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Abstract

Cholesterol, a major lipid component of animal plasma membranes (PM) and a small
component in some plants, has been associated with the development of various diseases and
infections, like Alzheimer’'s disease (AD), Parkinson’s diseases (PD), H. pylori infection, etc.,
through an imbalance in cholesterol homeostasis or cholesterol modification. In addition to the
bioactivity of lipids like cholesterol, glycolipids (glycosylceramides and sterol glycosides) have
been reported to influence the release of T-helper 1 (Tul) and T-helper 2 (Tw2) cytokines in
mammals. Also, cholesterol has been reported to undergo a sugar exchange with glucosyl
ceramides. In previous studies, cholesterol analogues with intrinsic or extrinsic fluorescent groups
were used as probes to monitor biodistribution of cholesterol and the sugar exchange with
glucosyl ceramides. However, problems arose with these cholesterol probes from disrupting
plasma membranes to difficult extraction for metabolite characterization. Recently, a
dehydroepiandrosterone (DHEA) probe with a primary alkoxyl-azido group mimicked cholesterol
well while providing efficient extraction via copper(l)-catalyzed azide/alkyne cycloaddition
(CuAAC) with 4-N-methylamino-1,8-napthalimidopropyne (MAN) for metabolite characterization
and minimal disruption of plasma membranes. Currently, there are no azido-glycolipid probes
available to monitor the metabolism of glycolipids during Tw1 and Tw2 cytokine release in addition
to the sugar exchange with ceramides. In this project, two secondary Ci7 azido-DHEA (5 and 8)
probes were prepared and six azido-glycolipid (14, 15, 16, 17, 22, and 24) probes were proposed
to study the metabolism of lipids and glycolipids in various environments. Chapter 1 will focus on
the bioactivity of sterols/sterol glycosides and previous sterol probes. Chapter 2 will discuss the
total synthesis of the two secondary C,7 azido-DHEA probes (5 and 8). Chapter 3 will cover the
NMR characterization of various DHEA derivatives while Chapter 4 will describe previous
glycosylceramide derivatives, the bioactivity of glycosylceramides, and the future synthesis of six

azido-glycolipid probes (14, 15, 16, 17, 22, and 24).
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Chapter 1

Sterol/sterol glycoside bioactivity and probe synthesis



Section 1.1: Sterols/Sterol Glycosides

In the human body, there are biological macromolecules: carbohydrates, nucleic acids,
proteins, and lipids (B. Jirgensons, 1996). Previous studies and the current project are focused

primarily on the bioactivity or distribution of sterols/sterol glycosides.

Figure 1.1 Cholesterol (33)

Cholesterol (33) is described as a major lipid component of animal plasma membranes
(PM) and a small component in plants (Solanko et al., 2015). Within cell plasma membranes
made of saturated and unsaturated phospho- or sphingolipids at a high sterol mole fraction,
cholesterol (33) was shown to induce phase coexistence between liquid ordered (lo) and liquid
disordered (Id) in a dsz-dipalmitoyl-PC-cholesterol multi-bilayer system using deuterium nuclear
magnetic resonance (NMR), calorimetry, and electron paramagnetic resonance (EPR) (Solanko
et al., 2015; Hjort Ipsen et al., 1987). Lo refers to the liquid-crystalline phase at high cholesterol
concentrations while Id refers to the liquid-crystalline phase at low cholesterol concentrations
(Hjort Ipsen et al., 1987). Even though cholesterol (33) is primarily synthesized in the endoplasmic
reticulum, the majority (60%) is located in PMs while the remaining is spread among the

endoplasmic reticulum, mitochondria, Golgi apparatus, and other organelles through vesicular or

