyr143,
and Cys288.
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A secondary alcohol in position 3 (IM18) resulted in a hydrogen bond contact between the
hydroxyand Tyr143 while the cyclic carbonyl oxygen interacted with Arg274, indicating that a

flipped orientation of the fluorophore can still make contacts with polar residues near the LBP

opening. (Figure 29)

L]/
NIR | ‘

o
\

Figure29. Molecular modeling of TMV-18 (purple) in the calcitriol (green) crystal structurt
[PDB 1DB1] The displayed pose made hydrogen bonding contacts with His305, His397,
and Arg274.
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In the YR30VDR crystal structure nitrile substituent in position 3 (THW-16) was able to
create a hydrogen bond contact to Arg270 through a water molecule, while the cyclic carbonyl
also interacted with Arg270. (FiguB@) Therefore, other electromvithdrawing groups that can

contribute to the pushkpull effect through the fluorphore may be tolerated within the VDR

LBP.

Figure30. Molecular modeling of TMV-16 (purple) in the YR301 (green) crystal structure. |
2ZFX] The displayed pose made hydrogen bonding contacts with His301, His393, and ,
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2.3.5 Cysetine click reaction
Modelingof the series @ompoundsoften highlighted an interaction between Cys288 and the
C4 position on the coumarin fluorophore. (Figudd 8oumarins inherently contain a cydlit -
unsaturated ester, and many of our modeled ligands contained substituents in position 3 that
also presented , -unsaturation with the C3=C4 alkeriéproperly aligned, Michael addition

could hypothetically occur ahe Ci position.

In 1987, researchers at théniversity of Leidedescribeal a conjugate addition between
hydrogen sulfide and a divinyl kete, with one of the alkenes being the C3=C4 alkene of the
coumarin ring syster® Analysis of incomplete reaction mixtures ¥NMR revealed that the
first addition occurs at the C4 position when at reflux in an ethalimkane mixture.
Interestingly, under the reporié reaction conditions, spontaneouehydmogenationoccurred
following the conjugate addition to retain the unsaturation between positidrsd 4.
ConverselyTamam, et alreported C3C4 saturation following the Michael addition between
ethyl thioglycolaé and2-cyane3-(coumarin3-yl) crotononitrile®* Thus at elevated
temperatures thiolate conjugate additions
are possible at the C4 positioReactingi -
mercaptoethanol and-hydroxy-2-oxo-2H
chromene3-carboxylic acid ethyl estem a
methanolwater mixturewhile in the

presence of lithium hydroxidéid not result

Figure31. Cys288 interaction with the C4 position in aconjugate additiorfor us at ambient
TM-IV-6 in the calcitriolVDR crystal structure. [PC
1DB1] temperatures though
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Chapter Tiree: Synthesis of novel VDR ligasd

3.1 Series A scaffold

The synthetic route towards the initial ligand, TIM21, was achieved through the coupling of
three individual components: an aliphatic thiol bearing a protected tertiary alcohol (A), a tri
substituted coumarin core (B), and a benzyl bromide moiety containing a protected diol

functionality (C). (Figure 1)

A OTES
S OH HS
\VﬁQ Cl
N
@i 300
MeO i o0 —> MeO 0" Yo
/ OH
(/l OH
HO
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07&

Figure32. Retrosynthesis of the series A scaffold.

C Br

Compound A (Figurg&2) was synthesized in thresteps, beginning with a Michael addition
between potassium thioacetate and methyl vinyl ketone to form the initial thioester (1).

(Scheme 1) The Michael addition is a wltlerstood reaction in which a nucleophile acts on
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0 K&8JiaAilA 2 yunsatdraet kétorfe.Following the conjugate addition, protonation
allows for formation of the keteenol tautomer. The ketone tautomer is generally favored over
the enol due to theelative stability othe C=0 double bond ovéne C=C double bondJsing

the condiions described by Coster and De \fpssir reaction between potassium thioacetate
and methyl vinyl ketone resulted 895% yield of compound 1. (Scheme 1)

O a @] O b O OTES c OTES
1 2 3

Schemel. Synthesis towards compound 3: a) KSAc, Py, AcOH, DCM; 0°C, 1 h; 25°C, 12 h; b) 1.
EtO;-78°C, 30 min; 0°C, 4 h; 2. T&H, 2,6lutidine; -78°C, 30 min; 25°C, 12 h; c) LIAEO;-78°C, 3(
min; 25°C, 1.5 h

A Grignard reaction between 1.5 equivalents of methyl magnesium bromide (MeMgBr) and
compound 1 at78 °C resulted in the formation of a tertiary alcohol functionality. The presence
of the lone pair of sulfur makes tragjacent sp2 carbon less electrophilic than a ketone

carbonyl carbon and is therefore less prone to nucleophilic attack by the Grignard reagent. The
selective reactivity of MeMgBr with the ketone carbonyl over the thioester carbonyl in
compound 1 was coirfmed during this reaction. Following@bond formation, the alcohol

oxygen atom is deprotonated as an alkoxide magnesium bromide salt until undergoing an acidic
workup. Protection of the tertiary alcohol was necessary to prevent elimination of the dlcoho

in future synthetic steps; therefore, an situsilyl protection of the newly formed alcohol was
attempted to eliminate a separate synthetic step. Triethylsilyl group was chosen as the
protecting group. Since the tertiary alcohol is more sterically é&iad, a more reactive silyl

triflate was used instead of the corresponding silyl chloA@iéddditionally, a silyl group with

minimal steric bulk was desired emsure steric factors did not prevent® bond formation
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from occurring. Complete
conversionfrom the ketone to the
alcohol, and subsequently
conversion of the alcohol to the sily

Silyl byproduct f Compound (2)
|

ether was observable by TLC (Figu

2l !

Figure33. Fractions from compound 2 purification by colui
chromatography, using EtOAc/Hex (gradient to 5:95
EtOAc:Hex). TLC ran E¥®Ac in Hex andvssualizedusing
the p-anisaldehyde stain.

33). Purification of the silyl ether
was difficult to achieve by column
chromatography because a silyl
byproduct formed following te workup exhibited a similar retention time. Purification by
column chromatography was tedious and required multiple repetitions. Therefore, the crude
material was routinely used in the following synthetic steps. Distillation of compound 2 was not

attempted but may be worthwhile for future ease of purification.

The final step in Scheme 1 was deacylation of the thioester to produce the thiol. Lithium

aluminum hydride (LiAis a commonly used reducing agent in organic synthesis that is able

to generate canpound 3 (Scheme 1). The reaction begins with a nucleophilic hydride from

LIAHF GGl O1Ay3 GKS St SOUNRBLIKATAO OF ND-2lgckdns O ND 2y
between the C=0 to localize on the oxygen atom, forming a tetrahedral metal alkoxige#eco

intermediate. Reformation of the carbonyl cleaves the sutfarbon bond, and subsequent

protonation during the worlup resulted in the desired compouria 94% yield.

45



Br

OH a OEt b
OEt
Ho X0 © El0” o © o
Et0” YO
4 5
Br
Br
c d
g OH
0
HO o1~
6 7

Scheme2. Synthesis towards compound & HSQ, EtOH; Reflux, 18;Ib) NBS,
AIBN, CGlReflux, 8 hc) DIBAIH, DCM:61°C, 10 hd) PTSA, Acetone; 25°C,.2

Compound C (Figu®) was synthesized from commercially availabladthylphthalic acid

over four steps. The first step performed was a Figsterification with ethanoto yield

compound 4 (Scheme 2). Sulfuric acid behaves as a catalyst by protonating the carbonyl oxygen
and increasing the electrophilicity of the carbonyl carbon. Ethanol is then sufficient

nucleophiici 2 GGl 01 GKS O ND 2y &lectrdbs oNtb tReyoXygenldisnK A y 3
A proton transfer to the hydroxyl group forms a geledving hydronium ion. Therefore, water

is formed as a byproduct of the reaction upon reformation of the carbonyl. Afliledum

exists between the acid and ester functional groups during the Fisher esterification. Utilizing an
excess of alcohol solvent and removing water from the reaction are two methods employed to
push the equilibrium towards the ester product. Whileialg of 92% was able to be achieved

when forming compound 4, the moresterified compound was a consistent byproduct in the

reaction. Complete conversion to the diethyl ester was inconsistent; likely due te over
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protonation of the solvent when attemptingtscale the reaction. An excess of sulfuric acid in
the reaction begins to hinder progression of the reaction, as protonation of the solvent
diminishes the nucleophilicity of the alcohol. Further optimization to the amount of acid
catalyst employed durinthe reaction will likely improve the consistency and yield of

compound 4 formation.

Bromination of the benzylic position on compound 4 provides a convenient means for coupling
the final diol to the coumarin core, since benzyl halogens are relatively good leaving groups.
TheWohtZiegler bromination was used prior to ester reduction to ensure bromination occurs
solely on the 4nethyl group, as an additional two benzylic positions would have the potential
to react following reduction. Upon radical initiation using azobisisgtartitrile (AIBN)

appearance of a burnt orange color indiedthe presence of molecular bromine. (Figu® 3
Compound 5 was able to be collected in 40% yi€&gtheme 2\ major impurity arising from

the WohltZiegler bromination is the dibrominated produ After monobromination occurs, two

benzylic hydrogens are still presebinder these reaction conditions, tltbrominated product

Figure34. Radical initiation with AIBN. Reaction begins clear (not pictured), followed |
formation of molecular bromine upon reaction initiah (left), and color disappearance witr
a few minutes (right).
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was able to formeven when using

only one equivalent of NBShe

Dibrominated product Compound (5)

presence of the dibrominated
product made the prification of
compound Sy column

chromatographytedious, as the

Figure35. Fractions from compoun8 purification by retention times between the
column chromatography, using-BE¥YHex (gradient t@0:70
EtO:Hex). TLC rét0% E2O in Hex and igisualizedunder monaobrominatedand dibrominated
UV light (254 nm)

species maintained similarity during

various solvenand gradientadjustments. (Figur85)

In forming compound 6 he esterfunctional groupn compounds were reduced to primary
alcoholsusingdiisobutylaluminum hydride¥IBAEH) (Scheme 2DIBAEH acts as an
electrophilic reducing agent that redusesters toeither aldehydesor alcohols, dependent
upon the reaction conditions and number of equivalens®d.Therefore, we utilize@n excess
of DIBALEH (8 equivalentsjo ensure reduction of both ester functional groups to alcohols
Nucleophilic reducing agents, such as LiAlké¢re unsuitable forour reactionsince te
nucleophilic hydridavould beable o displace thanewly-installedbenzyl bromide. Compound
6 wasable to beformed under these reaction conditionsowever the process was difficult.
Performing this reaction a78°C took a minimum of 12 hours before full conversion was
observed by TLC.i#t necessary for the reaction to run bele#0°C to cease reactivity at the
aldehyde but higher temperatures should be toleratédr alcoholformation. Performing this

reaction atO°Callowed for full conversion from compound 5 in two hours, but | was unable to
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confirm the formation of compound 6 byNAR during this trial. In an attempt to decrease the
reaction time while successfully forming the desired product, the reaction was performed at
61°C. Afted0 hoursat -61°C, full conversion from compound 5 was visible by TLC. Isolation of
the diol was anther challenge encountered. Large emulsions were present during the-wark
evenatfter stirring thecrudemixture in 1.0 M HCI fasne hour prior to extraction. Additionally,

a 1.0 M solution oRochelle salt and 1.0 Bblution ofcitric acidwas utilizel in an attempt to
disruptthe aluminum complexand brine washes were used to promote extraction of
compound 6 in ethyl acetate. The large wank emulsions are likely a major contributing factor
to the low yields observed during this reaction. Increasedtimes in an acidic aqueous

solution following reaction quenching may be beneficial in efficient extraction of compound 6
into an organic solvent. Additionally, it has been reported that DIBAtas able to successfully
reduce ester functional groups tthe alcohol in the presence of a benzylic bromide at above
zero temperatures.Insufficient isolation of compound 6 following DIBAlreduction at 0°C is
suspected to play a role as to why identification by NMR was unsuccessful. Further optimization

to this procedue should allow for increased yields of compound 6 to be obtained.

Protection of the diol using an acetonide ring was the final step in synthesizing compound C.
(Figure32) The cyclic ketal formation occurs between acetone and the benzene dimethanol
portion of compound 6 in the presence of an acid catalyst, sughtakienesulfonic acid.

Conversion to compound 7 was visible by TLC after two hours at 25°C. Following purification by

column chromatography, compound 7 was able to be isolatetB¥ yield

Syntesis of compound B (FiguB2) can be completed in one step by following the Pechmann

condensation reaction mechanism, one of the most walbwn reactions for coumarin
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synthesi® Fromcommercially availabl8-methoxycatechol and-¢hloroethyl acetoacetate

compound 8 was synthesized in neat sulfuriicae two hours (Scheme 3). Sulfuric acid

catalyzes tharansesterificatiorof the ethyl ester oml-chloroethyl acetoacetatavith the

phenol,as well agnolizationd-chloroethyl acetoacetateA cascade of electron

rearrangements, beginning with tHene pair of electrons on the phenolic oxygen, prompts a

aAOKI St IRRAGAZY (2S2OO0GUNRPYSIHR8BY I-NRHOA WX @ T NR
2 T (0 KiSsatlraed carbonyl, resulting in the formation of a-siembered ring

Reaomatizationand sibsequent electron rearrangement forms the final coumarin while losing

water as a byproduct. Precipitation of compound 8 was achieved by pouring the acidic reaction
mixture overice water Subsequent filtration and recrystallization in ethanol alloweddoge

batches of compound 8 to be easily purified in high yield

The ouplingbetween compounds 7 and 8 was performed following the Williamson ether
synthesisPotassium carbonate was ustmldeprotonate the phenobn compound 8which
successively actegs a nucleophile in the SN2 substitution of benzylic bromide compound 7.

The resulting compound 9 was synthesized in 37% yield (Scheme 3). Compound 3 was coupled
with compound 9 through another SN2 reaction. Triethylamine was used to deprotonate the
thiol 3, which then behaved as a nucleophile to substitute the benzyl chlorigesition4 on

the coumarinscaffold. Compound 10 was synthesized in 76% yield (Scheme 3).
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Scheme3. Synthesis towards compound 11 (IM21): a) HSQ; 25°C, 2 h; b) Compound 7 (scheme
K:CQ, ACN; 50°C, 8 h; 25°C, 13 h; c) Compound 3 (scheme 1), TEA, DMF; 25°C, 18 h; d) CSA,
4 h

The final reactioiowards TM-1I-21 was simultaneousilyl and acetonideleprotection.A

catalytic amount of amphor sulfonic acigCSA)n methanolremoved both protecting groups

within four hours at 0°(Deprotection of the silyl ether occurs as the oxygen atom becomes
protonated, resulting in a good leaving group. A polar protic solvent, such as methanol, acts as
a nucleophile to displace the existingSDbond. Deprotection of the acetonide ring alsoibeg

with protonation of an ether oxygen. As a lone pair of electrons on the adjacent carbon forms a
carbonyl, the ring breaks and releases the free alcohol functionality. A molecule of methanol
can then attack the carbonyl and repeat the described proge$sasing the second alcohol
functionality. Compound 11 (TH##21) was synthesized in 49% yield, though decreasing the
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amount of CSA in future trials would likely improve the reaction yield. Elimination of the
tertiary alcohol on TMI-21 is possible undeacidic conditions and may have contributed to the

loss of the final product.

3.2 Series B and C scaffolds

Other derivatives were generated by varying the compound legt 4thioglycerol

substituted coumarins. The corresponding bromides were synthesized in two steps and used in
the SN2 coupling reaction, rather than the thiol that was previously present in compound A
(Figure32). Attachment of compound D was plannedaasether linkage off of the phenolic

position in compound E as the phenol would be nucleophilic enough to substitute an alkyl

bromide. (Figure36)

FG: O’\’
%)n D OTES
OH Br\v'/nj<
OH
S\/J\
§ oH = Vjo\)g
E S
R1 (OO
R2 N
Series B: Ry =OMe, R, =FG R4 o "0
Series C: Ry =FG,R; =H R,
Series B: Ry = OMe, R, = OH
Series C: Ry =0OH,R, =H

Figure36. Retrosynthesis of the series B and C scaffolds.
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Varying lengths of compound D were synthesized in two steps. Commercially available methyl
4-bromobutyrate, methyb-bromovalerate, and methyl-Bromohexanoate underwent a

Grignard reaction with MeMgBr, followed by a silyl protection using triethylsilyl chloride (TES
Cl) 6cheme 4)The Grignard reaction for compounds 12, 21, and 25 followed reaction
conditions from greviously reported procedurewhile utilizing the same mechanism

described for compound Ztheme 1). Two equivalents of MeMgBr assential to yield the

tertiary alcohol from the ester functionairoup, however.

r r r

MeO n n 0
n=3,4,5 12:n=4 13:n=4
21:n=3 22:n=3

25:n=5 26:n=5

Schemed. Synthesis towards compounds 13, 22, and 26: a) MeMggD;
0°C, 30 min; 25°C, 4 h; b) T&@S2,6lutidine, DCM; 0°C, 30 min; 25°C, 18

Unlike the protection to form compound 2, amsitureaction to synthesize compounds 22,

and 26 was not performed following the Grignard reaction. Compound 2 was protected using
TESOTT, while compounds 12, 21, and 25 were protected
using TEEI, which was readily available in our laboratory.
Alcohol protection did not sufficiently occurity TESCI

when the magnesium salt was present during theitu
reaction trial (Figur&7). Workup and isolation of the

alcohol was necessary prior to silyl protection. Tertiary

alcohol protection using TE3 was completed at 0°C rather

Figure37. Grignard reaction on  than-78°C when using TESIf. The yields for compounds
methyl 5bromovalerate.
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13, 22, and 26 ranged from @5%, and therefore @re slightly lower than the yield for

compound 2 when TESTf was used.

Similar to TMII-21, the series B scaffold continued to use a thioether linkage at position 4 on

the coumarin ring. However, the series B scaffold utilized the thioether as a corméztzodiol

rather than the tertiary alcohol (Figu&6). Due to the difficulties associated with the synthesis

of compound B (Figure2T { OKSYS n0s G(GKS RA2f ¢l & SEOKI y3ISF

thioglycerol, which also decreased the number of sefmsynthesis steps needed to complete

the final ligand structures.

Substitution of the benzylic chloride 8 was achieved by the thiolate generated by deprotonating
0KS (GKA2f gA0GK LIRGlFaaArdzy Ol ND 2 y-hidgieerol{ St SOGA BS
occurred due to the higher nucleophilicity inherent to thiols over alcohols. After refluxing for

four hours in acetonitrile, full conversion from compound 8 was visible by TLC. The triol

NEB & dzf G A-wiidglycemsloxiplimg with compound 8 yields a highdyar compound. A

difficult isolation of this compound using standard wank techniques was anticipated,

therefore, immediate protection of the diol was performed to simplify purification. A solvent

exchange from acetonitrile to acetone was ddnevacug and p-toluenesulfonic acid was

added to the crude suspension to create an acidic solution. Ariiebered acetonide ring

was formed using the same reaction mechanism described during the synthesis of compound 7

(Scheme 2). Purification by column chrongi@phy provided compound 14 in 82% yield.

The series C scaffold shared the thioglycerol diol at position 4 on the coumarin ring; however,

the ether attachment to the tertiary alcohol was located at position 7. This positioning in the
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series C scaffold elinated the methoxy functional group at position 7 that was present in the
series B scaffold. Position 8 in series C was unfunctionalized, only having a hydrogen present.

(Figure 5)

Compound 17 (Scheme 5pw/synthesized by the Pechmann condensation previously described
for compound 8. Resorcinol replacedrithoxycatechol in theagaction with ethyl 4
chloroacetoacetate and sulfuric acid to yield compound 17. Previously, recrystallization was
used to easily purify compound 8; however, recrystallization of compound 1mggcessful,
despite literature reports claiming purificatidoy this method. Recrystallization was attempted

in ethanol methanol,toluene, chloroformacetonitrile, and water

without success, despite ensuring a neutral pH of the crude sol
prior to recrystallization. White product crystals were observed
form at the top of a glass vial when attempting to recrystallize

from a 50:50 ethanol:water solution following overnight organic
solvent evaporation (Figur@8). However, purification om larger
scale using the 50:50 ethanol: waslutionwas unsuccessful.

Resorcinol has an unsubstituted position in both positions orthg

to the phenolic position, soegioisomers can be formed during

Figure38. Recrystallization
trial of compoundl7 in 50:5(
EtOH:Water. Product cryst:

the reaction.Potential byproducts resulting from theaction

with resorcinol may have interfered withe recrystallization. formation following overnigt
solvent evaporation (red
Nonetheless, the crude solid precipitated from the reaction to arrow).

synthesize compound 17 was thoroughly washed with water and dried on the vacuum filter

prior to its use irthe successiveubstitution andprotectionreactions that weralescribed for
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compound 14Scheme 5)Compound 18 was successfully isolated in 30% vyield following
chromatographic purificatiorf-urther purification of compound? could increase the yield of

compound 18.

o
O
R, cl S A/
Ry OH o o a “ b N
Cl
Ri o0 Yo R 0" o
R R

3-Methoxycatechol: R = OMe, R, = OH 8: Ry = OMe, R, =0OH 14: R; = OMe, R, = OH
Resorcinol: Ry =0H, R, =H 17: Ry =0H, R, =H 18: Ry =0H,R; =H
FG: N
ol( OH o
S\/I\/O S\/H >((J) n
O.
;, X L ~ OH R3
R{ o” ~0 R4 o” 0
Ro Rz
15: R1=0OMe, R, =FG (n=4,R3=H) 16 (TM-lI-72): R{ = OMe, R, =FG (n =4, Rz = H)
19: R4 =FG (n=4,R3=TES),R, =H 19 (TM-I-88): Ry =FG (n=4,R3=H),R, =H
23: Ry =0OMe, R, =FG (n=3, R3 =TES) 24 (TM-1lI-20): Ry =OMe, R, =FG (n =3, R3=H)
27:R1=0OMe, R; =FG (n=5, Rz = H) 28 (TM-llI-31): Ry =OMe, R, =FG (n =5, Rz = H)

Schemeb. Synthesigowards compoundd6 (TMII-72), 22 (TMII-20), and 26 (TM

[11-31): &) 1h-thioglycerol, KCQ, ACN; Reflux, 4 h; 2. PTSA, Acetone; 25°C, 2:

Compound 13, 22, or 26 (scheme 4C&, ACNReflux, 18 h; ¢) HCI, MeOH; 25
4-8 h.

The Williamson ether synthesis was employed for separate coupling of compounds 13, 22, and
26 to compound 14, along with compound 13 to both compounds 14 and 18. It was essential
for this reaction to occur following K Shioglycerol coupling. Elevated temperatures were
needed to substitute the aliphatic bromides with the coumarin hydroxyl group, but also allowed
for dimerization to occur when the benzylic chloride functionality was present in position 4.
While bromdes are better leaving groups than chlorides, a benzylic position is more reactive

than an aliphatic position. Therefore, due to the positioning of the benzylic chloride in
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O 2 Y LJ2 dzyihioglycérol $ubstitution needed to occur prior to the aliphatic tnide

coupling.

Compounds 15, 19, 23, and 27 were all synthesized, isolated, and purified following the same
protocol; however, loss of the silyl protecting group occurred following column
chromatography in compounds 15 and 27. Silica is known to be ayaciklic metal oxide

and is able to degrade certain compounds during purification. Since silyl groups are commonly
deprotected under acidic conditions, it is tinght that silyl deprotection occurred during

column purification for compounds 15 and 27. Compound elution was routinely done the same
day crude samples were loaded onto the column; however, the time each product spent in
contact with the silica was varidh Even for the compounds that remained protected with the
silyl group, a portion of the final yield was lost to the deprotected tertiary alcohol product. It is
unlikely that degradation of the silyl protecting group occurred prior to the reaction, as the
Williamson ether synthesis was completed shortly after silyl protection of the aliphatic
bromides. Additionally, coupling trials attempted with the deprotected alcohol were
unsuccessful, resulting in intramolecular cyclization between the tertiary al@ttbthe

aliphatic bromide. Deprotection during the coupling reaction would have been visible by TLC
when monitoring the reaction progress. Formation of compound 19 also used compound 13
while yielding the silyprotected product, contrasting from the reklis in synthesizing

compound 15. Each of these observations support the hypothesis that column purification may
be responsible for cleaving the silyl protecting group. The addition of a weak base, such as
triethylamine, to the mobile phase during columnrgication may aid in consistent elution of

the silytprotected products.
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The final step in synthesizing TIM72, TMII-88, TMIII-20, and TMII-31 was simultaneous
deprotection of the silyl protecting group and acetonide ring. Thesfthe deprotection of

the tertiary alcohol during column purification for compounds 15 and 27 did not affect our plan
for the overall synthetic route. The deprotection of the acetonide ring was most effectively
completed in 0.01 M HCI in MeOH, though®N HCI in MeOH was also tolerated, with

complete conversion taking between four and eight hours. Successful purification was achieved

using reversghase (C18)
column chromatography in
methanol and water. A
gradient from 100% water

up to 100% methanol

4
allowed for salt impurities )~
40% MeOH

to elute in water, and the in Water

-_—_
-

final compounds to el
Figure39. Purification of TMIII-20 using revers@hase column

between 4060% methanol  chromatography. Under UV light (360 nm), impurities are visualiz
eluding in 100% wateil M-111-20 began to elude in 40:60 MeOH:Wat

. and exhibited a blugyreen fluorescent color.
in water.

3.3 Series D scaffold

The series D scaffold explored substitution the coumarin core with a long aliphatic chain
bearing a tertiary alcohol in position 7, with different hydrogeending functional groups
directly attached to the coumarin scaffold. Synthesis of the aliphatisarachain containing
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the tertiary alcohol and a bromide functional group followed the same approach as the
syntheses of compounds 13, 22, and 26 (scheme 4), but substituted the use ©f fDESES
OTTf during the silyl protection. Compounds 29 was syn#eeisfollowing the Grignard reaction
from commercially available ethytdtomoheptanoate in 99% vyield. Following, compound 30

was protected using a triethylsilyl group in 87% yield.

Hipor —— o 2 S
r r r
29 30

Schemeb. Synthesis towards compounds 29 and 30: a) MeMgB®Q;E
0°C, 30 min; 25°C, 4 h; b) T&H, 2,6lutidine, DCM:78°C, 30 min; 25°(
18 h

The Knoevenagel condensation was employed for synthesiss#raes D coumarin scaffolds.

For compound 31, the Knoevenagel condensation occurred by reacting 2,4
dihydroxybenzaldehyde with diethyl malonate in the presence of piperidine. The same reaction
conditions were used in the synthesis of compound 35, stuistg ethyl acetoacetate for
RASGKEE YIt2ylFGdSd t ALISNRRA y-1§dragénidrém eithér diethyb | 3 S A
malonate or ethyl acetoacetate, which in turn creates a nucleophile capable of attacking the
carbonyl of 2,4dihydroxybenzaldehydeSubsequent protonation of the benzylic alkoxide leads

to the loss of a molecule of water and alkene formation. Additionally, deprotonation of the
ortho-phenol allows for nucleophilic attack of the free carbonyl. The resulting intramolecular
cyclization pizi K Sa (i K SeleCiloriébraoythe €arbonyl oxygen atom. Reformation of the
carbonyl forms the final coumarin product while ethanol is lost as a byproduct. This reaction
was done solventree, causing the reaction mixture to become extremely viscautha

reaction proceeds, leading to difficulty with stirring. However, the viscosity of the reaction
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0 0
O O a \
H _— R
N .
HO OH HO oo

31: R = OEt
35: R =Me
@] @]
X R S R
b c
’ @] o "0 @] o "0
OTES OH
32: R = OEt 33 (TM-III-90): R = OEt
36: R =Me 37 (TM-IV-6): R = Me

Schemer. Synthesis towards compounds 33 and 37: a) Piperidine; 25°C, 1 |
Compound 30 (scheme 6%CQ, ACN; Reflux, 182 h; c) HCI, MeOH (compour
33) or EtOH (compound 37), THF; 2528 hl

mixture did not hinder either reaction from going to completi@onveniently, recrystallization

of compounds 31 and 35 in anhydrous ethanol allowed for simple purification. In order to
achieve successful recrystallization, the reaction mixture needed to be poured over acidic ice
water. The reverse addition led to theeapsulation of piperidine within the crude product and
led to unsuccessful recrystallization in ethanol. Additionally, thorough washing of the crude
solid until the filtrate was clear was necessary for successful recrystallization. The filtrate
commonly eaches a neutral pH while maintaining a yellowed cdlowever, recrystallization

at this stage was unsuccessful. Isolation of the final crystals may require two filtrations, as a

sticky, red precipitate also formed during the recrystallization procagsi@40).
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The Williamson ether synthesis between compoundy

30 and 31, as well as compounds 30 &bdfollowed
the previously described procedures. Refluxing

compound 30 with the respective coumarin in ACN, it
the presence of potassium carbonate, led to the

formation of the silyl protected compounds 32 and 3

In 54% yield and 42% yield, respectively. Figure40. Recrystallization of compoun

31 (oftwhite crystals) on the vacuum filt
The following silyl deprotection was achieved in 0.01 With a sticky, red precipitate byproduct
M HCI in EtOH/THF for TNM-90 and 0.01 M HCI in MeOH/THF for-IW6. Ethanol was used in

the deprotection of compound 32 to avoid any potential transesterification:ITHI0 was

purified in 91% yieldollowing column chromatography, and TIM-6 was purified in 78% yield.

TM-I1I-90 was further hydrolyzed, yielding a carboxylic acid at the position 3 (Scheme 8).

Lithium hydroxide was used for this reaction since it is weaker than the other alkali metal
hydroxides. However, the ester hydrolysis still appeared to form many byproducts by TLC as the
reaction proceeded. A convenient and environmentéligndly Knoevenagel condensation that
affords the carboxylic acid has been reporfethis strategy would allow the challenges of ester
hydrolysis to be avoided. However, we observed a competingioeaduring the Williamson

ether synthesis with the carboxylic acid acting as a nucleophile. This was previously observed by
other reports, which yielded esters from alkylating the acid, in addition to product mixtures of

the ester and ether from alkylatinthe phenol® Reversephase column chromatography using
methanol and water was attempted for TM-91, but significant contamination of the final

product by TMIII-90 was observed. Rather than repeating the column purificatiorg@dbase
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Q o)
/@\/foa 0.1 M LiOH in H,O, THF MOH
0 0 S0 25°C,1h 0 00
%}6 %)6

OH OH
33 (TM-l1I-90) 34 (TM-111-91)
SchemeB. Ester hydrolysis conditions used to form -TO1.

extraction was used to separate TIMI90 from TMIII-91. While under basic conditions, TNt
90 was discarded with organiiichloromethane washes. Acidification of the aqueous layer then
allowed for TMIII-91 to be extracted in chloroform. Further optimization to the ester hydrolysis

procedure is needed to improve the yield of INM91, which was isolated in 45% vyield.

Reduction oft >unsaturated ketones witlsodium borohydride imethanol while in the
presenceof cerium(lll)chloride has been shown to yield thalylicalcoholproducts!t

Reduction of TMV-6 to the secondary alcohol, 7MW-18, was accomplished following the
Luche reduction mechanism, maintaining the cyclic alkene in the aromatic coumarin system.

(Scheme 9)

0
AN AN
NaBH,, CeCls, THF, MeOH
0 0" "0 "o°c. 30 min: 25°C, 1.5 h 0 o "0

OH OH

37 (TM-IV-6) 38 (TM-IV-18)

Scheme9. Luche reduction conditions used to form TTM18.

The Luche reduction utilizes a polar protic solvent (i.e. methaonaireate a complex with
cerium(lll) chloride, which in turn, increases the acidity of the environnfeatiditionally,

methanol reacts with sodium borohydride to form more reactive alkoxyborohydrides, evolving
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hydrogen gas in the process. Sodium borohydride increases in hardness as hydrides a

substituted by alkoxy groupgdUnderi KSaS O2y RAUA 2 y-arsatuiated | RRAGA 2y
ketones favorably occurs at the carbonyl carbon. Ketones are hard Lewis bases that increase in
electrophilicity when in the presence of the cerium salt complex, while alkenes are softer Lewis
bases!® According to hard and soft acids and bases (HSAB) theory, hard acids preferentially

react with hard bases. Therefore, the dgddition is favored over the 1;dddition during the

Luche reduction. TMV-18 was synthesized following this poabl in 63% yield.

The final series D scaffold synthesizecluded a nitrile group present in position 3. Compound
39 (scheme 10) was synthesized by the Knoevenagel condensation, following a procedure
reported by Wang, et af In water, 2,4dihydroxybenzyaldehyde reacted with malononitrile
while in the presence of ammonium acetate. The coumarin forms at room temperature over
the course of four hours and precipitates out to form a viscous solution as the reaction
progresses (Figurél). The solid imine product was filtered and dried. Following, hydrolysis to

0 . _
HO OH HO o0

N

39
N N
AN ~
b cor . jond
@] (@] (@] 0O (@] (@)
OTES OH
40 41 (TM-IV-16)

Schemel 0. Synthesis towards TNW/-16: a) 1. NkAc, HO; 25°C, 4 h; 2. HCk® 75°C
1 h; b) Compound 30 (scheme 6)CR}, ACN; Reflux, 18 h; ¢) HCI, MeOH; 25°C,
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the coumarin was achieved by
heating the solid in 3.0 M HCI
solution at 75°C for one hour.
Subsequent filtration and
recrystallization in ethanol

yielded compound 39 in 44%

Figure41l Knoevenagel condensation with 2,4

_ i dihydroxytkenzaldehyde and malononitrile in aqueousXEl
39 can likely be increased solution.

yield. The yield for compound

during the purification stage, as the ethanol recrystallization was more challenging than the
recrystallizations for compounds 31 or 35. Atignd fluffy red powder was characteristic of

compound 39, which seemed to maintain a degree of solubility in the recrystallization solvent.

The final steps towards TIW-16 followed the previously discussed Williamson ether synthesis
with compound 30, followed by silyl deprotection in 0.01 M HCI in MeOH/THF. Compound 40

was purified in 68% vyield, and TIM-16 in 99% yield.
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3.4 Compound characterizations

All reactions were performed under a nitrogen atmosphere unless otherwise notedtidteac
temperatures refer to the surrounding bath temperatures, or an oil bath held under the same
reaction conditions in the case of reactions run in tandem on the carousel. Reactions were
monitored by TLC using POLYGRAM SIL G UV254 plates (Matdngee§05023).

Visualization was performed with UV light and cerium molybdate general stain followed by
heating. NMR spectra were recorded on a Bruker Advance 500 MHz instrument with
compounds dissolved in the specified deuterated solvent. HRMS analysis wasteahogn the

Shimadzu FITOF instrument.

3.4.1 TMII-21 and intermediate compound characterizations

o 0 Synthesis of thioacetic acig8-(3-oxo-butyl) ester (1):Potassium

g~

cooled to 0°C in an RBF. Pyridine (11.6 mL, 143 mmol) was added slowly, fiothed

thioacetate (12.339 g, 108 mmol) was dissolved in dry DCM (50 mL) and

addition of AcOH (6.2 mL, 108 mmol). The solution was stirred for 1 hour at 0°C before methyl
vinyl ketone (5.8 mL, 71.5 mmol) was added. The solution was allowed to gradually reach 25°C
overnight. The reaction was diluted in,@tand washed with.0 M HCI (30 mL), 10% CuSO
solution (90 mL), saturated KHE®0 mL), and brine (60 mL). The organic layers were collected
and dried over MgSQfiltered, and concentrated to dryness. Thioacetic ae{@-8xo-butyl)

ester (1) was collected as a yellowatil95% yield and was not subjected to any further
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purification.’H NMR (500 MHz, CRE!l +  aJ®6i1&Hz,@K)32.78 (= 6.8 Hz, 2H), 2.32 (s,

3H), 2.16 (s, 3H)*C NMR (126 MHz,CBEl Hnc ®oc X Mpp PPHE noPHY I

0 oTes | Synthesis of thioacetic acig-(3-methyl-3-triethylsilanyloxy-butyl) ester

A~ K

cooled to-78°C in an RBF. MeMgBr, 3.0nVERO (13. 5 mL, 40.5 mmol) was added dropwise to

(2):Compound 1 (4 g, 27.4 mmol) was dissolved in i@ 40 mL) and

the RBF, which proceeded to react for 4 hours at 0°C. The reaction was then codl8tGoA
dropwise addition of 2 @utidine (5 mL, 42.9 mmol) followed by F&i8ate (12.5 mL, 55.3

mmol) was added af78°C. The reaction gradually reached 25°C overnight and was then
guenched with 20% Ni€l solution (pH = 7, 40 mL). The product was washed with 10% CuSO
solution (60 mL) and brine (40 mL). The organic layers were collected, dried over MgSO4,
filtered, ard concentrated to dryness. Thioacetic aciBSnethyl3-triethylsilanyloxybutyl)

ester (2) was collected as a palellow oil and was used without further purificatiotd NMR

(500 MHz, CD&ll  + ¢ 8.99dnp, 2H), 2.29 (s, 3H), 169.63 (M, 2H), 12(s, 6H), 0.94 (=

8.0 Hz, 9H), 0.57 (4= 8.0 Hz, 6H}3C NMR (126 MHz,CBCEl M pp Py nZ THOPPMZ

29.68, 24.49, 7.02, 6.68.

otes | Synthesis of 3nethyl-3-triethylsilanyloxy-butane-1-thiol (3): Dry EtO (10

HS mL) was cooled t678°C in an RBF and LiAIRIO M in THF (1.1 mL, 2.2

mmol) was added af78°C and stirred for 10 minutes. Compou(B800mg, 1.08 mmol) was
added dropwise to the reaction flask &t8°C and reacted for 1.5 h while gradually warming up
to 25°C. After full conversion was observed by TLC, the reaction was quenched with the
dropwise addition 20% N&I solution (pH = 7, 40 mtud bubbling of the solution ceased. The

crude product was extracted in DCM (40 mL) and washed with water (40 mL). The organic
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layers were collected, dried over Mg&@ltered, and concentrated to drynessNethyl-3-

triethylsilanyloxybutane-1-thiol (3)was collected as a palgellow oil at 94% yield. No further

purification was performedtH NMR (500 MHz, CREI + ¢R.36¢mm 2H), 1.77 1.72 (m,

2H), 1.21 (s, 6H), 0.94 Jt= 8.0 Hz, 9H), 0.57 (@ 7.9 Hz, 6HI3C NMR (126 MHz, CBG|

73.01, 50.02, 29.80, 19.80, 7.07, 6.71.