2



non-vesicular pathways (Solanko et al., 2015; Kralova et al., 2018). Cholesterol (33) is composed
of four fused rings with an alkyl chain connected to Ci7 in the D ring. In addition, there is a hydroxyl
group attached in a 3 orientation to Cs of the A ring. There is also a double bond between Cs and
Ce in the B ring (see Figure 1.1). Cholesterol’s major PM functions include controlling membrane
structural integrity and fluidity and regulating the activity of various membrane proteins (Kralova
et al., 2018). Additionally, cholesterol (33) reduces the transport of neutral solutes, hydrogen ions,
and sodium ions across the plasma membrane (Kralova et al., 2018). In addition to plasma
membrane function, cholesterol (33) plays an important role in various signaling pathways, like
Hedgehog (Hh) signaling (Kralova et al., 2018; Jao et al., 2015). In particular, cholesterol (33)
forms an ester linkage to the Hh ligand (see Figure 1.8) and activates the seven-spanner
membrane protein Smoothened (Smo), thus aiding signal transduction (Jao et al., 2015).
Cholesterol (33) also serves as a precursor for various steroid hormones and vitamins (Kralova

et al., 2018; Jao et al., 2015).

Although cholesterol (33) is a fundamental lipid component of the body, it has been
associated with the development of various diseases or defects. A small portion of these diseases
are caused by an imbalance in cholesterol homeostasis. Typically, cholesterol homeostasis is
controlled by various mechanisms: cellular uptake, storage, synthesis or efflux (Kralova et al.,
2018). In addition, it was stated that excess cholesterol is converted to cholesterol esters via acyl-
coenzyme A acyl transferase (ACAT) and later stored as liquid droplets (Solanko et al., 2015).
Having unrestrained cholesterol concentration or deregulated cholesterol movement can lead to
atherosclerosis, Niemann-Pick’s disease type C (NPC), Alzheimer’s disease (AD), Parkinson’s
diseases (PD), and possibly Huntington’s disease (HD) (Solanko et al., 2015; Kralova et al.,

2018).



R'= alkyl chain

O(C=O)R*

SWge) 0(C=0)R®
b O\ 0(C=0)

OH

R3= alkyl chain
R*= alkyl chain

Figure 1.2 Cholesterol derivatives. (A) Cholesteryl-a-D-glucopyranoside (CG, 51), (B)
Cholesteryl-6’-O-acyl-a-D-glucopyranoside (CAG, 52), (C) Cholesteryl-6’-O-phosphatidyl-
a-D-glucopyranoside (CPG, 53)

Cholesterol (33) also plays an important role in pathogenic diseases. For example,
Helicobacter pylori (H. pylori) was shown to cause chronic gastritis, gastric carcinoma, gastric
mucosa-associated lymphoid tissue lymphoma, or cancer-related demises (Jan et al., 2016; Jan
et al., 2020). Specifically, H. pylori uptakes cholesterol (33) from its host and modifies the
cholesterol via a-glucosylation (Jan et al., 2016; Jan et al., 2020). The cholesterol glucoside
derivatives formed during H. pylori infection consist of cholesteryl-a-D-glucopyranoside (CG, 51)
(see Figure 1.2A), cholesteryl-6’-O-acyl-a-D-glucopyranoside (CAG, 52) (see Figure 1.2B), and
cholesteryl-6’-O- phosphatidyl-a-D-glucopyranoside (CPG, 53) (see Figure 1.2C) (Jan et al.,
2016). CPGs (53) were shown to have no direct role in promoting H. pylori pathogenesis, so
further discussion will be focused on CGs (51) and CAGs (52) (Jan et al., 2016; Jan et al., 2020).
CGs (51) are synthesized by a bacterial glucosyltransferase encoded by hp0421, attaching an a-

linked glucose moiety to the 3-hydroxyl group of cholesterol (33) (Jan et al., 2016; Jan et al.,