EtO

O

)

OEt

Synthesis of 4methyl-phthalic acid diethyl ester (4)4-Methylphthalic
acid (3.1 g, 17.2 mmol), dry EtOH (150 mL), and 3A sieves were combined

in an RBF, followed by a dropwise addition @88 (1.0 mL). The reaction

flask was refluxed without stirring for two hours or until conversion was observed by TLC.

Excess EtOH was distilled off and the crude product was redissolved in EtOAc. The sakition w

washed with 20% NI solution (pH = 7, 100 mL) before collecting the organic layer, which was

subsequently dried over Mga@iltered, and concentrated to dryness. The crude product was

purified by column chromatography using EtOAc/Hex (gradient B9160 EtOAc:Hex)-4

Methyl-phthalic acid diethyl ester (4) was collected as a clear to-pallew oil at 92% yieldH

NMR (500 MHz, CRGI { T1J® C.9HzA1R)E7.44 (s, 1H), 7.28J&l7.5 Hz, 1H), 4.33 (dd,

= 9.4, 7.1 Hz, 4H), 2.37 (s, 3H), 1.33J¢d7.2, 4.8 Hz, 6HFC NMR (126 MHz, CBGl Mcy ®mn <

167.24,141.82, 132.97, 131.22, 129.16, 129.10, 128.70, 61.51, 61.35, 21.23, 14.08n4#4.05.

calculated for @&Hi604 237.1121 [M+H] found 237.1093.

Br

EtO

O

O

OEt

Synthesis of romomethyl-phthalic acid diethyl ester (5)Compound 4
(980 mg, 4.15 mmol), GERO mL), and 3A sieves were added to an RBF. In

one portion, NBS (915 mg, 5.14 mmol) vadsled to the stirring reaction

mixture, followed immediately by the addition of AIBN (24.5 mg, 149 pmol). The reaction flask
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was brought to reflux for 8 hours or until full conversion was observed by TLC. ExaesasCCl

distilled off and the crude solid was redissolved i¥OE50 mL). The crude product was washed

with 20% NHECI solution (pH = 7, 60 mL) and brine (40 mL). The organic layer was collected,

dried over MgSQ) filtered, and concentrated to dryness. Theae product was purified by

column chromatography using&¥/Hex (gradient to 30:70 ED:Hex). Bromomethyiphthalic

acid diethyl ester (5) was collected as a clear oil at 40% yi¢INMR (500 MHz, CREI + T ®T 0
(d,J= 1.6 Hz, 1H), 7.70 (@ 7.9 Hz1H), 7.55 (ddJ= 7.9, 1.7 Hz, 1H), 4.48 (s, 2H), 4.37 Jgd,

7.1, 5.4 Hz, 4H), 1.37 (dik 13.1, 7.0 Hz, 6HYC NMR (126 MHz, CB)&I MCc T ®MH I MC T ®n-
140.97, 132.87, 131.94, 131.41, 129.50, 129.36, 61.84, 61.76, 31.40,m&@3lculated for

CiaHhsBrQ: 315.0226 [M+H] found 315.02086.

Br Synthesis of (5oromomethyl-2-hydroxymethylphenyl}methanol (6):

oH | Inan RBF containing 3A sieves, DIBAL.O M in heptane (8 mL, 8 mmol)

HO was added and cooled t®1°C. Compound 5 (312 mg, 990 umol) was

dissolved irdry DCM (3 mL) and added to the reaction flask in a dropwise manner. The solution
was held at61°C and reacted for 10 hours or until full conversion was observed by TLC. The
reaction was quenched with cold water and slowly poured over a mixture of itd &M HCI

(100 mL). The mixture was stirred in the acidic aqueous solution for 1 hour before extracting
the product inEtOAQ200 mL). The organic layer was washed with 1.0 M Rochelle salt (50 mL),
1.0 M citric acid solution (50 mL), and brine (50 mhg drganic layer was subsequently

collected, dried over MgS(filtered, and concentrated to dryness-Bsomomethyi2-
hydroxymethylphenylymethanol was collected as an aftite powder at 49% yield and used

without further purification.!H NMR (500 MHa Sh 50 { JT1d7Hn, 1H),R.21 @ 7.9
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Hz, 1H), 7.35 (dd= 7.8, 1.9 Hz, 1H), 4.71 (& 3.1 Hz, 4H), 4.59 (s, 2HC NMR (126 MHz,

MeOD)

MOGpPNnoZ MOPPANTZ MOTDPPPZEI MHYyDPOpI MHYydPAMZ

Br

o

O

Synthesis of Bromomethyt7,7-dimethyl-5H,9H-6,8-dioxa
benzocycloheptene (7)Compound 6 (289 mg, 1.25 mmol), dry acetone (20
mL), and 3A sieves were added to an RBF. A catalytic ambBiiSA was

added to the reaction flask, and the mixture was stirred for 2 hours or until

complete conversion was observed by TLC. Excess acetone was remoeaedq and the

product was redissolved in DCM (20 mL). The organic layer was washed with3@atel )

dried with MgS@Q filtered, and concentrated to dryness. The crude product was purified by

column chromatography using EtOAc/Hex (gradient up to 15:85 EtOAc:Hangmdmethyi

7,7-dimethyt5H,9H6,8-dioxabenzocycloheptene was collected as a claihat 73% yieldtH

NMR (500 MHz, CRGI

L T &HTB, 17 RR BH), 7.12 (s, 1H), 7.00407.9 Hz, 1H), 4.87

(d,J=5.0 Hz, 4H), 4.48 (s, 2H), 1.53 (s, }B)NMR (126 MHz, CB&I Moy ®pmMZI Moy dcCc T 3

127.36, 126.85, 126.6402.29, 64.70, 64.68, 33.16, 23.77.

MeO

OH

Cl

N

O

O

Synthesis of 4Chloromethyt8-hydroxy-7-methoxy-chromen2-one
(8): Neat HSQ (5.0 mL) was charged to an RBF (flask 1) and cooled to

0°C. In a separatRBF (flask 2);f@ethoxycatechol (2 mL, 18.1 mmol)

and ethyl 4chloroacetoacetate (2.6 mL, 19.3 mmol) were combined. Flask 2 was added to flask

1 in a dropwise manner at 0°C. The ice bath was removed, and the reaction gradually warmed

up over the coursef 2 hours. The reaction mixture was then carefully poured over ice water,

forming a solid precipitate. The precipitate was filtered and rinsed with water until the filtrate

pH was neutral (pH = 6). The crude product was left to dry on the vacuum fiemigkit. The
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dry solid was recrystallized in EtOH to yieldMoromethyt8-hydroxy-7-methoxy-chromen2-

one as white to light tan crystals at 86% yiéld. NMR (500 MHz, CRE&! + T1J98.8Hz0 RX
1H), 6.93 (dJ= 8.8 Hz, 1H), 6.47 (s, 1H), 5.75 (s, 1H), 4.66=(@,7 Hz, 2H), 4.03 (s, 3HC

NMR (126 MHz, CI wMp pPcy Z mMndpdPypZ mMndpdPcTEZ MNHPAHZ

107.62, 56.59, 41.33n/z calculated for GHoCIQ 241.0262 [M+H] found 241.023.

cl Synthesis o#}-Chloromethyt8-(7,7-dimethyl-5,9-dihydro-6,8-dioxa
X benzocyclohepter2-ylmethoxy)-7-methoxy-chromen-2-one (9):
MeO O "O| compound 7 (147 mg, 542 pmol), compound 8 (135 mg, 561 umol), dry
ACN (5 mL), and 3heves were charged to an RBF. In one portion,
K:CQ (151 ng, 1.09 mmol) was added to the reaction flask. The

0
O# mixture was stirredvernight at 25°C, at which point conversion was

observed by TLC. The reaction was quenched with 2086INHBlution (pH = 7, 5 mL) and the
product was extracted in EtOAc (20 mL). Thgaaic layer was washed with brine (20 mL), was
subsequently collected, dried over Mg&@itered, and concentrated to dryness. The crude
product was purified by column chromatography using EtOAc/Hex (gradient up to 70:30
EtOAc:Hex).-Lhloromethy8-(7,7-dimethyt5,9-dihydro-6,8-dioxabenzocycloheptes?-
ylmethoxy}7-methoxychromen2-one was collected as an effhite powder at 37% yieldH

NMR (500 MHz, CRGlI + T @080, 48 RR JH), 7.29 (s, 1H), 7.084d7.7 Hz, 1H), 6.90

(d,J= 9.0 Hz, #), 6.41 (s, 1H), 5.14 (s, 2H), 4.86)&l15.5 Hz, 4H), 4.61 (s, 2H), 3.94 (s, 3H),

MO

1.51 (s, 6H):3C NMR (126 MHz, CBGl Mp pPphc I mMpp Pphn I MnpPp pX mMny

135.44,135.16, 126.81, 126.30, 126.10, 119.33, 113.05, 111.93, 108.40, ¥82187 64.92,

64.76, 56.38, 41.39, 23.82V/z calculated for €3H3CIQ 453.1075 [M+N4d] found 453.1085.
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Synthesis of §7,7-Dimethyl-5,9-dihydro-6,8-dioxa

X benzocyclohepter2-ylmethoxy)-7-methoxy-4-(3-methyl-
MeO i o 0 3-triethylsilanyloxy-butylsulfanylmethyl}chromen2-one
(10): Compound 332.2 pl) and compound 9 (45.4 mg, 105
pumol) were charged to an RBF and dissolved in dry DMF (2
072 mL). TEA (22.2 L, 158 pmol) was then added to the RBF,

and the reaction stirred for 20 hours at 25°C. The reaction solution was diluted with brine (15

mL) and the crude product was extracted in DGWIfIL). The organic layers were collected,

dried over MgS@ filtered, and concentrated to dryness. The crude product was purified by
column chromatography using EtOAc/Hgradient t040:60 EtOAc:Hex)-@,7-Dimethyt5,9
dihydro-6,8-dioxabenzocyclohepta-2-ylmethoxy}7-methoxy-4-(3-methyl3-triethylsilanyloxy
butylsulfanylmethyBchromen2-one was collected as a payellow oil at 76% yieldH NMR

(500 MHz, CD§ll  +  TJ® B.9%1HzA1R)E7.36 (dik 7.8, 1.3 Hz, 1H), 7.32 (s, 1H), 7.004d,

7.7 Hz, 1H), 6.89 (d= 9.0 Hz, 1H), 6.24 (s, 1H), 5.14 (s, 2H), 4.§&(#7.0 Hz, 4H), 3.93 (s,

3H), 3.74 (s, 2H), 2.652.60 (m, 2H), 1.7§1.70 (m, 2H), 1.52 (s, 6H), 1.23 (s, 6H), 0.9B(t,

7.9Hz, 9H), 0.56 (= 7.9 Hz, 6H}3C NMR (126 MHz,CBEl Mc n ®MH I Mpp dPc T Mp
138.23, 138.08, 135.59, 135.18, 126.79, 126.27, 126.09, 119.93, 112.88, 112.18, 108.12, 102.16,
75.15, 72.81, 64.95, 64.78, 56.34, 44.43, 32.87, 29.83, 27.588,2309, 6.69n/z calculated

for GuHis07SSi 629.2963 [M+HJfound 629.2908.
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S oH | Synthesis 08B-(3,4-Bishydroxymethyltbenzyloxy}4-(3-
X V\’/\ hydroxy-3-methyl-butylsulfanylmethyl) 7-methoxy-
MeO ! o 0 chromen2-one (11, TMII-21): MeOH (1 mL) and CSA (3.6 mg,
15.5 umol) were charged to a glass vial (vial 1) and cooled to
OH 0°C. Compound 10 (33.5 mg, 53.3 umol) wasggthto a
HO separate glass vial (vial 2), and was also cooled to 0°C. Vial 1

was added to vial 2 and was stirred for 4 hours at 0°C. The reaction was neutralized with 20%
NH:CI solution (pH = 7, 2 mL) and the product was extracted in MTBE (5 mL). Thelayganic

was collected, dried over MgQiltered, and concentrated to dryness. The crude product was
purified by column chromatography using MeOH/D@vadientto 10:90 MeOH:DCM) -8,4
Bishydroxymethylbenzyloxy}-(3-hydroxy-3-methyktbutylsulfanylmethy)-7-methoxy

chromen?2-one was collected as a white powder at 49% vyilld. baw o6pnn all X 5af{t
(d,J= 9.0 Hz, 1H), 7.55 (s, 1H), 7436 (M, 2H), 7.14 (d= 9.1 Hz, 1H), 6.33 (s, 1H), 5.10 (dt,
J=7.6, 5.5 Hz, 2H), 5.05 (s, 2H), 4.55 Jdb.3, 3.2 Hz, 4H), 4.27 (s, 1H), 3.94 (s, 3H), 3.92 (s,

2H), 2.55 2.52 (m, 2H), 1.64 1.58 (m, 2H), 1.07 (s, 6HIC NMR (126 MHz, DMSO) mMc n ®nn <
155.74, 153.02, 148.27, 139.72, 139.70, 135.80, 134.72, 127.16, 127.03, 126.77, 121.49, 112.77,
111.88,109.26, 75.16, 69.10, 60.80, 60.64, 56.93, 43.36, 31.63, 29.62, A6HCalculated for

GosHaoO7S 475.1785 [M+H{]found 475.1730.
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3.4.2 TMII-72 and intermediate compound characterizations

OH Synthesis ob-Bromo-2-methyl-hexan-2-ol (12): Methyl 5-bromovalerate

MB

RBF and cooled to 0°C. MeMgBr, 3.0 M #K23.5 mL, 76.mmol) was added dropwise to the

'] (5 mL, 34.9 mmol), dry £ (13 mL), and 3A sieves were charged to an

RBF at 0°C and stirred for 30 min. The ice bath was removed, and the reaction flask was allowed
to gradually warm to 25°C over four hours. After complete conversion was seen by TLC, the
reaction was quenched with 20% kHsolution (pH = 7, 10 mL). The product was extracted

with ERO (40 mL) and washed with water (40 mL). The organic layer was collected, dried over
MgSQ, filtered, and concentrated to dryness-Bsomo-2-methykhexan2-ol was collected as a

yellow oil at 93% vyield. No further purification was perform#d NMR (500 MHz, CREl + o0 ®o ™
(t, J= 6.8 Hz, 2H), 2.29 (s, 1H), 1¢7B72 (m, 2H), 1.44 1.31 (m, #), 1.09 (s, 6H}3C NMR

(126 MHz, CDgh T nd®pyZ nNnH®PTCZXZ oo0odPTCZ oO0oPMNZE HPOPMMZI H

OTES Synthesis of (8Bromo-1,1-dimethyl-pentyloxy)}riethyl-silane (13):

Br| Compound 12 (854 mg, 4.38 mmahd dry DCM (2.5 mL) were charged

to an RBF and cooled to 0°C. THE$10 pL, 4.82 mmol) was added dropwise at 0°C, followed

by 2,6lutidine (1.1 mL, 9.44 mmol). The ice bath was removed, and the reaction mixture was
allowed to gradually reach 25°C ovayint. After 18 hours, the reaction was quenched with 20%
NHCI solution (pH = 7, 10 mL). The product was extracted in EtOAc (20 mL), washed with 10%
CuS@solution (50 mL), and brine (20 mL). The organic layer was collected, dried oves,MgSO
filtered, and concentrated to dryness.-Bvomo-1,1-dimethytpentyloxyjtriethyl-silane was

collected as a yellow oil at 82% yielH. NMR (500 MHz, CRECI +  a)l9619Hz, @H)>1.91
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1.84 (m, 2H), 1.5 1.49 (m, 2H), 1.47 1.42 (m, 2H), 1.22 (6H), 0.97 (t)= 7.9 Hz, 9H), 0.59

(q,J=7.9Hz, 6H}3C NMR (126 MHz,CBEI To®mMo0oX nndmMnI oodPPppX o
6.78.
)( Synthesis o#4-(2,2-Dimethyl-[1,3]dioxolan-4-
S i/o ylmethylsulfanylmethyl}8-hydroxy-7-methoxy-chromen-2-
X one (14):Compound 8 (936 mg, 3.89 mmol) was charged to an
MeO 1§ o 0 w. C FYyR RA&a2t 05 RThidgljcerBIKBBO uL,/ b

4.16 mmol) was added to the RBF in one portiofipfved by ground ¥CQ (700 mg, 6

mmol). The reaction flask was brought to reflux for 4 hours. After full conversion was visible by
TLC, the reaction was allowed to gradually reach 25°C. The crude product was concentrated to
drynessin vacuq and dry aetone (25 mL) was charged to the RBF. PTSA (1Z6gn&ol) was
added to the reaction flask in one portion, and the resulting suspension was stirred for 22 hours
at 25°C. After full conversion by TLC, the reaction flask was poure@@%eNHCI solutim (pH

=7, 75 mLYhe product was extracted in EtOAc (50 mL) and washed with brine (50 mL). The
organic layers were collected, dried over MgSiltered, and concentrated to dryness. The
product was purified by column chromatography using EtOAc/Hex @ath 70:30
EtOAc:Hex).42,2Dimethyl[1,3]dioxolan4-ylmethylsulfanylmethybB-hydroxy7-methoxy-
chromen2-one was collected as a yellow solid in 82% yi¢idNMR (500 MHz, CRE&lI + T ®H p
J=8.9 Hz, 1H), 6.91 (@ 8.9 Hz, 1H), 6.32 (s, 1H), 5.81 (s, 1H), 4.33=(p,1 Hz, 1H), 4.10 (dd,
J=8.2, 6.2 Hz, 1H), 4.01 (s, 3H), 3,8385 (M, 2H), 3.71 (dd= 8.0, 6.9 Hz, 1H), 2.€®.66 (M,

2H), 1.46 (s, 3H), 1.38 (s, 3AE NMR (126 MHz, CBEl ™ p ¢ ®507129.48, 142.27,
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133.14, 115.65, 112.64, 112.58, 109.84, 107.47, 75.91, 68.64, 56.56, 34.66, 32.91, 26.87, 25.50.

m/z calculated for &Hx006S 353.1053 [M+H]found 353.1049.