2020). CAGs (52) are synthesized by cholesteryl-a-D-glucopyranoside-6’-acyltransferase (CGAT)
encoded by hp0499, adding a fatty acid chain to the 6’-hydroxyl group of CGs (51) (Jan et al.,
2020). CGAT is primarily located in the outer membrane of H. pylori and later distributed by outer
membrane vesicles (OMVSs) to the host cell to produce CAGs (52) (Jan et al., 2020). Specifically,
it was concluded that a-CGs (51) prevent phagocytosis by macrophages (Grille et al., 2010;
Wunder et al., 2006). In contrast, Wunder et al. reported that cholesteryl-B-D-glucopyranoside
(62) promotes phagocytosis of H. pylori by macrophages (\Wunder et al., 2006). This difference in
bioactivity between the two cholesterol glucoside anomers could explain H. pylori’s primary
synthesis of a-CGs (51) when infecting its host. In addition, CAGs (52) were shown to enhance
lipid raft formation in host cells, cytotoxin-associated gene A (CagA) translocation, and
subsequent tyrosine phosphorylation to promote H. pylori pathogenicity (Jan et al., 2016; Jan et

al., 2020).

It should be noted that CGs (51) are specific examples of a larger class of compounds
generally referred to as sterol glycosides (SGs). Likewise, CAGs (52) represent specific members
of a larger collection of compounds called acylated sterol glycosides (ASGSs). In contrast to CG
(51) and CAG (52), the vast majority of SG and ASG exhibit a B-linkage between the sugar and
sterol. The distribution of SGs and ASGs among mammals is not clearly defined and more
research is needed. However, a large proportion of SG and ASG have been defined within various
plants. For instance, the ratio of ASG to SG in different fresh (tomato, banana, spinach, etc.) and
dry (cashew, peanut, red beans, etc.) food samples ranged from 0.4-3.6 (Nystrom et al., 2012).
The sterol scaffold of these sterol glycosides/derivatives contained common plant sterols
including sitosterol, campesterol, stigmasterol, stanols, and other various sterols (Nystrom et al.,
2012). These glycosylated sterols contributed 5-60% of the total sterol content among different
plant samples (Nystrom et al., 2012). Continuing, phytosterol glycosides/derivatives have been

shown to promote a positive outcome on mammals. Lin et al. demonstrated the effect of ASG on



the reduction of cholesterol within mice intestines by ~45% in a three-day experiment. It was
discerned that the cleavage of the acyl group from the 6’ hydroxyl group of ASG led to the
reduction in cholesterol absorption (Lin et al., 2011). In addition, it was stated that sitosteryl-f3-
glucoside increases the concentration of IFNy and IL-2 (Tw1 cytokines) in mice and humans (Grille
et al., 2010; Bouic et al., 1996; Lee et al., 2007). These results indicate the effect of sitosteryl-3-

glucoside in creating a dominant Tul response, vide infra.

To study the bioactivity and/or biodistribution of cholesterol (33), sterol probes have been
synthesized and used for cellular monitoring. Two main features of these sterol probes thus far
include 1) Optimal fluorescence, 2) Minimal changes to structure and bioactive properties of
cholesterol (33) (Solanko et al., 2015; Kralova et al., 2018). In addition to minimal changes to
structure and bioactive properties of cholesterol (33), biased patrtitioning into the lo phase would
be beneficial for sterol probes. Among previous studies, there are three major classes of sterol
probes: intrinsic, extrinsic, and click chemistry probes. In terms of studying the bioactivity and/or
biodistribution of sterol glycosides, there is a lack of sterol glycoside probes available for use thus

signaling the need to synthesize these probes.

Section 1.2: Previous Sterol Probes

Figure 1.3 Intrinsic probes. (A) Dehydroergosterol (DHE, 54), (B) Cholestatrienol (CTL, 55)