Synthesis of 42,2-Dimethyl{1,3]dioxolan-4-

o
s J\/O ylmethylsulfanylmethyl}8-(5-hydroxy-5-methyl-hexyloxy) 7-

X methoxy-chromen-2-one (15):Compound 14 (313 mg, 888
MeO ) o 0 pmol), compound 13 (550 pL, 1.78 mmol), and dry ACN (5 mL)
)
J\OH were charged to an RBF. In one portiosC& (307 mg, 2.22

mmol) was added to the RBF, which was subsequently brought
to reflux. The mixture was refluxed for 18 hours before gradually cooling to 25°C. ACN was
removedin vacug and EtOAc (20 mL) was charged to the RBF. The mixture was washed with
20% NHCI solution (pH = 7, 40 mL) and brine (40 mL). The organic layer was collected, dried
over MgS@ filtered, and concentrated to dryness. The resulting product was purified by
column chromatography using EtOAc/Hex (gradient to 70:30 EtOAc: H&Q-Bimethy}
[1,3]dioxolan4-yImethylsulfanylmethybB-(5-hydroxy5-methykhexyloxyj7-methoxy-chromen
2-one was collected as a payellow oil at 52% yieldH NMR (500 MHz, CREI + TJ98% ORX
Hz, 1H), 6.92 (d= 9.0 Hz, 1H), 6.30 (s, 1H), 4.33)p6.2 Hz, 1H), 4.14 (= 6.1 Hz, 2H), 4.10
(dd,J=8.2, 6.2 Hz, 1H), 3.96 (s, 3H), 33284 (m, 2H), 3.71 (dd= 8.2, 6.9 Hz, 1H), 2.%7
2.65 (M, 2H), 1.87 1.82 (m, 2H), 1.76 1.69 (m, 2H), 1.6§ 1.60 (m, 2H), 1.46 (s, 3H), 1.38 (s,
3H),1.27 (s, 6H):*C NMR (126 MHz, CBEI Mc n®dpmMI MppdPhpnI MPpMOPOHI M
112.77, 112.62, 109.85, 108.23, 75.88, 73.82, 70.82, 68.64, 56.36, 43.39, 34.65, 32.95, 30.34,

29.19, 26.87, 25.50, 20.60.
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OH Synthesis of 42,3-Dihydroxy-propylsulfanylmethyl)8-(5-
S
o hydroxy-5-methyl-hexyloxy)7-methoxy-chromen2-one (16,
A
TM-II-72): Compound 15 (9.95 mg, 21.3 umol) was charged to
MeO 0~ o

OJE an RBFfollowedby the addition of 0.01 M HCI in MeOH (1 mL).

OH The reactiorflaskstirred for six hours at 25°C. Upon full

conversion seen by TLC, the stirring reaction was neutralized with the dropwise addition of
saturated KHCgXolution until CQevolution ceased. Therude product was concentrated,

redissolved in MeOH, and filtered through an Mg${Dg. The isolation process was

subsequently repeated by concentrating and redissolving the product irs GHtt@ition

through an MgS&plug, and concentrating the finakeduct to dryness4-(2,3-Dihydroxy
propylsulfanylmethybB-(5-hydroxy5-methykthexyloxy)7-methoxy-chromen2-onewas

isolatedas a white powder in 48% yiel. baw opnn al | ZJ=88Hz51H), + T dcH
7.11 (dJ= 9.0 Hz, 1H), 6.35 (s, 1H), 4.1046.3 Hz, 2H), 3.98 (@ 2.4 Hz, 5H), 3.79 (diE

10.5, 5.3 Hz, 1H), 3.57 (dt 5.4, 1.2 Hz, 2H), 3.37 (s, 2H), 2.77 Jed1.3.7, 5.0 Hz, 1H), 2.62
(dd,J=13.7, 7.1 Hz, 1H), 1.83.76 (m, 2H), 1.7 1.61 (m, 2H), 1.58 1.54 (m, 2H), 1.23 (s,

6H).13C NMR (126 MHz, MeOD) mMmcmM®don X MppdPyysI MpPodPNnHI MOy OMH
111.21,108.42, 73.56, 71.50, 70.12, 64.48, 55.50, 43.09, 34.80, 32.13, 30.36, 27.750/20.46.

calculated for &iHz007S 4491604 [M+Nal, found 449.1574.
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3.43 TMII-88 and intermediate compound characterizations

al Synthesis of 4Chloromethyt7-hydroxy-chromen2-one (17):Neat
N H.SQ (40 mL) was charged to an RBF (flask 1) and cooled to 0°C. In a
HO O "O| separate RBF (flask 2), resorcinol (3.60 g, 32.7 mmol) and ethyl 4

chloroacetoacette (4.90 mL, 36.3 mmol) were combined. Flask 2 was added to flask 1 in a
dropwise manner at 0°C..8Q (20 mL) was used to rinse flask 2, which was subsequently
transferred to flask 1. The ice bath was removed, and the reaction gradually warmed up over
the course of 4.5 hours. The reaction mixture was then carefully poured over ice water, forming
a solid precipitate. The precipitate was filtered and rinsed with water until the filtrate pH was
neutral pH = 6). The crude product was left to dry on the vactilter overnight. The crude
product was purified by column chromatography using EtOAc/Hex (gradient to 60:40
EtOAc:Hex).~Chloromethy7-hydroxychromen2-one was collected as a eithite solid in

47%vyieldl baw opnn all X J=E@BH, 2HY, 6.92 (ddl= 8.7p2.41Hz,dAIR) >

6.81 (d,J= 2.4 Hz, 1H), 6.42 (s, 1H), 4.930@0.7Hz, 2H}¥ baw O6mHc al 13X ! OSi:

161.23, 159.89, 155.92, 150.54, 126.32, 112.83, 111.70, 110.10, 102.77, 41.27.

Synthesis of 42,2-Dimethyl1,3]dioxolan-4-
o)(
Sv'\/o ylmethylsulfanylmethyl}7-hydroxy-chromen-2-one (18):

X Compound (17) (660 mg, 3.13 mmol) was charged to an RBF and

HO o 0

dissolved in dry ACN (8 mb)Thioglycerol (291 uL, 3.36 mmol)
was added to the RBF, followed byCiK (466 mg, 3.37 mmol). The reaction flask was refluxed

overnight before allowing to gradually cool to 25°C. Upon full conversion by TLC, removal of
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ACN was doni vacuoand dry acetae (10 mL) was charged to the RBF. R68@.mg, 3.57
mmol)was added to thdRBF, andhe reaction stirred for 22 hours at 25°C before acetone was
removedin vacuo The crude product was dissolved in EtOAc (20 mL) and washed with 20%
NH;Cl solution (pH =,40 mL) and brine (40 mL). The organic layer was collected, dried over
MgSaQ, filtered, and concentrated to dryness. The product was purified by column
chromatography using EtOAc/Hex (gradient to 70:30 EtOAc:H€X)2-Dimethyl[1,3]dioxolan
4-ylmethylsulfanylmethyl}7-hydroxychromen2-one was collected as a payellow powder in
30% yield (over two stepsiH NMR (500 MHz, CBEI { sT1#)T 7062 @J= 8.8 Hz, 1H), 7.00
(d,J= 2.4 Hz, 1H), 6.90 (di 8.8, 2.4 Hz, 1H), 6.30 (s, 1H), 43630 (m, 1H), 4.10 (dd=

8.3, 6.1 Hz, 1H), 3.943.85 (m, 2H), 3.71 (dd= 8.3, 6.7 Hz, 1H), 2.28.67 (m, 2H), 1.46 (s,
3H), 1.38 (s, 3H)*C NMR (126 MHz, MeOD) McH®nn wMcmMbdcn I 1122 &1 p
110.62, 110.19, 109.36, 102.27, 75.97, 68.23, 34.08, 31.93, 25.72, @4z3&lculated for

CieHhs0sS 321.0802 [MH], found 321.0775.

Synthesis o#4-(2,2-Dimethyl-[1,3]dioxolan-4-

o o
S WO ylmethylsulfanylmethyl} 7-(5-methyl-5-triethylsilanyloxy-

A hexyloxy)}chromen2-one (19):Compound 18 (67.3 mg, 209
0 o 0 umol), compound 1371.0 pl), and dry ACN (3.5 mL) were
)
4
OTES charged to an RBF. In one portioaCR (72.9 mg, 527umol)

was added to the RBF, which was subsequently brought to reflux. The mixture was refluxed for
18 hours before gradually cooling to 25°C. ACN was remioweatuq and EtOAc (15 mL) was
charged to the RBF. The mixture was washed with 203 Niglution(pH = 7, 30 mL) and brine

(20 mL). The organic layer was collected, dried over Mdg#®@red, and concentrated to
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dryness. The crude product was purified by column chromatography using EtOAc/Hex (gradient

to 50:50 EtOAc:Hex)-(@2,2-DimethyH1,3]dioxobn-4-ylmethylsulfanylmethyb7-(5-methyt5-
triethylsilanyloxyhexyloxy)chromen2-one was collected as a yellow oil at 47% yi#tINMR

(500 MHz, CD§ll ¢+ TJ® B.9HzA1R)£6.88 (dds 8.8, 2.5 Hz, 1H), 6.84 (tk 2.4 Hz, 1H),

6.27 (s, 1H), 85¢ 4.29 (m, 1H), 4.09 (dd= 8.3, 6.1 Hz, 1H), 4.05Jt 6.5 Hz, 2H), 3.88 (@

3.4 Hz, 2H), 3.71 (dd= 8.3, 6.7 Hz, 1H), 2.70 (di; 13.8, 5.8 Hz, 2H), 1.86..79 (m, 2H), 1.60

¢1.53 (m, 2H), 1.52 1.48 (m, 2H), 1.46 (s, 3H), 1.38 (s, 3H), 1.23 (s, 6H), AJI967(9 Hz, 9H),

0.59 (q,J= 7.9 Hz, 6H}3C NMR (126 MHz,CB)Gl MCcH®nHZ McMdPAMZI mMpp dPpc =
112.82, 12.03, 111.36, 109.82, 101.64, 75.86, 73.19, 68.65, 68.63, 44.68, 34.57, 32.89, 29.88,

29.48, 26.86, 25.50, 20.77, 7.13, 6.#9z calculated for esHieOsSSi 551.2857 [M+H]found

551.2879.
OH Synthesis of 42,3-Dihydroxy-propylsulfanylmethyl)7-(5-
S
Q\ hydroxy-5-methyl-hexyloxy}chromen2-one (20, TMII-88):
OH
X
Compound 19 (16.6 mg, 30.1 umol) was charged to an RBF,
o) 0o~ ~o
>(J>4 followed by the addition of 0.05 M HCI in MeOH (3 mL). The
OH

reaction flask stirred for eight hours at 25°C and was then
neutralized with the dropwise addition 1.0 M NaOH (150 pL). The crude prodsct wa
concentrated to dryness and purified by revegggase column chromatography using
MeOH/Water (gradient to 80:20 MeOH:Watef}(2,3-Dihydroxypropylsulfanylmethyb7-(5-
hydroxy5-methykhexyloxy)chromen2-onewas isolated as a white crystalline solid7#96
yieldl baw 6pnn al l ZJ=8SHz51H), 6.97 (it 8.8 2.5 HzX1H), 6.93 (,
= 2.5 Hz, 1H), 6.32 (s, 1H), 4.12#6.4 Hz, 2H), 3.98 (@ 2.1 Hz, 2H), 3.79 (dix 7.0, 5.2
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Hz, 1H), 3.56 (dd= 5.4, 1.7 Hz, 2H), 2.76d,J= 13.7, 5.0 Hz, 1H), 2.62 (de; 13.7, 7.0 Hz,

1H), 1.88 1.80 (m, 2H), 1.68 1.53 (m, 4H), 1.22 (s, 6HC NMR (126 MHz, MeOD) McC H ®c 1 =
161.87, 155.74, 153.28, 126.29, 112.49, 111.48, 110.79, 100.97, 71.50, 69.93, 68.32, 64.48,
43.01, 34.7232.08, 29.35, 27.76, 20.5/z calculated for @Hze0sS 397.1679 [M+H]found

397.1669.

3.4.4 TMIII-20 and intermediate compound characterizations

OH Synthesis of Bromo-2-methyl-pentan-2-ol (21):Methyl 4bromobutyrate

Sk~

and cooled to 0°C. MeMgBr, 3.0 M in@126.5 mL, 79.5 mmol) was added dropwise to the RBF

(5 mL, 39.6 mmol), dry £ (13 mL), and 3A sieves were charged to an RBF

at 0°C and stirred for 3@in. The ice bath was removed, and the reaction flask was allowed to
gradually warm to 25°C over four hours. After complete conversion was seen by TLC, the
reaction was quenched with 20% R solution (pH = 7, 10 mL). The product was extracted

with EO @0 mL) and washed with water (40 mL). The organic layer was collected, dried over
MgSQ, filtered, and concentrated to dryness-Bsomo-2-methykpentan2-ol was collected as a

yellow oil at 88% vyield. No further purification was performdd NMR (500 MHELDGO {+ o ®nn
(t, J= 6.7 Hz, 2H), 3.34 (s, 1H), 20092 (m, 2H), 1.64 1.59 (M, 2H), 1.25 (3= 8.8 Hz, 6H).

BCNMR (126 MHz,CBGl TM®00YX NMHDNGE ondopI HPPHMIE HT O

OTES Synthesis o{4-Bromo-1,1-dimethyl-butoxy)-triethyl -silane (22):.Compound
Br

21 (1.60 g, 8.84 mmol) and dry DCM (5 mL) were charged to an RBF and

cooled to 0°C. TES (1.75 mL, 10.4 mmol) was addedplwise at 0°C, followed by 2|6tidine
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(2.06 mL, 17.7 mmol). The ice bath was removed, and the reaction mixture was allowed to
gradually reach 25°C overnight. After 18 hours, the reaction was quenched with 2@ NH
solution (pH =7, 10 mL). The produ@saextracted in EtOAc (20 mL), washed with 10% £uSO
solution (50 mL), and brine (20 mL). The organic layer was collected, dried oves, KilgsSed,
and concentrated to dryness.-@romao-1,1-dimethyktbutoxy)}riethyl-silane was collected as a
yellow oilin 86% yield'H NMR (500 MHz, CRE! +  aJ®618Hz,®H)>2.011.94 (m, 2H),
1.58¢ 1.53 (m, 2H), 1.24 (s, 6H), 0.96J&,8.0 Hz, 9H), 0.59 (@ 7.9 Hz, 6H}3C NMR (126

MHz,CDGJt TH®PYMZE nodcnZ ondccZ HPPYPEZ Hy dPapZ

Synthesis of 42,2-Dimethyl-[1,3]dioxolan-4-
o~
S J\/O ylmethylsulfanylmethyl}7-methoxy-8-(4-methyl-4-

X triethylsilanyloxy-pentyloxy)chromen2-one (23):

MeO o 0
Compound 14 (57.5 mg, 163 pmapmpound 2240 ub, and

¢
)3
OTES dry ACN (5 mL) were charged to an RBF. In one por@@ K

(40 mg, 289 umol) was added to the RBF, which was subsequently brought to reflux. The
mixture was refluxed for 18 hours before gradually cooling to 25°C. ACN was reimazeio
and EtOAc (15 mL) was charged to the RBF. The mixture was washed with s£L%dNon

(pH = 7, 30 mL) and brine (20 mL). The organic layer was collected, dried over fillgs<al,

and concentrated to dryness. The product was purified byroalehromatography using
EtOAc/Hex (gradient to 70:30 EtOAc:Hex2 2-DimethyH1,3]dioxolan4-
yimethylsulfanylmethyh/-methoxy-8-(4-methyH4-triethylsilanyloxypentyloxy}chromen2-one
was collected as a pajeellow oil at 70% yieldH NMR (500 MHz B30  +  TJPB.IHzO RX

1H), 6.91 (dJ= 9.0 Hz, 1H), 6.29 (s, 1H), 43629 (M, 1H), 4.14 (6= 6.8 Hz, 2H), 4.10 (ddk
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8.3, 6.1 Hz, 1H), 3.96 (s, 3H), 3.881&2.3 Hz, 2H), 3.71 (dii 8.2, 6.8 Hz, 1H), 2.¢&.65 (m,

2H), 1.96¢ 1.86 (m, 2H), 1.68 1.61 (m, 2H), 1.46 (s, 3H), 1.38 (s, 3H), 1.26 (s, 6H), QI95 (t,

7.9 Hz, 9H), 0.58 (4= 7.9 Hz, 6H}3C NMR (126 MHz,CBElI MCc N ®HC Z MppPp dPTYy I Mp
135.85, 119.47, 112.74, 112.66, 109.82, 108.15, 75.86, 74.99, 73.68, 68.32, 41.05, 34.65,

32.96, 29.93, 26.87, 25.50, 25.26, 7.12, 6nik calculated for €5HssO;SSi 567.280+HT,

found 567.2834.