Intrinsic probes contain several conjugated bonds within the four-ring system. Examples
of intrinsic probes include dehydroergosterol (DHE, 54) and cholestatrienol (CTL, 55) (see Figure
1.3A-B). DHE (54) is an analogue of ergosterol with the addition of a double bond (A%!?) in the C
ring. In regard to its mimicry of cholesterol (33), DHE (54) was concluded to have lower affinity
for several cholesterol metabolizing proteins, such as SCAP/SREBP2, compared to cholesterol
(33) (Solanko et al., 2015). However, Solanko et al. summarized DHE (54) mimicking cholesterol
in plasma membranes somewhat well at moderate concentrations up to 10 mol% i.e., 10% of lipid
molecules. In addition, DHE (54) was concluded to portion into the lo phase compared to the Id
phase just like cholesterol (Solanko et al., 2015). It was stated that partitioning preference for lo
or Id of fluorescent cholesterol analogues, like DHE (54), was measured by fluorescence
microscopy of giant unilamellar vesicles (GUVs) (Solanko et al., 2015). Lo and |d assignment of
GUVs were determined by area fraction, connectivity, and partitioning of fluorophores with known
partitioning behavior (Baumgart et al., 2007). These factors helped determine the partitioning
preference for various fluorescent cholesterol probes shown below. Although DHE (54) maintains
moderate structural similarity to cholesterol (33), it was reported to have a low extinction
coefficient (¢ = 11,000 M-1 cm-1) and quantum vyield (®: = 0.04 in ethanol) resulting in low

fluorescence signaling (Solanko et al., 2015; Kralova et al., 2018).

Cholestatrienol (CTL, 55) is a close analogue of cholesterol (33), adding two double bonds
(A8 and A®1) in the B and C ring, while still maintaining the aliphatic side chain. Primary induction
of the lo phase in addition to low fluorescence properties were concluded to be similar between
DHE (54) and CTL (55) (Solanko et al., 2015; Kralova et al., 2018). However, CTL (55) was
summarized to have a linear relationship between ordering capability of fatty acyl chains and its
concentration in the lipid bilayer similar to that of cholesterol (Solanko et al., 2015). Also,

cholesterol (33) and CTL (55) both contain an eight carbon aliphatic side chain. CTL (55)



derivatives, like 25-hydroxy-CTL, were concluded to mimic the bioactive properties of its

counterpart, 25-hydroxycholesterol (Solanko et al., 2015).

Figure 1.4 Extrinsic Probes. (A) BODIPY-cholesterol (B-Chol, 56). (B) BODIPY-P-
cholesterol (B-P-Chol, 57). (C) Dansyl-cholestanol (Dchol, 58). (D) 22-NBD-cholesterol (59).
(E) 25-NBD-cholesterol (60). (F) Pyrene-cholesterol (Pyr-met-Chol, 61)

Extrinsic probes have a fluorescence label directly attached to the backbone of the sterol.
Examples of extrinsic probes reported in earlier studies include BODIPY-cholesterol (B-Chol, 56),
BODIPY-P-cholesterol (B-P-Chol, 57), Dansyl-cholestanol (Dchol, 58), 22-NBD-cholesterol (59),
25-NBD-cholesterol (60), and Pyrene-cholesterol (Pyr-met-Chol, 61) (see Figure 1.4A-F). Both B-
Chol (56) and B-P-Chol (57) were stated to participate primarily in the lo phase (Solanko et al.,
2015). It was shown that B-P-Chol (57) was able to diffuse twice as fast through the membrane
compared to B-Chol (56), thus emphasizing the importance of configuration between the sterol
backbone and the fluorescence label. The two BODIPY-cholesterol derivatives were concluded
to have 600-fold greater fluorescence intensity compared to DHE (54) and CTL (55) (Solanko et
al., 2015). However, B-Chol (56) showed no ability to order fatty acid chains in lipid bilayers as

stated by Solanko et al. (Solanko et al., 2015). Condensing the lipid bilayer is a crucial role of



cholesterol (33), thus dampening the reliability of BODIPY-cholesterol probes for metabolic or

imaging studies.

The next extrinsic probe, Dansyl-cholestanol (Dchol, 58), contains a dansyl group on Cs
while removing the double bond between Cs and Cs. Dchol (58) was concluded to have been
esterified to the same extent as cholesterol (33) in CT43 cells (Solanko et al., 2015). It was also
reported to have a high quantum yield which results in a strong fluorescence signal. However, it
was stated that the dansyl group extends out from the sterol backbone which likely results in the
disturbance of lipid membrane rigidity induced by cholesterol (Solanko et al., 2015). Dchol (58)
was also shown to have high preference for the Id phase in model membranes and
photobleaching tendency. All the pros and cons of Dchol (58) make its use as a metabolic probe

for cholesterol questionable.