OH Synthesis of 42,3-Dihydroxy-propylsulfanylmethyl)8-(4-

S
Q\ hydroxy-4-methyl-pentyloxy)7-methoxy-chromen2-one (24,

OH
X
TM-I11-20): Compound 23 (32.6 mg, 57.5 umol) was charged to
MeO o O
Oj’)\a an RBF, followed by the addition of 0.05HZI in MeOH (4 mL).
OH The reaction flask stirred for four hours at 25°C. After full

conversion was seen by TLC, the reaction was neutralized with the dropwise addition 1.0 M

NaOH (200 pL) and concentrated to dryness. The crude product was purified byerelhase

column chromatography using MeOH/Water (gradient to 70:30 MeOH:Wa€P),3-
Dihydroxypropylsulfanylmethyb8-(4-hydroxy4-methykpentyloxy}7-methoxy-chromen2-one

was collected in 90% yield. baw o6pnn al T XJ=8.68Hz51H), 7.08 @dxOn O RZ
Hz, 1H), 6.33 (s, 1H), 4.08)% 6.4 Hz, 2H), 3.96 (@ 2.5 Hz, 5H), 3.77 (d#f 6.9, 5.2 Hz, 1H),

3.54 (ddJ= 5.4, 1.4 Hz, 2H), 2.74 (d&; 13.7, 5.0 Hz, 1H), 2.60 (de&; 13.7, 7.0 Hz, 1H), 1.87

1.82 (m, 2B} 1.73¢ 1.69 (m, 2H), 1.22 (s, 6HJC NMR (126 MHz, MeOD) MCH®PT T X MpPT do
154.85, 149.57, 136.64, 121.84, 114.18, 112.67, 109.87, 75.74, 72.96, 71.30, 65.93, 56.93,

40.96, 36.25, 33.58, 29.26, 26.32/z calculated for esH2s0;S 411.1483 [MH], found

411.1496.
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3.4.5 TMIII-31 and intermediate compound characterizations

OH Synthesis of7/-Bromo-2-methyl-heptan-2-ol (25):Methyl 6-

Sk~

were charged to an RBF and cooled to 0°C. MeMgBr, 3.0 MOn(E6 mL, 10.8 mmol) was

bromohexanoate (1.09 g, 5.21 mmol), dry®&{(5 mL), and 3A sieves

added dropwise to the RBF at 0°C and stirred for 30 min. The ice bath was removed, and the
reaction flask was allowed to gradually warm to 25°C over four hours. After complete
conversion was seen by TLC, the reaction was quenched with 20@b $ttution (pH =7, 10

mL). The product was extracted with@t(20 mL) and washed with water (20 mlhe Brganic
layer was collected, dried over Mg&@ltered, and concentrated to dryness:-Bfomao-2-
methykheptan-2-ol was collected as a pajellow oil at 96% yield. No further purification was
performed H NMR (500 MHz, CRE&I +  aJ®éai8Hz, @K)=89 (p, 2H), 1.481.37 (m, 6H),

1.21 (s, 6HXC NMR (126 MHz,CRCI + Tnody dpZ nodPcTZ 00PYTZI OHODPTT

OTES Synthesis of (romo-1,1-dimethyl-hexyloxy)triethyl-silane (26):
Br

Compound 25 (1.05 g, 5.02 mmol) and dry DCM (5 mL) were charged to
an RBF and cooled to 0°C. T#%1.7 mL, 10.1 mmol) was added dropwise at Oifowfed by
2,6-lutidine (900 uL, 7.73 mmol). The ice bath was removed, and the reaction mixture was
allowed to gradually reach 25°C overnight. After 18 hours, the reaction was quenched with 20%
NHCI solution (pH = 7, 10 mL). The product was extracteddA&(20 mL), washed with 10%
CuS@solution (50 mL), and brine (20 mL). The organic layer was collected, dried oves,MgSO
filtered, and concentrated to dryness.-B¥omo-1,1-dimethykhexyloxyjtriethyl-silane was

collected as a palgellow oil at 60% yidl *H NMR (500 MHz, CREI +  a)®éDHz, @) >
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1.93¢ 1.85 (m, 2H), 1.48 1.38 (m, 6H), 1.21 (s, 6H), 0.96J&,7.9 Hz, 9H), 0.58 (3 7.9 Hz,

6H).13C NMR (126 MHz,CRCI ¢+ TO®PHHZ nndycZ ooPPoZ OHDPPMZI H

Synthesis of 42,2-Dimethyl{1,3]dioxolan-4-

o
s J\/O ylmethylsulfanylmethyl}8-(6-hydroxy-6-methyl-heptyloxy)-7-

X methoxy-chromen2-one (27):Compound 14 (44.5 mg, 126
MeO 0~ "o
5 pmol), compound 2647 pb), ard dry ACN (5 mL) were charged
)
5
J\OH to an RBF. In one portion,®Q (39.5 mg, 286 pumol) was

added to the RBF, which was subsequently brought to reflux.
The mixture was refluxed for five hours before gradually cooling to 25°C. ACN was rémoved
vacuq and CH@I(15 mL) was charged to the RBF. The mixture was washed with 24% NH
solution (pH = 7, 30 mL) and brine (20 mL). The organic layer was collected, dried over MgSO
filtered, and concentrated to dryness. The product was purified by column chromatography
using EtOAc/Hex (gradient to 100% EtOA4R,2Dimethyl[1,3]dioxolan4-
ylmethylsulfanylmethyB-(6-hydroxy6-methykheptyloxy)}7-methoxy-chromen2-one was
collected as a pagellow oil at 84% yieldH NMR (500 MHz, CRE&I +  TJ® 8. MHzOLR)Z
6.91 (d,J= 9.0 Hz, 1H), 6.29 (s, 1H), 4.32)pp6.1 Hz, 1H), 4.13 (= 6.5 Hz, 2H), 4.09 (dik
8.3, 6.2 Hz, 1H), 3.96 (s, 3H), 3(BL84 (m, 2H), 3.71 (dd= 8.2, 6.8 Hz, 1H), 2.T2.65 (m,
2H), 1.90; 1.83 (m, 2H), 1.62 1.48 (m, 6H), 1.46 (s, 3H), 1.38 (s, 3H), 1.24 (s!EH)NMR
(126 MHz,CD&l + wMcn®dnmMXE MPPPYHZ MPMPHHZ MNYy PpTI MOCF
108.21, 75.86, 73.80, 70.86, 68.63, 56.36, 43.94, 34.63, 32.93, 29.95, 29.26, 26.87, 26.19, 25.50,

23.79.
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OH Synthesis of 42,3-Dihydroxy-propylsulfanylmethyl)8-(6-
S
Q\ hydroxy-6-methyl-heptyloxy)7-methoxy-chromen2-one (28,
OH
A
TM-I1I-31): Compound 27 (41.5 mg, 86.3 umol) was charged to
MeO 0~ "0

Oj’)\s an RBFfollowed by the addition of 0.01 M HCI in MeOH (3 mL).

OH The reaction flask stirred for eight hours at 25°C. After

conversion was observed by TLC, the reaction was neutralized with the dropwise addition 1.0 M
NaOH (30 pL) and concentrated to dryness. Thdecproduct was purified by revergghase

column chromatography using MeOH/Water (gradient to 70:30 MeOH:Wat€P),34
Dihydroxypropylsulfanylmethyb8-(6-hydroxy-6-methykheptyloxy}7-methoxy-chromen2-one

was isolated in 91% vyiell. baw opnn al | ZJ=8.8Hz51H), 7.10 @PXOH O R X

Hz, 1H), 6.35 (s, 1H), 4.10% 6.4 Hz, 2H), 3.98 (s, 5H), 3.79 ({g6.9, 5.2 Hz, 1H), 3.57 (dd,

= 5.4, 1.4 Hz, 2H), 2.77 (d&; 13.7, 5.0 Hz, 1H), 2.62 (dd; 13.7, 7.1 Hz,H), 1.86¢ 1.78 (m,

2H), 1.61¢ 1.44 (m, 6H), 1.20 (s, 6HJC NMR (126 MHz, MeOD) Mmc Mm®003X Mpp Pyc I W
148.11, 135.21, 120.38, 112.72, 111.21, 108.43, 73.62, 71.49, 70.08, 64.48, 55.51, 43.39, 34.81,
32.13, 29.75, 27.77, 26.20, 23.1d/z calculatedfor G2oHs207S 439.1796 [MH], found

439.1819.

3.4.6 TMIII-90, TMIII-91, and intermediate compound characterizations

OH Synthesis of 8romo-2-methyl-octan-2-ol (29):Ethyl 7

MB

sieves were charged to an RBF and cooled to 0°C. MeMgBr, 3.0 Mi(lEi5 mL, 58.5 mmol)

| bromoheptanoate (5 mL, 25.7 mmol), drp@t(15 mL), and 3A
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was added dropwise to the RBF at 0°C and stirred faniBO The ice bath was removed, and

the reaction flask was allowed to gradually warm to 25°C over four hours. After complete

conversion was seen by TLC, the reaction was quenched with 26@b $ttution (pH =7, 10

mL). The product was extracted withh@{40 mL) and washed with water (40 mL). The organic

layer was collected, dried over Mg&@itered, and concentrated to drynesBhe crude product

was purified by column chromatography using EtOAc/Hex (gradient to 30:70 EtOA8:HeXx).

Bromo-2-methyloctan-2-ol was collected as a paiellow oilin 99% yield!H NMR (500 MHz,

chGy ¢

QI DELI&HHZ, @H) S1.911.84 (m, 2H), 1.50 1.44 (m, 4H), 1.48 1.34 (m, 4H),

1.22 (s, 6H})C NMR (126 MHz,CBGl TndpPTZ nodynz o RPIHPREI60H DT p =

OTES

Br

Synthesis of (Bromo-1,1-dimethyl-heptyloxy}triethyl-silane (30):

Compound 29 (2.27 g, 9.57 mmol) and dry DCM (3.8 mL) were

charged to an RBF and cooled78°C. TESTf(2.60 mL, 11.5 mmol) was added dropwise at

78°C, followed by 2;futidine (2.23 mL, 19.1 mmol). The dry ice/acetone bath was removed

and the reaction mixture was allowed to gradually reach 25°C overnight. After 18 hours, the

reaction was quenched with 20 NHCI solution (pH = 7, 20 mL). The product was extracted in

EtOAc (30 mL), washed with 10% CuSsution (50 mL), and brine (20 mL). The organic layer

was collected, dried over Mg%Qiltered, and concentrated to dryness-Bfomo-1,1-dimethyk

heptyloxy}riethyl-silane was collected as a yellow oil at 87% yi¢ldNMR (500 MHz, CREI +

3.43 (t,J= 6.9 Hz, 2H), 1.981.84 (m, 2H), 1.5 1.28 (m, 8H), 1.21 (3= 5.3 Hz, 6H), 0.97 (,

= 7.9 Hz, 9H), 0.58 (@ 7.9 Hz, 6HJ3C NMR (126/Hz, CDGJ* TodomME nn dPpps

29.85, 29.35, 28.24, 24.17, 7.12, 6.80.
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o Synthesis of Hydroxy-2-oxo-2H-chromene3-carboxylic acid ethyl

/O\A\/\fj\oa ester (31):2,4-Dihydroxybenzaldehyde (3.5 g, 25.3 mmol) and
HO o 0

diethyl malonate (3.9 mL, 25.3 mmol) were charged to an RBF and

vigorously stirred at 25°C. Piperidine (2.5 mL, 25.3 mmol) was added dropwise to the reaction
flask and the mixture was stirred for one hour2&°C. After full conversion was seen by TLC,

the reaction mixture was slowly poured over 1.0 M HCI and ice. The resulting slurry was stirred
for 15 minutes before filtering the precipitate, which was subsequently washed with water until
the filtrate ran d¢ear and the pH was neutral (pH = 6). The solid product was left to dry on the
vacuum filter overnight. Recrystallization of the product was achieved in anhydrous EtOH. 7
Hydroxy2-oxo-2H-chromene3-carboxylic acid ethyl ester was collected as white clgsia

51% yield’H NMR (500 MHz, CBEI + y ®pp 0O B.5 hz) 161)56.98 @,did), 660R(Ed,
J=8.5, 2.3 Hz, 1H), 6.46 (s, 1H), 4.43%7.1 Hz, 2H), 1.43 (= 7.1 Hz, 3H}3C NMR (126
MHz,CDGt Mco®nMEI wMc MDYz, 13180, Pp. 15511308, 11D 81 T03.09,

61.81, 14.29m/z calculated for &Hi0Os 233.0455 [MH], found 233.0455.

o Synthesis of {7-Methyl-7-triethylsilanyloxy-octyloxy)-2-oxo-

MOB 2H-chromene3-carboxylic acid ethyl ester (32Eompound 31
0 o~ "o

(118 mg, 504 pmol) and&Q (150 mg, 1.09 mmol) were

OTES

charged to an RBF and dissolved in d®NAS5 mL). Compound

30 (339 pL, 1.00 mmol) was added to the reaction flask in one portion, and the reaction was
subsequently brought to reflux. The reaction was held at reflux for 72 hours and was then
allowed to return to 25°C. The ACN was removed inwaand the solids were resuspended in

EO (20 mL). The organic layer was washed with 20%Ndslution (pH = 7, 20 mL) and water
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(15 mL). The organic layers were collected, dried over Mg#@red, and concentrated to

dryness. The crude product wasrpied by column chromatography using EtOAc/Hex (gradient

to 50:50 EtOAc:Hex)-(7-Methyl-7-triethylsilanyloxyoctyloxy}2-oxo-2H-chromene 3-

carboxylic acid ethyl ester was collected as a white powder in 54% NMR (500 MHz,

CDG 1 vy dpH OFB.7hel 16)36.90 @ir 8.7, 8.KRHz, 1H), 6.82 (& 2.3 Hz,

1H), 4.42 (q)= 7.1 Hz, 2H), 4.06 (t= 6.5 Hz, 2H), 1.881.81 (m, 2H), 1.54 1.37 (m, 11H),

1.21 (s, 6H), 0.96 @= 7.9 Hz, 9H), 0.58 (@ 7.9 Hz6H).23C NMR (126 MHz, CRCl { mMcn ®TYy =
163.53, 157.62, 157.23, 149.02, 130.63, 114.03, 113.90, 111.46, 100.79, 73.32, 68.98, 61.68,

45.01, 29.86, 28.86, 25.97, 24.24, 14.30, 7.13, érBdcalculated for eHi206Si 513.2643

[M+Na], found 513.2672.

0 Synthesis of A{7-Hydroxy-7-methyl-octyloxy)-2-oxo-2H-
MOB chromene3-carboxylic acid ethyl ester (33, TMI-90):
O o~ "o
>(<J)6 Compound 32 (52.1 mg, 106 pumol) was charged to a glass vial,
OH followed by the addition of 0.015 M HCI in EtOH (1.5 mL) and

THF (500 pL). The reaction was stirred for three hours at 25°C. After full conversion was seen by
TLC, the reaction was neutralize@w0.1 M LiOH (225 pL). The crude product was

concentrated to dryness and purified by column chromatography using EtOAc/Hex (gradient to

60:40 EtOAc:Hex)-(7-Hydroxy7-methyloctyloxy}2-oxo-2H-chromene3-carboxylic acid ethyl

ester was collected as ahite crystalline solid in 91% yieftH NMR (500 MHz, CRElI ¢+ y ®pH 0 &
1H), 7.51 (dJ= 8.7 Hz, 1H), 6.89 (d# 8.7, 2.4 Hz, 1H), 6.82 (& 2.3 Hz, 1H), 4.42 (@ 7.1

Hz, 2H), 4.06 (= 6.5 Hz, 2H), 1.891.81 (m, 2H), 1.56 1.38 (m, 11H)1.24 (s, 6H%3C NMR

(126 MHz,CD&l + Mcn®dPTHZ McoOo®PpmMZ MpPTDP®CcNZ MPTDPHHZI MMOC
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100.78, 70.99, 68.90, 61.69, 43.81, 29.82, 29.29, 28.83, 25.93, 24.22, i/ 8alculated for

GoaHpeOs 377.1959 [M+H] found377.1955.

0 Synthesis of A{7-Hydroxy-7-methyl-octyloxy)-2-oxo-2H-
M OH | chromene3-carboxylic acid (34, TN11-91): TMHI-90 (27.1 mg,
o 0~ "o
) 72.0 umol) was charged to a glass vial and was dissolved in THF (2
6
OH mL). The resulting solution wasrred vigorously while 0.1 M

LiOH (3 mL) was added dropwise to the vial. The reaction was stirred at 25°C for one hour. After
full conversion was observed by TLC, the reaction was neutralized with 1.0 M HCI (300 uL). The
flask was concentrated to drynesind attempted purification by revergehase column

chromatography using MeOH/Water (gradient to 80:20 MeOH:Water). Further purification was
achieved through acitdase extraction on the mixed column fractions. Following concentration

of the crude product).01 M LiOH (1 mL) was added to the product. RemainindgiF3a was

extracted in DCM (2 mL), and the basic aqueous layer was collected and acidified using 0.01 M

HCI (2 mL). The product was extracted using £H@iL) and concentrated to dryness(7¢
Hydroxy-7-methyloctyloxy}2-oxo-2H-chromene3-carboxylic acid was collected as a white
solidin45%vyieldd baw opnn all X aSh5i=87HzyIbly 703z Ml 03
8.7, 2.3 Hz, 1H), 7.00 @ 2.3 Hz, 1H), 4.16 (= 6.4 Hz, 2H), 1.901.83 (m, 2H), 1.5 1.39

(m, 8H), 1.19 (s, 6H¥C NMR (126 MHz, CB)&I Mcp ®yTX mMcn®dcnsI mMcodmpZ
131.66, 115.48, 112.18, 110.741.18, 70.98, 69.32, 43.77, 29.80, 29.31, 28.77, 25.92124

m/z calculated for @H»40s 347.1500 [MH], found 347.1478.
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3.4.7 TMIV-6, TMIV-18, and intermediate compound characterizations

jseq
HO o 0

Synthesis o3-Acety}7-hydroxy-chromen2-one (35):2,4-
Dihydroxybenzaldehyde (1.0 g, 7.24 mmol) and ethyl acetoacetate

(920 pL, 7.27 mmol) were charged to an RBF and vigorously stirred at

25°C. Piperidine (720 pL, 7.29 mmol) was added dropwise to the reaction fthdikeamixture

was stirred for one hour at 25°C. After full conversion was seen by TLC, the reaction mixture

was slowly poured over 1.0 M HCI and ice. The resulting slurry was stirred for 15 minutes

before filtering the precipitate, which was subsequentlgsiied with water until the filtrate ran

clear and the pH was neutral (pH = 6). The solid product was left to dry on the vacuum filter

overnight. Recrystallization of the product was achieved in anhydrous Et@¢etgH7-

hydroxychromen2-one was collecteds light, golderyellow crystals at 57% yieltH NMR

opnn allzx

aSh50 1J=8.0HzylH) 6i8Y (dity B.6, 2.3 Hzdel)76.76 @

2.2Hz, 1H), 2.63 (s, 3H}C NMR (126 MHz, MeOD) M tpp PTHIZ Mcn dPTo0X McndPng

132.15, 119.26, 114.12, 111.18, 101.63, 2891z calculated for €&HsOs 203.0350 [MH],

found 203.0362.

OTES

Synthesis of 3Acetyt7-(7-methyl-7-triethylsilanyloxy-octyloxy)-

/@fﬁ chromen2-one (36):Compound (35) (19.8 mg, 97.0 umol) and
0 0

compound (30)@5.4uL) were charged to an RBF and stirred in dry

ACN (2.5 mL). In one parti, KCQ (31.4 mg, 227 pmol) was added

to the RBF and the reaction was brought to reflux overnight. After full conversion by TLC,

removal of ACN was done vacuo The crude mixture was resuspended in EtOAc (20 mL) and
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washed with 20% NI solution (pH %, 30 mL) and brine (20 mL). The organic layer was

collected, dried over MgS¥iltered, and concentrated to dryness. The crude product was

purified by column chromatography using EtOAc/Hex (gradient to 30:70 EtOACc:HeatyB7-
(7-methyt7-triethylsilanyloxyoctyloxy}chromen2-one was collected as a white powder in 42%

yield.'H NMR (500 MHz, CREIl + y ®p m O B.7 ) 161)36.91 @dr 8.7, 8.RHz,

1H), 6.83 (dJ= 2.2 Hz, 1H), 4.07 (= 6.5 Hz, 2H), 2.73 (s, 3H), 1cAD81 (m, 2H), 1.5 1.47

(m, 2H), 1.4€ 1.35 (m, 6H), 1.21 (s, 6H), 0.96J&,7.9 Hz, 9H), 0.58 (@ 7.9 Hz, 6H}3C NMR

(126 MHz, CDghk M pp PppZ McnPPpHE MpPPyoEZ mMpTdAYynZ mMnTd
100.71, 73.31, 69.03, 45.01, 30.60, 29.86, 28.85, 25.96, 24.24, 7.13n&z&&lculated for

GoeHaoOsSi 483.2537 [M+Na]found 483.2533.

o Synthesis oB-Acety}7-(7-hydroxy-7-methyl-octyloxy)chromen2-

M one (37, TMIV-6): Compound (36) (14.2 mg, 30.8 umol) was
0 0~ ~o

>(g)6 charged to a glass vial, followed by the addition of 0.01 M HCI in

OH

MeOH (800 pL) and THF (200 pL). The reaction vial stirred

vigorously for one hauat 25°C. Upon full conversion seen by TLC, the stirring reaction was
neutralized with the dropwise addition of 0.01 M LiOH in water (800 uL). The crude product

was concentrated to dryness and purified by column chromatography using EtOAc/Hex

(gradient t050:50 EtOAc:Hex)-Acetyt7-(7-hydroxy-7-methyloctyloxy}chromen2-one was

collected as a white powder in 78% yield. NMR (500 MHz, CRElI ¢+ y ®pH O0FEZ ™Ml 0 Z
8.7 Hz, 1H), 6.91 (dd= 8.7, 2.3 Hz, 1H), 6.83 (t; 2.2 Hz, 1H), 4.08 (;=6.5 Hz, 2H), 2.73 (s,

3H), 1.90; 1.82 (m, 2H), 1.56 1.48 (m, 4H), 1.4§1.39 (m, 4H), 1.24 (s, 6HIC NMR (126

MHz, CDG)t M pp PpcEX mMcnPdPyTE MpPPYyoZ MpTPyoX mnT Pyp
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71.00, 68.96, 43.81, 30.61, 29.82, 29.3083825.94, 24.23n/z calculated for €sH260s

347.1853 [M+H] found 347.1842.

oH | Synthesis of §1-Hydroxy-ethyl)-7-(7-hydroxy-7-methyl-octyloxy)-

/@\/\j\f\ chromen2-one (38, TMIV-18): TM-IV-6 (31.0 mg, 89.5 pmol) and
0 0o~ "o

>(<J)6 Ced(24.6 mg, 99.8 umol) were charged to an RBF, followed by

OH

THF (2 mL) and MeOH (2 mL). The reaction flask was cooled to 0°C

and NaBH (5.6 mg, 148 umol) was added in one portion. After 1.5 hours, the reaction was

guenched with 20% Ni€l solution (pH = 7,rhL). The flask was concentrated to dryness and

purified by column chromatography using EtOAc/Hex (gradient to 70:30 EtOAcC:H&x). 3
Hydroxyethyl)-7-(7-hydroxy7-methyloctyloxy}chromen2-one was collected as a white

crystalline solid in 63% yielkHNMy 6 pnn al 1 X aSh50 Je86HRGH), 604X ™l
6.93 (ddJ= 8.6, 2.4 Hz, 1H), 6.90 (& 2.3 Hz, 1H), 4.84 (td= 6.3, 0.8 Hz, 1H), 4.08Jt 6.4

Hz, 2H), 1.88 1.79 (m, 2H), 1.5 1.47 (m, 4H), 1.46 1.39 (m, 7H), 1.19 (s, 6HJCNMR (126
MHz,MeOD) McH®McZ McMPIANZ MpNnP®TNEI MOTDPNHZI MHGDDPMP

68.32, 64.32, 43.33, 29.69, 28.73, 27.76, 25.68, 23.92, 21.52.

3.4.8 TM-IV-16 and intermediate compound characterizations

_N| Synthesis of Hydroxy-2-oxo-2H-chromene3-carbonitrile (39):

7’
X
m Malononitrile (375 mg, 5.68 mmol) was transferred in water (10 mL)
HO o~ "o

to an RBF containing 2dthydroxybenzaldehyde (507 mg, 3.67 mmol). Ammonium acetate

(423 mg, 5.49 mmol) was added in one portion to the stirring reaction flask, and the sides of the
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RBF wre rinsed with water (5 mL). The reaction mixture stirred at 25°C for 4 hours. The solid
precipitate was filtered, rinsed with water (15 mL), and left to dry on the vacuum filter
overnight. The crude solid was transferred back to the RBF, which was sebfggharged

with 3.0 M HCI (10 mL). The reaction flask was brought to 75°C and stirred for one hour, upon
which, full conversion was visible by TLC. The resulting solid was filtered, rinsed with water (40
mL), and dried on the vacuum filter overnighheTproduct was further purified by

recrystallization in EtOH, yieldinghydroxy2-oxo-2Hchromene3-carbonitrile as a reghrange

solid at44% yield!l baw opnn all s ! OSG2)86Hzi1IHy6®e @ 6 4 >

M |

8.6 Hz, 1H), 6.85 (s, 1M/C NMR (126 MHz, Acetone) mMmcn®nc X MpPpT dPMy I MpT dm

114.58, 114.47, 110.89, 102.76, 97.56.

_N| Synthesis of 47-Methyl-7-triethylsilanyloxy-octyloxy)-2-oxo-2H-

’
A
/©\A/\( chromene3-carbonitrile (40):Compound (39) (48.5 mg, 259 umol)
0 0o~ "o

6 and compound (30115 pl) were charged to an RBF and stirred in

dry ACN (5 mL). In ompertion, KCQ (84.8 mg, 614 umol) was

added to the RBF and the reaction was brought to reflux overnight. After full conversion by TLC,
removal of ACN was dome vacuo The crude mixture was resuspended in EtA&ar{L) and

washed with 20% Ni€I solution(pH = 7, 30 mL) and brine (20 mL). The organic layer was
collected, dried over MgS(filtered, and concentrated to dryness. The crude product was

purified by column chromatography using EtOAc/Hex (gradient to 40:60 EtOAC:H#x). 7
Methyl-7-triethylsilaryloxy-octyloxy}2-oxo-2H-chromene3-carbonitrile was collected as a

white powder in 68% yieldH NMR (500 MHz, CRElI + vy ®dmdp 0J B.8 he) 161)36.95 dp n
(dd,J= 8.7, 2.3 Hz, 1H), 6.84 (i 2.3 Hz, 1H), 4.09 (= 6.5 Hz, 2H), 1.891.82 (m, 2H), 1.52
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¢ 1.35 (m, 8H), 1.20 (s, 6H), 0.95J¢&,7.9 Hz, 9H), 0.57 (@ 7.9 Hz, 6H}3C NMR (126 MHz,
CDEA+1 McpPpPCHZ MPTDPHHZI MPTOAPEZ MpMPpMZEI MoOoNdNTZ |

69.31, 44.99, 29.8@9.83, 28.79, 25.92, 24.21.12, 6.80.

_N| Synthesis of A7-Hydroxy7-methyl-octyloxy)-2-oxo-2H-

7’
AN
/©\A/\( chromene3-carbonitrile (41, TMIV-16): Compound (40) (31.5 mg,
O o O

>(d)6 71.0 umol) was charged to a glass vial, followed by the addition of

0.01 M HCI in MeOH (1.8 ndand THF (400 pL). The reaction vial

stirred vigorouslyfor one hour at 25°C. Upon full conversion seen by TLC, the stirring reaction

was neutralized with the dropwise addition of 0.1 M LiOH in water (180 uL). The crude product

was concentrated to drynessd purified by column chromatography using EtOAc/Hex

(gradient to 80:20 EtOAc:Hex}(7-Hydroxy7-methyloctyloxy}2-oxo-2H-chromene3-

carbonitrile was collected as a white powder in 99% yi##dNMR (500 MHz, CRElI + y dmy 0 a .
1H), 7.49 (dJ= 8.8 Hz1H), 6.95 (ddJ= 8.7, 2.4 Hz, 1H), 6.85 (& 2.3 Hz, 1H), 4.09 (= 6.5

Hz, 2H), 1.9Q 1.83 (m, 2H), 1.56 1.47 (m, 4H), 1.46 1.39 (m, 4H), 1.24 (s, 6HJC NMR (126

MHz,CD@ + Mcp®PppZ MPTOPMPZIZ MpPpTOMMI 100pb& 8862, %X MO N D

70.97, 69.23, 43.78, 29.79, 29, 28.77, 25.90, 24.21.
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Chapter Four: Spectral analysis of novel VDR ligands

4.1 Excitation and emission of fluorophores

Fluorescence results as a means of electromagnetic energy dissipation from an excited
molecule. It is the observable result of a photon being released from a compound during the
transition from an excited singlet state to the ground stafEhis process occurs in conjugated

" -systems, when a photon fromaUVd& a4 A 6f S f AIKG &2dzNOS GKI G
Foa2NbSR o0& (KS O2 Y-eléetdny fRwM thé HigRe¥t ddtupiad/molactlar |
orbital (HOMO)totheanth 2 Y RAYy 3 0 - F0 t26Sa0 dzy200dzLIA SR
the compound into an xcited state? A favorable thermodynamic transition of the excited
electron back to the ground state is encouraged by the lowered energy of the ground state.
This transition occurs in two successive steépsst, the processes of vibrational relaxation and
internal conversion occur by dissipating energy to the surrounding environment. Vibrational
relaxation is theelectronic transition between vibrational states of the same spin state
whereas internal conversion is electronic transition between energy states of the same spin
state. The second step in returning an excited molecule to the ground steliedes multiple
competitive processes. Collisional energy transfer with the surrounding solvent or nearby

molecules, photochemical reactions, release as thermal energy, oresission as radiative
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energy (fluorescence or phosphorescence) are all paaéptathways for an excited state

molecule to disperse energy when transitioning back to the ground state.

During fluorescence, the excited molecule A
S
will re-emit a photon at a lower energy than 4
S,
it was absorbed. The energy of agmitted
. . E| S
photon is always less thahe energy in - D
el o
“a’_ =
which a photon is absorbed by a molecule, S %
0 >
< o
due to the vibrational relaxation and internal S °
0

conversion that occurs during the first ste . e .
g P Figure42. Simplified Jablonski diagram of molect

L ) . itati d emission.
of energy dissipatiof (Figure42) Collisions excitation and emission

between the ecited molecule and the surrounding environment occur very quickly. These non
radiative processes transfer vibrational and rotational energy away from the excited electron
on the timescale of 1% to 10 seconds' This rapid method of energy dissipation in the higher
energy states occurs faster than the transition from the first energy state to the ground state.
Fluorescence only occurs during this deexcitation from the first excited statetddo& ground
state, and thus is a lengthier process occurring on the timescale tfolD0® seconds' As
previously mentioned, many compounds do not fluoresce due to the other competitive

processes in play during this timeframe.

According to the PlaneEinstein relationO "@X_, there is an inverse relationship between
photon energy and wavelength. Since the emitted photon during fluorescence has a lower
energy than the energy in which the photon was absorbed, the observed emission will occur at

a longer wavelength. A fluorescem spectrum plots the fluorescence intensity as a function of
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the wavelength® Each fluorophore has unique spectrabperties that can often be altered
through various substituent additions. These substituents can influence the wavelength,
fluorescence intensity, and lifetime of the fluorophot@ Coumarins, for example, have been
observed to emit in the blugreen region of the visible light spectrum when properly
substituted® (See chapter 2)Additionally, compoundldiorescence is often sensitive to the
surrounding environment. The dipole orientation of the fluorophore change the compound
enters an excited state and develops unstable interactions with the neighboring solvent.
Reorientation of the solvent dipole leads to increased stability. Each solvent will reorient

differently and influence the spectral observations mayethe fluorophore?

4.2 Synthetic compound analysis

The ten final ligands synthesized to target VDR underwent spgestedysis to determine their
photophysical properties. Analysis of the excitation and emission wavelengths showed
sufficient signal separation characterized by the Stokes shift. Signal separation is necessary in
order to avoid interference from the enterj excitation light on the emission intenstty.
Additionally, for effective use as a biological probe, the ligands need to minimally possess an
emission wavelength in the visible spectral region (200 nm). Below the visible light range

biological cellular components are able to strongly interfere with the absorption oflight.

Absorbance and emission weegaluatedin both methanol and watefor each ligand, in order

to showthe effect solvent polarity has on the moleculehe first compound, TM-21, was
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Solvent effect on TM-I1-21 absorbance and emission
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Figure43. Spectral properties of TM-21 inmethanoland water

observed to have a maximal sdrbance at 322 nm and 325 nm in methanol and water,
respectively. Emission was seen at a maximum of 488 nm in methanol and 497 nm in water.
Hence, the Stokes shift was determined to be 166 nm in methanol and 172 nm in water. A
higher signal intensity was also observed for both the excitation and emission signals in the
aqueous solvent. (Figud8) This indicates that fluorescence signal suppression is likely to be
observed upon binding of TH#21 to the VDR.BD due to the highlhydrophobic nature of the

binding pocket in contrast from the aqueous, surrounding cellular environment.
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Similar results were observed during spectral analgé TMII-72. The comparable substitution
pattern on the coumarin ringtructure for the initial two ligands supports this observation. A
maximal absorbance at 323 nm and 325 nm was observed in methanol and water, respectively.
Emission maxima occur aB4 nm in methanol and 509 nm in water, thus producing a Stokes
shift of 166 nm in methanol and 184 nm in water. Higher signal intensity occurred in the

agueous solvent for both the excitation and emission signals. (Fighre

Solvent effect on TM-11-72 absorbance and emission
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Figure44. Spectral properties of TM-72 inmethanoland water
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A substantial impact on emission wavelength was seen for compound-88/ which bears a
different substitution pattern than TMI-21 and TMII-72. Considerable blusghifting of the
emission signal in water was observed, with the maximum observed atm02Alnsorbance in
the aqueous solvent was seen at 329 nm, resulting in a Stokes shift of 73 nm. Due to this
decreased Stokes shift, significant interference by the excitation signal affected the clarity of
the emission curve. The available instrumentatiod Kot allow for this interference to be
avoided,despiteattempts to change instrument parameters, decrease sample concentration,
and excite at normaximal wavelengths. Absorbance of -TM8 in methanol occurred at 327
nm; however, the emission signal o not be detected due to significant signal suppression in
the organic solvent. Additionally, a larger emission signal intensity was observed for this
compound. The instrument gain needed to be decreased to 50 so as not to max out the
detector. TMII-88was consistent with the former compounds, in that a larger signal intensity

was observed for both the excitation and emission signals in water. (Fi§ure 4

Solvent effect on TM-11-88 absorbance and emission
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Figure45. Spectral properties of TNI-88in methanoland water
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Compounds TMII-20 and TMIII-31 are structurally similar to compound 472, differing

only in the length of the aliphatic carbon chain that bears the tertiary alcohol functionality.
Compound TMII-20, the shorter derivative of TM-72,showed a maximal absorbance at 322

nm and 325 nm in methanol and water, respectively. Emission was seen at a maximum of 492
nm in methanol and 514 nm in water. Thus, the Stokes shift fo4ITFRO was 170 nm in

methanol and 189 nm in water. The signal mtgy was heigtegned for both the excitation and

emission curves when performed in water. (Figdé&

Solvent effect on TM-111-20 absorbance and emission
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Figure46. Spectral properties of TMI-20in methanoland water
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The derivative of TMI-72 with a longer carbon chaingmpound TMIII-31, showed a maximal
absorbance at 322 nm in methanol and 325 nm in water. Emission occurred at a maximum of
497 nm and 506 nm in methanol and water, respectively. In methanol, this compound
displayed a Stokes shift of 175 nm, while in waté3tokes shift of 181 nm was observed. As
expected, a higher signal intensity for both the excitation and emission signals occurred in the

aqueous solvent. (Figuee)

Solvent effect on TM-111-31 absorbance and emission
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Figure47. Spectral properties of TMI-31in methanoland watet
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The first Series D compound to be evaluated wasl-®D. Series D compounds are substituted
in positions 3 and 7 on the coumarin ring. Similar to compound 38, which is substituted in
positions 4 and 7, the maximum emission wawngth observed for TMII-90 was blueshifted
relative to the ligands substituted in positions 4, 7, and 8. This observation supports the idea
that increased electromlonating substitution results in a reshifted emission wavelength. M
[1I-90 had maximiemission at 404 nm in both methanol and water, however, interference

from the excitation signal was observed due to a relatively small Stokes shift. Maximum
excitation occurred at 350 nm and 353 nm in methanol and water, respectively, occurring at a
longer wavelength than what was observed by the previously synthesized ligands.
Consequently, the Stokes shifts for M0 were 54 nm in methanol and 51 nm in water.

Excitation and emission intensity were both higher when in the aqueous solvent. (BBure

Solvent effect on TM-I111-90 absorbance and emission
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Figure48. Spectral properties of TNMI-90in methanoland watet
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Due to the presence of the carboxylic acid functionality in position 3, compountdi-Bi¥

spectral data at different pH levels were obtain€@hrboxylic acids have approximate pKa

values of 45, thus under physiological conditions (pH = 7), it is expected that the deprotonated
carboxylate takes primary form. Under neutral conditions-IMM1 is observed to have a

maximal absorbance at 342 namd 340 nm in methanol and water, respectively. Emission was
observed at a maximum of 402 nm in methanol and 401 nm in water, though slight interference
from the excitation signal is observed around 400 nm. Therefore, the Stokes shift fiblFIM

under reutral conditions is 60 nm in methanol and 61 nm in water. The absorbance signal is
more intense in water, but the emission signal was greater in methanol. (A§uiehis is likely

due to the more acidic pH of 5.0 that was measured in the organic sol&amgher intensity

was consistently observed in the emission signals of acidic solutions. §5guaad 5)

Neutral solvent effect on TM-111-91 absorbance and emission

0.6 ~ 80000
—— MeOH (pH=5.0)
- 60000 — Water (pH=7.6)
0.4+
~ 40000

Absorbance
Allsuaiu]

- 20000 o] (e

0.0 T T -0
200 300 400 500

Wavelength (nm)

Figure49. Spectral properties of TMI-91 inmethanoland water, at a neutral pH.
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To determine whether a change of pH would shift the wavelength emission, spectral data for
TM-I1I-91 was observed under acidic and basic ciowls. The carboxylic acid functionality in
position 3 on the coumarin ring would be protonated below pH = 3. AuMbBolution of TM

[1I-91 was prepared following the sample preparation described in the absorbance and emission
procedures, though the dilign solvent for the acidic trials were substituted for 0.01 M HCl in
methanol and 0.01 M HCI in water. The solvent for the basic trials were substituted for 0.01 M

LiOH in methanol and 0.01 M LiOH in water.

There was minimal to no shifting of the emission wavelength fod[F®1L under acidic or basic
conditions. At a low pH, TMI-91 was observetb have a maximal absorbance at 351 nm and
353 nm in methanol and water, respectively. Emission was seen at a maximum of 404 nm in
methanol and 408 nm in water, equating to a Stokes shift of 53 nm in methanol and 55 nm in
water. The emission intensity sigl increased for TMII-91 at a decreased pH, with the organic

solvent producing a more intense absorption and emission curve. (Fs@ure

Acidic solvent effect on TM-111-91 absorbance and emission
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Figure50. Spectral properties of TNI-91 in0.01 M HCI in methanaind0.01 M HCl invater.
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A maximal absorbance at 336 nm in methanol and 339 nm in water was observed at the
increased pH. Emission occurred at approximately 402 nm for both methanol and water,
however the signal was sufficiently suppressed at the basic pH to make otigervbthe

signal difficult. Nonetheless, the Stokes shift at the increased pH remains at approximately 60
nm. (Figurebl)

Basic solvent effect on TM-I11-91 absorbance and emission
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Figure51. Spectral properties of TMI-91 in0.01 M LIOH in methanahd0.01 M LiOHn water.
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Solvent effect on TM-1V-6 absorbance and emission

0.25- - 3000
— 150 uM in MeQOH
0.20+ .
— 150 uM in Water
~ 2000
0.15+

Absorbance
Alisuaiu)

0.10- '
o jooq
(o] [0 o]

0.054 >rg,6

M
0.00 T T T 0
200 300 400 500

Wavelength (nm)

Figure52. Spectral properties of TNV-6 in methanoland water

A maximal absorbance a63nm in methanol and 86 nm in water was observed for TW-6,
which has a @cetyl substituent. Emission occurred at a maximuml&@m and426nm in
methanol and water, respectively. In methanol, this compound displayed a Stokes $#ift of
nm, while inwater a Stokes shift &0 nm was observed. A highabsorbance was observed in

methanol, though emission was drastically quenched in the organic sol{fggtre 52)

The nitrile substituent in position 3 followed a similar spectral pattern telVM in that the
absorbance signal was higher in methanol, while the emission intensity was higher in water.
The maximal absorbance detected in methanol and water 3&sam and355nm,

respectively. Maximal emissions occurredl@6nm in methanol and10nm in waer.