Continuing with extrinsic probes, 22-NBD-cholesterol (59), and 25-NBD-cholesterol (60),
both derivatives have a 7-nitrobenz-2-oxa-1,3-diazole (NBD) group attached to C,, or Cys of
cholesterol (33). Both NBD-cholesterol derivatives were indicated to show shorter mean half-
times (10-120 seconds) compared to cholesterol (33), DHE (54), or CTL (55) (45 -60 min) through
cell membranes (Solanko et al., 2015). 25-NBD-cholesterol (60) was determined to solely monitor
the physical properties of cell membranes in cholesterol (33) depleted cells (Solanko et al., 2015).
Between the two NBD-cholesterol derivatives, 25-NBD-cholesterol (60) was reported to mimic
cholesterol (33) better and therefore was used in a sterol glucosyltransferase (SGTase) assay

with glucosyl ceramides (Akiyama et al., 2011; Akiyama et al., 2013).
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Figure 1.5 Cholesterol transglycosylation with ceramides in mammals

It was previously proposed that formation of cholesterol glucosides in mammals was aided
by the transfer of glucose from ceramides to cholesterol (see Figure 1.5) (Akiyama et al., 2013).
In the SGTase assay, 25-NBD-cholesterol (60) was reacted with glucosyl ceramides (63) using
various glucocerebrosidase (GCase, GlcCer-degrading glycosidase) in mammalian cells in vitro
(Akiyama et al., 2013). Among the GCases used, $-glucosidase 1 (GBAL, lysosomal acid GCase)
had the highest SGTase activity, showing its function as the mammalian SGTase (Akiyama et al.,
2013). The 25-NBD-cholesterol (60) probes were extracted and characterized by mass
spectrometry (MS). The results showed that glucose was transferred from the glucosyl ceramide
(63) to form B-cholesterol glucoside (62) and ceramide (64), thereby presenting a plausible
mechanism for steryl glycoside formation in mammals (Akiyama et al., 2013). Although 25-NBD-
cholesterol (60) shows potential as a cholesterol probe, 25-NBD cholesterol (60) did not present
distinct staining in plasma membranes. The results concluded miss-targeted staining to
mitochondria (Solanko et al., 2015). Both analogues were asserted to have moderate
fluorescence, high partition to the Id phase, incapability to condense lipid membranes, and
photobleaching tendencies (Solanko et al., 2015). These negative properties associated with NBD

cholesterol derivatives make them dubious as probes for cholesterol (33).
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Pyrene-cholesterol (Pyr-met-Chol, 61) or 21-methylpyrenyl-cholesterol contains a pyrene
group attached to Cy of cholesterol (33). It was shown to incorporate into cell membranes like
cholesterol (Solanko et al., 2015). Although experiments discussing the partition of Pyr-met-Chol
(61) into the Id or lo phase are not known, it could be deduced that the pyrene group would
interfere with cholesterol induced membrane condensation due to its bulky nature and result in a
prominent Id phase (Solanko et al., 2015). In addition, Pyr-met-Chol (61) was stated to have
strong intracellular fluorescence which disagrees with cholesterol’'s dominant presence in plasma
membranes (Solanko et al., 2015). In regard to metabolism, Pyr-met-Chol (61) was concluded to
forgo esterification in contrast to cholesterol and other extrinsic probes (Solanko et al., 2015). All
in all, it seems the reliability of all these extrinsic probes are uncertain and further research is

needed.