Therefore, the Stokes shifts for TIM-16 were51 nm in methanol ands5nmin water. (Figure

53)
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Solvent effect on TM-1V-16 absorbance and emission
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Figure54. Spectralproperties of TMIV-16 in methanoland water

Higher absorbance and emission sigrmadsurred in watefor TM-IV-18. Moreover, reduction

to the secondary alcohaubstantiallyincreased theemission intensity signal relative to the
ketone precursor. Maximabsorbance occurred 825nm inboth methanolandwater. The
maximal emissionvas unable to be determined in either solvent due to interference from the
absorbance signal, however, an approximation placesthessionsignal at 400 nmTheefore,

the Stokes shifts for TNV-18in methanol and watewould be abouf75nm. (Figure 54)

Solvent effect on TM-1V-18 absorbance and emission
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Figure53. Spectral properties of TNV/-18in methanoland water
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Discussion

Smalimolecule fluorophores are frequently used for biological imaging becatigeeir

generally low toxicity, welllefinedexcretionmechanisms, andbility to target specificbinding
sites® The spectral properties for ten fluorescent VDR ligandvesaluated in both methanol
and water. For compound TMI-91, which contains a carboxylic acid functionality, spectral

data was also evaluated in acidic (0.01 M HCI) and basic (0.01 M LiOH) organic and aqueous
solutions. It was generally observed thaethbsorption and emission intensity for these
fluorescent ligands is higher in an aqueous solvent, though absorption fav-avind TMIV-

16 was higher in methanol. Presence of electron donating functional groups in posiiand 7

8- on the coumarin rig were observed to significantly restift the emission wavelength

relative to the compounds substituted in solely thepbsition. Despite literature reports
describingared KA Fd Ay (GKS SYAaaAirzy gll@St SyaaXi SRSy
throughout the coumarin corg electronwithdrawing groups preent in the 3 position did not
noticeably increase the emission wavelength in regard to developing a sufficient biological
probe. The spectral properties of coumarins are sensitive to differing substitution patterns on
the ringsystem. Aligning with thepgctral observations of the synthesized VDR ligands, an
increase in the Stokes shift has been observeaftachinga bulkysubstituent at the 4
positionrelative to the 3 position? The geometric changes to the molecule upon excitation are
generally saller for 3 substituted coumaringthus, the larger Stokes shifisf 4- substituted
coumarins are rationalized through the amount of torsional work done during relaxafibis
justification alongside the increased electrdonating substitution occurring in compound

Series A and B explains the more desirable spectral properties for these compounds. The Stokes
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shift in the Series C and D compounds was relatively smallin&J, which often allowed the
excitation signal to interfere with the emission signal analysis for these compounds.
Additionally, these molecules emit at just over 400 nm, which is not ideal for a biological probe.
Cellular autofluorescence remains a dbatje during diagnostic imagingFluorophores that

emit with a lower wavelength in the visible region are highly likely to face fluorescent
interference from other biological components. Observation of these initial scaffolds provides a

foundation for further optinization on developing a fluorescent VDR ligand.

Generalabsorbanceprocedure:Samples were prepared from 30 mM compound in DMSO
stock solutions, which were further diluted to 15M in either methanol or water. In a 384

well UMSTAR®ansparent plate (Gginer BieOne, 781801), 150M compound in methanol

(20 L), 150uM compound in water (2QIL), pure methanol (2QL), and pure water (2(L)

were added to separate wells. Two replicates of each solvent blank were plated and recorded.
Absorbance was measutaising al'ecan Infinite M1000 plate readeAbsorbance curves were
generated after subtracting the average blank solvent values from the corresponding

compound solution values.

Generalfluorescence emissioprocedure:Samples were prepared from 30 mM cpound in
DMSO stock solutions, which were further diluted to 180 in either methanol or water. In a
384-well black polystyrene microplate (Thermo Fisher Scientific, 262260yNIsfmpound in

methanol (20uL), 150uM compound in water (2QlL), pure metlanol (20uL), and pure water
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(20 L) were added to separate wells. Two replicates of each solvent blank were plated and
recorded. Fluorescence emission was measured using a Tecan Infinite M1000 plate reader. The
instrument bandwidth (emission and excitatipwas set to 20 nm and the gain was manually

set to 100, unless otherwise noted. Th@dsition was automatically calculated by the Tecan

Infinite M1000 plate reader from the 384ell containing the aqueous compound solution.
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Chapter FiveBiological evaluation of novel VDR ligands

5.1 Cellbased assay screening

A total of ten synthetic ligands were evaluatiedvitro for the biological responses they
produced when introduced in various concentrations to the cellular environment. The
fundamental purpose in developing a fluorescent ligand for VDR was to utilizigaimel to
create a newn vitrobinding assay that targets the VILBD, as well as am vivodiagnostic tool
to observe the distribution and localization of VDR. Whilefced assays that utilize isolated
proteins are available as fast and conveniesteening methods for potential receptor ligarids
the ability to monitor VDR activity in the cellular environment with fluorescence offers further
clarity tothe behavior of our ligands. Célased assays offer retime visualization of cellular
responses while providing the capacity to differentiate between agonistic and antagonistic
activity of screened liganddn certain cases, the likelihood of falp®sitive results arising from
nonspecific interactions can be reduced dmked assaysAs a primary screening method, a

celkbased tanscription assay was used to assess the usefulness of our novel compounds.

A luciferasebased transcription assay was conducted to determine agonist and/or antagonistic
properties of the synthetic VDR ligands, as well as their cellular toxicity. Theriits assay
functions by transfecting HEK293 cells with cytomegalowtiDR (CMADR) plasmid and

CYP24Aluciferase plasmid, which is a known VDR target der@verexpressed VDR is dosed
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Compound

v\ % % Coactivator
|

Schemell. General process of the luciferase transcription assay for VDR.

Coactivator

Light

Luciferase gene

with varying concentrations of ligand, either in the presence or absence of a known agonist. In
the presence of aagonist VDRwill undergo a conformational change that triggers dissociation
of corepressors and promotes coactivator bindfctivation of VDR induces recognition of

the vitamin D response element on the CYP24A1 promatatrecruitment of RNA polymerase
occursto transcribe the luciferase reporter genéSchemel) Transcription of the luciferase

gene occurs proportionally to the amount of activated VDR; therefore, quantification of

luciferase can be used to report the efficacy of ligauativated VDR.

BrightDf 2 n ni@Brbra§a, E2620) is used to quantify the amount of luciferase enzyme
created by generating bioluminescensignal. The luminescent signal is a byproduct of the
enzymatic reaction that converts luciferin to oxyluciferin in the presence of ATP, MglO..
(Schemél2) A directly proportional correlation between the intensity of the resulting
bioluminescent signal and the amount of expressed luciferase indicates the degree to which the
transcription occurred by ligandctivated VDR. As a result, a highbtent agonist would yield

a strong luminescent signal at low concentration. Conversely, an antagonist of VDR would
compete with an agonist and stimulate a conformational change that prevents receptor
coactivator binding. The lack of transcriptional aityiwvn the luciferase gene causes a

diminished luminescence signal in the presence of an agonist.
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Transfected HEK293 cell viability was evaluated irptesence of various concentrations of the
synthetic ligands in tandem to the transcription assay. Quantification of cellular ATP is achieved
using the CellTiteGld®reagent (Promega, G7572). CellTi&o®lyses the cellular membrane

and releases cytoplasic ATP from viable cells, which is in turn promotes the conversion of
luciferin to oxyluciferin. (Schent®) Natural production of ATP supports cellular metabolism,

therefore decreased amounts of ATP in the cell viability assay is an indicator of ¢ell dea

Firefly Luciferase or
Ultra-Glo Recombinant
Luciferase

0 5
HO s, N OH +ATP+0 © S, N~ +AMP+PP, +CO, +Light
2 i 2 g
osan Ny
N s N s

Luciferin Oxyluciferin

Schemel2. Enzymatice&action converting luciferin to oxyluciferi

5.2 Cellular response to synthetic compounds

Activation of VDR with calcitristimulates a strong recognition of the CYP24A1 promoter and
substantial gene transcription. Otranscription assaysonfirmthat 100 nM calcitriol strongly
induced CYP24Abinding and luciferase transcription, unlike 5@ of compound 31b (toxic
control), a known irreversible inhibitor of VI®RThe first synthetic ligand, TM-21, did not
induce CY24A1 binding, as seen by the unaffected luminescence signal. §bAjukereduction
in luminescence was observed as increasing concentrations eFZMwere introduced to the
cellular environment containing 100 nM calcitriol, however. ThedCTMII-21 wasobserved

at 17.87uM (Log 16 = 1.252 uM, R=0.9787)(Figure55A) A decrease in thaability of the

HEK293 cells under transfected conditions was observed with increasing concentrations of TM
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[I-21. The highest concentration of TTMt21 (150uM) left 29.8% of the HEK293 cells viable.

(Figureb5B)
A HEK293 cellular response to TM-11-21
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1C59=17.87 uM —_ TM-lI-21
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Figure55. A)Results of TMI-21 agonistic (blue) and antagonistic (red) effects on VDR, relative tc
nM calcitriol and 500 nM 31b (toxaontrol). B)HEK293 cell viability while in the presence of increa
TMHI-21 concentrations.
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The second ligand, which contains the series B scaffold, displayed similar transcription results to
series A compound, T21. Recognitionfathe CYP24A1 promoter was not observed when
evaluating TMI-72 for agonistic activity toward VDR, as displayed by the unaffected
luminescence signal. (FiguséA) A reduction in luciferase transcription was detected with
increasing concentrations of FTNA72 while in the presence of 100 nM calcitriol. The & TV

II-72 wasobserved at 52.8M (Log 16 = 1.23uM, R = 08979). (Figuréb6A) A substantial
improvement on celiabilitywas observed with TMI-72 over TMII-21. The highest

concentration of TMI-72 tested (15QM) left 89.5% of the transfected HEK293 cells viable.

(Figures6B)
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A HEK293 cellular response to TM-I1-72
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Figure56. A) Results of TMI-72 agonistic (blue) and antagoncstred) effects on VDR, relative to 1(
nM calcitriol and 500 nM 31b (toxic controB)HEK293 cell viability while in the presence of increa
TMHII-72 concentrations.
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TM-1I-88, having a series C scaffold, did not trigger VDR to recognize the Q\ir@dktor.
Transcription of the luciferase gene did not occur, as displayed by the unchanging luminescence
signal with increasing concentrations of M8 in the absence of calcitriol. (FiguséA) With

100 nM calcitriol present in the cellular enviroent, a reduction in the transcription of

luciferase was observed with increasing concentrations ofi 8, though to a lesser extent

than the inhibition by TMI-21 or TMII-72. The 16 of TM-I-88 wasobserved to bel38.8 uM

(Log 6= 2142uM, R = 07693). (Figur&7A) Minimal impact to the viability of the

transfected HEK29&ells was observed with concentrations of -TM8 up to 150 uM At the

highest concentration of TM-88 (150uM), 92.5% of the HEK293 cells remained viable. (Figure

57B)
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A HEK293 cellular response to TM-11-88
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Figure57. A)Results of TMI-88 agonistic (blue) and antagonistic (red) effects on VDR, relative tc
nM calcitriol and 500 nM 31b (toxic controB) HEK293 cell viability while in the presence of incre:
TM-II-88 concentrations.
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Containing the series B scaffold, TNA20 displays comparable transcription results to-TM2.

A lack of CYP24A1 recognition and luciferase transcription is demonstrated through an
unchanging luminescence signal when utilizing M0 as an agonist. (Figus8A) A reduction

of luciferase transcription was observed as the luminescent signal decreased with increasing
concentrations of TMII-20 while in the presence of 100 nM calcitriol. The &€ TM-1I-20was
observed af73.78 uM (Log 16 =1.868uM, R = 0.983). (Figuré8A) The viability of the
transfected HEK293 cells lessened in the presence el 29, relative to TMI-72. The highest

concentration of TMII-20 tested (15QM) left 77.5% of the HEK293 cells viableg{fa 58B)
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A HEK293 cellular response to TM-I11-20
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Figure58. A)Results of TMII-20 agonistic (blue) and antagonistic (red) effects on VDR, relative tc
nM calcitriol and 500 nM 31b (toxic controB) HEK293 cell viability while in the presence of increa
TMHII-20 concentrations.
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TM-I1I-31 followed suit in transcriptional activity to the other series B compounds. CYP24A1
recognition did not occur when in the presence of-TIM31, as displayed by the unaffected
luminescence signal. (Figur8&) Reduction of the luminescent signal was observed with
increasing concentrations of FN-31 while in the presence of 100 nM calcitriol, indicating an
inhibition of luciferase transcription. Thes@f TMHII-31wasobserved aR1.84 uM (Log 16 =
1.339uM, R = 0.%95). (Figure 8A) Transfected HEK293 célbility was impacted with
increasing concentrations of FTWM-31. At 150puM TMHII-31, 60.2% of the HEK293 cells

remained viable. (FiguredB)
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A HEK293 cellular response to TM-I11-31
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Figure59. A) Results of TMI-31 agonistic (blue) and antagonistic (red) effects on VDR, relative tc
nM calcitriol and 500 nM 31b (toxic control). BEK293 cell viability while in the presence of increa
TMHII-31 concentrations.
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TM-I1I-90 was the firstompound to be analyzeid vitrothat contained the linear series D
scaffold. No CYP24A1 recognition was observed when usidfg-98to activate VDR, as seen
through the unchanging luminescent signal. (Figuda)dnterference of luciferase transcriptio
was displayed as the concentration of INM90 increased while in the presence of 100 nM
calcitriol. The 16 of TMHII-90 wasobserved to bel8.47 uM (Log 165 =1.266 uM, R = 09700).
(Figure ®A) Theviability of the transfected HEK293 was greathpiacted with increasing
concentrations of TMII-90. The highest concentration of TM-90 tested (171uM) left 3.9% of

the HEK293 cells viable. (FiguBp
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A HEK293 cellular response to TM-I11-90
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Figure60. A) Results of TMII-90 agonistic (blue) angintagonistic (red) effects on VDR, relative to 1

nM calcitriol and 500 nM 31b (toxic controB) HEK293 cell viability while in the presence of increa
TM-I11-90 concentrations.
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Compound TMII-91, the hydrolysis product of TMI-90, did not actas an agonist toward VDR

to induce luciferase transcription, and thus did not alter the luminescent sifffiglire 61A)
Differing from the prior compounds discussed,-TIM1 did notinhibit luciferase transcription
while in the presence of 100 nM calait. (Figureé61A) The inhibition of gene transcription
displayed by TMII-90 indicates that the series D scaffold is able to interfere with the-VDR
calcitriol interaction. TMII-91 contains a polar carboxylate group that is presumed to prevent
the compaund frompassing through thauclear membrane. Gené&anscriptionwould

therefore be unaffected if the compound remains in the cytopla$heviability of the

transfected HEK293 cellsas minimally impacted by increasing concentrations oflTHd1. The
highest concentration of TN1I-91 tested (173uM) left 93.1% of the HEK293 cells viable. (Figure

61B)
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A HEK293 cellular response to TM-111-91
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Figure61. A) Results of TMI-91 agonistic (blue) and antagonistic (red) effects on VDR, relative tc
nM calcitriol and 500 nM 31b (toxic control). B) HEK293 cell viability while in the presence of inc
TMHIIF91 concentrations.
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TM-IV-6 did not induceCYP24A1 recognition during the transcription assay, leaving the
luminescent signal unphased. (Figé2A) When in the presence of 100 nM calcitriol, inhibition
of luciferase transcription and reduction of the luminescent signal was displayed with
increasiry concentrations of TNV-6, however. The Bgof TMIV-6 wasobserved a33.43 uM
(Log 16 =1.524uM, R =0.9749. (Figures2A) Toxicity on the transfected HEK293 cells is
associated with increasing concentrations of-TWb. The highest concentration of TW-6

evaluated (173uM) left only 36.7% of the HEK293 cells viable. (Fi§iB3
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A HEK293 cellular response to TM-IV-6
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Figure62. A) Results of TANW-6 agonistic (blue) and antagonistic (red) effects on VDR, relative to
nM caldtriol and 500 nM 31b (toxic control). B) HEK293 cell viability while in the presence of inct
TM-IV-6 concentrations.
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Compound TMV-16 did not induce luciferase transcription, leaving the luminescent signal
unphased as the concentration of TIM-16 increased. (Figu&3A) In the presence of 100 nM
calcitriol, inhibition of CYP24A1 recognition and reduction of luminescence occurred with
increasing concentrations of TNW-16. The 165 of TMIV-16 wasseen at60.19 uM (Log 166 =
1.780uM, R = 09458). (Figuré&3A) Theviability of HEK293 cells decreased with increasing
concentrations of TMV-16 under thetransfectedconditions.The highest concentration of TM

IV-16 evaluated (17uM) left 59.5% of the HEK293 cells viable. (Fi§3&)
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A

HEK293 cellular response to TM-1V-16
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Figue 63. A) Results of TNW-16 agonistic (blue) and antagonistic (red) effects on VDR, relative tc
nM calcitriol and 500 nM 31b (toxic control). B) HEK293 cell viability while in the presence of inc
TM-IV-16 concentrations
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The final compound evaluated, FIM-18, contains a chiral secondary alcohol that resulted from
the ketone reduction of compound TW-6. When in the presence of 100 nM calcitriol,
inhibition of CYP24AL1 recognition and reduction of luminescence owagtiréncreasing
concentrations of TMV-18. The 165 of TM-IV-18 is observed at 285uM (Log 166 =1.431uM,
R = 09742). (Figuré&4A) While TMIV-18 does not activate VDR as effectively as calcitriol, a
small increase in the agonist curve hints toward some luciferase transcription By-I8/
(Figure64A) Significant toxicity of the transfected HEK293 cells was exhibited with imgeas
concentrations of TMV-18. The highest concentration of FIM-18 tested (173uM) left only
1.3% of the HEK293 cells viable. (Figi#®&) The strong cellular toxicity associated with-T\¥
18 is thought to be interfering with potential agonistic adindy the compound at higher
concentrations. A slight increase in luminescence is observed ap®168V-1V-18 relative to
the DMSO control, which supports the speculation of minimal agonistic activity Hy-IBl

(Figure6b)
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A HEK293 cellular response to TM-1V-18
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Figure64. A) Results of TMV-18 agonistic (blue) and antagonistic (red) effects on VDR, relative tc
nM calcitriol and 500 nM 31b (toxic control). HEK293 cell viability while in the presence of incre
TM-IV-18 concentrations.
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Agonist ability of TM-1V-18 in HEK293 cells
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Figure65. Enhanced view of TNV/-18 agonistic activity relative to DMSO and to:
controls.
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Discussion

Ten synthetic ligands were evaluated in the transcription assay to determine their respective
agonist and antagonistic properties towards VDR. Series A, B, and C compounds were not able
to induce CYP24A1 recognition and luciferase transcription, as dsiflagough a consistent
baseline luminescent signal. Series D compounds also lacked the agonistic activity to induce
luciferase transcription, although compound TM18 is speculated to potentially activate VDR

at concentrations ranging from 10 to 20/. All of the compounds were able to disrupt the
calcitriokVDR interaction to varying extents at high concentrations, with the exception of TM
[1I-91 which was likely unable to cross the nuclear membrane. Compourid-ZMantagonized

VDR most effectively, ithh an 1Go value of 17.87uM, while compound TMI-88 was the

weakest antagonist, with andgvalue of 138.81M. Additionally, viability of the transfected
HEK293 cells was evaluated while in the presence of each synthetic ligand. Overall, compound
TM-II-72 displayed the least toxicity coupled with the highest antagonistic activigy<182.87

uM) toward VDR. At a concentration of 150 uM, 89.5% of the transfected HEK293 cells
remained viable while in the presence of IM’2. Compound TMII-91 minimaly impacted the
cellular environment, retaining 93.1% cell viability at a concentration of 171 uM. Similady, TM
[I-88 also displayed minimal toxicity with 92.5% of the HEK293 cells remaining viable while in
the presence of 15QM TM-11-88. Both TMIV-18 ard TMHII-90 were toxic. A concentration of
171pM TM-IV-18 left only 1.3% of the HEK293 cells viable, whilepd T MHI1-90 left 3.9% of

the HEK293 cells viable. The toxicity of-IMM.8 at increasing concentrations would cover any
potential agonistic adetity exhibited by the compound at high concentrations. The racemic ratio

of the chiral secondary alcohol in TIM-18 is assumed to be 1:1 but has not been determined.
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Synthesis of the individual enantiomers may uncover further insight toward the behavior
TM-IV-18 as a potential agonist of VDR. The transcription results ef\VF\8 further support

the understanding that an alcohol functionality to hydrogeond with the polar residues near
the opening of the VDIRBD is crucial for agonistic activity. @atary binding assays may be
worth exploring with TMV-18, as well as for future structural improvements. The fluorescence
polarization (FP) assay is a commonly used binding assay for VDR, which israbieogate
protein-peptideinteractions?1° Agonistic and antagonistic results from the luciferase
transcription assay can be supported through the binding data available by the FP assay.
Surface plasmon resonance (SPR) is another technique that can be utilized for detg timén
association and dissociation kinetics of potential ligands. Previous studies have utilized SPR to
evaluate vitamin D, vitamin D metabolites, and vitamin D analogues with vitamin D binding
proteint!, as well as observe the SREhteraction with VDR in the presenceagfonist, partial
agonist, and antagonist? These secondary assays are able to provalaable insights

towards ligandprotein interaction that supplement the transcription assay results.

Designing agjand to satisfy chemical, optical, and biological requirements is a challenging task.
The ten fluorescent ligands that emit in the visible light range were developed for VDR and have
provided a basis for future development for an appropriate agonist wésirdble spectral

properties. Development of this unique assay premise will offer a simple means ef high
throughput screening to efficiently remove unsuitable drug candidates from consideration

when focusing on VDR as a pharmaceutical target.
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Transcription assayprotocol: Human embryonic kidney (HEK293) cells were cultured in

DMEM/High Glucos@Hyclonet, SH3024301) with 10#eat-inactivatedfetal bovine serum

(Fisherbrana, FB12999102)1%non-essential amino acids (HyclangSH30238.01),%10

mM HEPESuffer (Hyclonet, SH302237.01and 1%penicillinand streptomycin (Hyclone,
SV30010additives Using 3 wells of a sterile\gell plate, 1.5 million HEK293 cells were added

to each well and incubated in DMEM/High Glucose (3 mL/well) for 3 houwasstarile 5 mL

conical vial, 99QIL of SFM4Transtk po YSRALF 01 @0f 2y SuX {CMYnycndnH
LI I AYARZ T ®d-lucif@as@réporter geng,tandd2fv 2 F t [ ! { v NBI ISy
combined and incubated at room temperature for 5 minutes.dvwaihg, 37.51L

[ ALRTFSOGFYAYSu [¢- O[AFS ¢SOKy2ft23ASaz mMpooyn
6t NB Y §88)mvere addedo the conical vial anthcubatedfor 30 mirutes, before adding

350uL of the resulting solutioto each of the celtontaining wdls in the 6well plate After 18

hoursof incubation at 37 °C with 5% & @he cellsvere harvested wittB00 uL of 0.05%rypsin

(Hyclonet, SH3023601and added to three separate conical vial&imL of DMEM/High

GlucoseThe three conical vials werentrifuged, underwent media exchange, and

resuspemled to result ind00,000 cell/mlsuspensions. To one conical véicitriol (50uM in

DMSO) was added to create a 100 nM calcitriol concentration. The suspensions were plated (40
uL/well) in sterileopticatbottom 384well plates that had been treated with 0.25% Matrigel
solution. The plateswere centrifuged fortwo minutes at 1000RPM Aftertwo hours, plated

cells were treatedvith 200 nL otompound,31b (100uM in DMSO), oDMSO using an EVO

liquid handling system with a 100 nL pin tool (V&P Scientiiic). After18 hoursof incubation

at 37 °C with 5% G20uL of BrightD f ZBromega, E262( reagentwasadded and
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luminescence was detectadlith a Tecan Infinite M1000 reader. The assay wasezhoutin

guadruplicate trialsNon-linear regression was used to calculateoMalues

Viability assay protocolHEK293 cells were treated following the protocoltfoe transcription
assay. After 18dursof incubation at 37 °C with 5% &@0 uL ofCellTiterGla®(Promega,

G7573 reagent wasadded and luminescenceas detected with a Tecan Infinite M1000 reader.
The assayas carried outn quadruplicate trialsPercent viability was calculated based on the
average luminescence of the compound treated wells (highest concentration) relative to the

average luminescence of the DMSO control wells.
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PART II: DEVELOPMENHA SCALABLE MAMCTURING PROCESS FOR OREEIN DY
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Chapter Six: Manufacturing of orcein dye

6.1 The history and use of orcein dye

Orcein dyevas commonly used as a cheap, alternative means to dye silk and wool various

shades of purple during the Middle Ageswasy A O1 VI YSR @& LJ2 2 NeguliSiWNR 2 y Q &
being compared td@yrian purple which was known to ban extremely preciouand expensive

dye.? Today, orcein isknown andcommerciallyavailable as Natural Red 2&occellaLecanora
andVarialaia lichenshave historically been the natural source to obtain the-xvealet dye.

Orsellinic acid depside components from the licheandergo hydrolysisdecarboxylationand
treatmentwith either urine or ammonia and aio produce orcein dyé.(Scheme 2) In present

day,direct production from synthetic orcinol is more commbn

(0]
O +NH;
i /dLR “on -CO, *+0; ;
OH Orcein
(@] OH
HO OH HO OH
HO

Schemel 3. Extraction oforcein dye from lichedepsides

The composition of orcein dyeas determined whempartition chromatography became an

available technique in the 1940shortly thereafter, between 19551957, eight major and six

minor components of orcein dye were isolat&l(Figure66) The eight major structural
componentsincludé = | SRINORSIHGABSa 2F 020K KeRNmEE | yR
YAy 2 2 N Sderivatiiésthave & ssngular orcinol substituent at position 6, whereas
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the beta and gamma derivatives contain orcinol substituents at both positions 3 and 6. Steric
hindrance, caused by the presence of methyl functional groupssitions 4 and 5 on the

parent structure, prevents free rotation of the orcinol substituents around the linkage axes at
NR2Y @SYLISNI (-dexidtives ark tBerdforeistyais-isomeric compounds. The
trans-racemate has previously been labeledl a (i -HeSvative, whereas theisracemate has

A

0SSy I oSflefvtivdla GKS

HO HO HO OH  HO OH
ﬂ;}\lo o) ﬂ'}\loo ﬂ;NOOOH
4 5 6
ﬂ';LIONH ﬂ;}\IONHOH

Figure66. Major components of orcein dye1 0-K 8 RN2 E& KRIBSIR ¥ & H ByNdix$ drogir
Not YAy2 2 NOYSAHRZ mMNIYSAE NDSKR T2INBRioeikeiming 0

Orcein dyas not frequently used to color fabrics anymore bioas since been adopted for
histochemical staining. German Professor of Dermatology, Paul, firstaeported the staining
of elastic fibers in skin a rdafown colorin 1890, thus starting the use of orcein as a
histochemical stair¥® Histochemistry is an importa@ndwidely used technige for
visualization of colorless cellular components and biological tissues. Exploitiimgeiaction

of stains with cellular components alldwr simple visualization afontrasted components
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under a microscopeOrceinhas beerafavorabledyedue to ts simple preparation procedure,

ease of use, versatile natyrand ability tabe combined with conterstains, whichcanoptimize

the visibility of varioustructures.19 A typical solution of orcein can be prepareddmmbining

0.1-1% orceirand 1% HGh 70% ethanot® Variations in preparation and application can be

done to visualize different biological components that include,dretnot limited to, altered

stromal material, elastic and connective tissues, collagen, basement membrane, chromosomes,

hepatitis B surface antigens, coppassociated protein, and hepateltular carcinoma!

62 {@YUKSGAO | LILIN@rdxyokceiii 2 ¢ NRa

The current process towds orcein dye manufacturing continues to utilize the exposure of
orcinol to ammonia gas in the presence of oxydgince his process is known to yield eight
major and six minor chemical structurdstch to batch differences can vary greatly, even when
producedby the same manufacturéer 12Although the chemical components have been
isolated, it is currently unclear which compounds or combination thereof are resiplenfor
staining the various structures in tissue sectidsslated gnthesis of the specific chemical
components within orcein dye will allow for the determination of the structnesponsible for
optimal staining. Furthermore, consisternyth the synthesis of orcein dyaould diminish the

variation currently observed between stain batches.
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Theinitial syntheticroute towardsh -hydroxy orcein wasonceived as five-step process

starting from commercially available orcin(cheme14) Stepone began with the protection

of both phenolic positionsfoorcinolas methoxy groups, which has been reported with
guantitative yields'® Following this reaction, electrophilic@matic bromination using NB&s
been reported b yield the 2substituted aryl bromide in high yield!* Production of the aryl
bromide allows for a variety of potential creseupling mechanisms to yield the biphenyl
scaffold.The SuzukMiyaura crosscouplingreaction is an appealing mechanism to use, as this
reaction is successful with a variety of aryl substrates while tolerating a wide range of functional
groups?® Additionally, it has been shown to be a successful reaction in the-coagsing of
hindered substate3®’ The scalability of the SuzuMiiyaura reaction is beneficial when
developing a process for industrgsized batbes, as reagents used are typically sioric and

air stable in respect to boronic aclélin order to minimize the number of steps of the synthetic
route, in situgeneration of the aryl boronate ester would precede the crosspling with a

second equivalent of the aryl bromide to yield the biaryl prodDetmethylationto form the

|
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i a i b f Br c
HO OH (@) (@] O O \O o O~
|
OH HO
I O e Nﬁ
® CC
HO o " o 0 0

Schemeld Ly A G AL £ &&y K Sydioxy orbelh:dz)iMg|, KR AcktdhiRE) NBS, DCM ch?
BuLi, B(OMe). Pd(PP4)s, 2-Bromo-3,5-dimethoxytoluene, KCQ d) BBg, DCM e) SMethyl-4-nitroso-
benzenel,3-diol, HSQ, Water.

145



deprotectedtetrol has been reported in the presence of boron tribromigea common reagent
used to demethylate ethers. To yield the final compoundhydroxy orcein, cyclization
0SU6SSy iphehol om thebiarylntidthe appropriately substituted arylitroso could

be accomplished under acidic conditioReacting isopentyl nitrite with orcinol in the presence
of potassium hydroxide, water, and ethanol has proven to be a simple means for obtaining
methyH4-nitrosobenzenel 3-diol in good yield on industrial scale. The final cyclization step
using the nitroso compound was reported by Musso in 1957, where the final compound was
formed in low yield® We anticipate that further optimization of the cyclization migihtrease

the yield of this reaction.

6.2.1 Completed reaction steps

Themethylation of orcinowas a straightforward reaction in which®Q was used to

deprotonate both phenolic hydrogens, and the phenolates subsequently behave as

nucleophiles to substitute iodide on iodometharkheoretically the
reaction requires two equivalents ob®Q and two equivalents of

iodomethane for each equival¢wf orcinol, in order to obtain the

dimethylated productThe first run of the compound todkve days
to completewhile refluxingbetween 5560°C in acetone, utilizing

3.5 equivalents of #CQ and 4.5 equivalents of iodomethane

lodomethaneappeared to ecape the systertoo quickly at this

Figure67. Methylation of
orcinol (at reflux).

temperature as its boiling point is 42°The secondeaction batch
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refluxed between 4815°C for a total of thredays before complete conversion to the
dimethylated product was observed. (Fig@® Furthermore, thisvatch only used three
equivalents BCQ and three equivalents of iodomethane for each equivalent of orcinol 6% a

gramscale.

Bromination of the aromatic ringpegan by screening different solvents for reaction
compatibility.Electrophilicaromatic bromination is commonlyerformed inchlorinated
solvents such a&CJ or DCM?° Due to envirmmental concernsvith chlorinated solvents that
become increasingly promineon theindustrialscale a screeingwas done to find a
environmentally friendlyand reactioacompatiblesolvent toperform the reaction. Solvents

that were tested includedCM,DMF, toluene, dioxane, #2, MTBE, and THFigure68)

Figure68. Aromatic bromination solvent screeningfter NBS addition

All of the lventsthat were screene@ppeared tabe compatible with the reaction aniwrmed
the same major product by TLC after one hounrRising trialdor ease of product isolation
includedthe reactions performed itolueneand DMF.Succinimide, a known byproduct of the
reaction,is marginally soluble in toluene and enables removal by filtrat@mthe other hand,
DMF is water miscible, which enables precipitated the desired prtaaitia white powder.
(Figure69) Either of these solvents and methods had poteribabecomeconvenientprocesses
for the industrial scaleEmphasis was given tammization of equipment transfersllowing for

less product loss and ultimately providingyher yieldsUItimately, DMF washosen ashe
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reactionsolventfor this process due ta slightly cleanecrude
product. Repeating this reaction on a larger scadyealed heat

formation that occurs during thBIBS additionvhen usingDMFas a

solvent?! Thiswent unnoticed when performing the reaction on the® ’

milligram scaleFurther optimizatioron this process in regard to

solvent use and reaction compatibility wiked to beaddressed

Figure69. Slurry formatior
prior to synthesisvith kilogramscale batches after old water addition

to the DMF trial.

The envisionedh situreactionin which an aryl boronate intermediate is cressupled with a
second equivalent of aryl bromideas a complex process and did not initiabynh the biaryl
dimer under the original conditiong§Schemel5) To confirm successful borylation of the aryl
bromide,isolation of the aryl boronic acid intermediate was achieved to negate possibility of

issues arising from the first step of theaction.

1. n-BuLi, B(OMe);, THF
-78°C, 15 min; 25°C, 18 h

s
_ 2. Pd(PPha)s, KoCO3
O 0 50°C, 72 h

Br

~

Schemels. Attempted in situ aryl borylation and SuztMiyaura cross
coupling conditions

The aryl boronic acid was formed through halodiémum exchange using-BuLi in a mixture of
EtO and THF. After stirring for one hour-85°C, trimethyl borate was added over an
additional two hourgo form the aryl boronic ester. Conversiobserved by TLC prompted the
addition of 3 M HCI in water a65°C. The reaction gradually warmed up to room temperature,
causing the aryl boronic acid to slowly crash out of solution. The product was isolated by

filtration; however, a higher yield was aihed when EXO was used to extract additional
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product from the aqueous layer. Further washing of the crude material was done by stirring in
hexanes and filtering. Optimizing the percentage of THF used during the littalogen
exchange would likely negathe need to perform a workip on the aqueous layer during

product isolation.

6.2.2 Biaryl crosscoupling attempts

Formation of tle desired biaryl dimer turned out to be a very challenging task. There is steric
hindrance to overcome when forming a tetcatho-substituted structure. Furthermore,
oxidative additiorbecomes increasingly less favorable when working eléctron-rich aryl
halides during palladium cros®upling® 2223 The SuzukMliyaura crosscoupling attempt

using Pd(PPjs and KCQ was the first attempt at forming the biaryl after separately isolating
the aryl boronic acid. The solvent was switched to DMF from THF, which was used laeiring t
previously describeth situtrial. The reflux temperature of THF is 66°C, therefore DMF was
used in hopes that a higher reflux temperature would aid in overcoming the energy barrier
associated with the particular reaction. A similar procedure was tepdri-ortho-substituted
products in 78% yiel# Unfortunately, biaryl dimer formation was not observed under these

conditions. (8hemel6)

OH Pd(PPhs);, KoCO3, DMF
i g 95°C.24h
“OH >
o o~ Yo o

Schemél6. Attempted conditions for the Suzukiyaura crossoupling after boronic aci
isolation
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To investigate, whether oxidative addition or ligand exchange is responsible for the absence of
product, replacement of the synthesized aryl bromidigh phenyl bromide was attempted.
Successful synthesis of this moiety would confirm steric hindrance as the problematic step in
catalytic cycle of the crogsoupling reactionBeyond using DMF as the solvent, mixtures of
DMF/RO, DME/BHO, ACN/KHO, THF/ED, and bluene/HOwere also screened as potential
solvent systems. Furthermore, L& was used as the base in the dry DMF, #&3&was not

fully soluble in this solvent. The reactions were carried out in parallel at 75°C (in an attempt to
not overly exced the boiling point of THF); however, after 18 hours there was no indication of
C(spB)-C(sp) cross coupling b¥C NMR. The reaction was heated to 100°C for an additional 20
hours, but no biaryl dimer formation was observed following the temperaturecase

(Schemel?)

Schemel7. SuzukiMiyaura test reaction with phenyl bromide

At this time, a change of palladium catalyst was thought to be necessary for successful
synthesis of the desired biaryl dimer. Reactions uBidg¢dbak and SPhosiad been shown to
successfully synthesize tetmtho-substituted productsy following the Suzukviyaura

reaction mechanisi? so similar conditions were applied in our crassipling attempts.
Potassium phosphate was substituted K. Comparable conditions otherwise were
followed in that two equivalents of aryl boronic acid and four equivalente@Gf3were used

for each egivalent of aryl bromide. Additionally, 3 mol% of;feitha and 10 mol% of SPhos
were added to the reaction. The reaction mixture was stirred in dry and degassed toluene for
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