Figure 1.6 Heterocyclic extrinsic probes. (A) FP-5 (65), (B) FP-7 (66), (C) FP-2 (67)

Recently reported by Kralova et al., heterocyclic extrinsic sterol probes were synthesized
to explore their potential as possible cholesterol analogues (see Figure 1.6). Herein, two sterol
backbones were derivatized with a pyridine ring directly attached to either Ci7 or the A ring

(between Cs and C.). Next, a fluorophore, such as coumarin, pyrene, BODIPY, or a derivative of
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BODIPY, was added indirectly to the 3 or 17 position of both heterocyclic sterol backbones
(Kralova et al., 2018). Fourteen heterocyclic probes were screened for cellular uptake efficiency.
Among the fourteen heterocyclic probes, fluorophores attached indirectly to the 3-position, like
FP-2 (67) (see Figure 1.6C) displayed none to low cellular uptake and low fluorescence intensity,
emphasizing the importance of fluorophore attachment. Two probes showed significant uptake:
FP-5 (65) and FP-7 (66) (see Figure 1.6A-B). Both of these probes were shown to have faster
cellular uptake compared to B-Chol (56), a common extrinsic probe (Kralova et al., 2018).
However, B-Chol (56) was able to attain comparable fluorescence intensity at a slower rate.
Between FP-5 (65) and FP-7 (66), FP-5 (65) seems to be a better candidate for mimicking
cholesterol as FP-5 (65) displayed strong uptake in PM while FP-7 (66) showed none (Kralova et
al., 2018). Although FP-5 (65) showed similar cellular distribution to cholesterol, Kralova et al.
reported ~40% of FP-5 (65) was converted to FP-7 (66) via hydrolysis within 24 h, thus

highlighting FP-5’s (65) in vivo lability and casting doubt on its ability as a cholesterol (33) probe.

n=2 (40)
n=5 (69)
n=8 (70)

Figure 1.7 Click chemistry probes. (A) 19-ethynylcholesterol (eChol, 68), (B) Cir-alkoxyl N3
(40, 69-70)

Click chemistry probes are sterol probes that have either an azide or alkyne group
attached directly to the backbone. The “click” reaction occurs when the azide/alkyne sterol reacts
with a fluorophore reagent containing the counter alkyne/azide group via a copper(l)-catalyzed

azide-alkyne cycloaddition (CUAAC) (Jao et al., 2015; Jan et al., 2016; Jan et al., 2020). The
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conjugate formed is a 1,2,3-triazole like product. Recently, two click chemistry sterol probes, 19-
ethynylcholesterol (eChol, 68) and Ci7-alkoxyl N3 (40, 69-70), were able to mimic cholesterol (33),
minimize interference in vivo, and/or be extracted from cells for metabolite characterization after

biological interactions.

EChol (68) (see Figure 1.7A) is a cholesterol analogue in which the methyl group of Cio
was replaced with an ethynyl group. Reasons for adding the ethynyl group to the 19-position
included synthetic accessibility, steric accessibility, and close mimicry of the cholesterol backbone
(Jao et al., 2015). Jao et al. tested the ability of eChol (68) in proliferation of cholesterol in M19
CHO cells, which have a defect in cholesterol biosynthesis (Jao et al., 2015). It was observed that
both eChol (68) and cholesterol (33) were able to induce cholesterol proliferation in the
auxotrophic cells. As cholesterol (33) was previously described to be a key component in Hh
signaling, eChol (68) was substituted in lieu of cholesterol to see if the Hh signaling pathway

would still function properly and determine the extent of eChol’s (68) mimicry of cholesterol (33).
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Figure 1.8 Cholesterol modification of Hh ligand

The Hh signaling pathway is initiated by the thiol side chain of Cys?°® attacking the carbonyl
of Gly?®’, forming a thioester (see Figure 1.8) (Porter et al., 1996). The reactive intermediate then
undergoes nucleophilic attack by cholesterol (33) via the 3-hydroxyl group, resulting in a
cholesterol N-terminal fragment and a C-terminal fragment (see Figure 1.8) (Porter et al., 1996).
The cleavage by cholesterol (33) was crucial for proper Hh signaling. When substituted for eChol
(68), an eChol N-terminal fragment was detected by CuAAC, further supporting eChol’s potential

of imitating cholesterol. Cholesterol (33) was also previously shown to play a role in the

13



recruitment of Smo to the cilium, a crucial component of Hh signal transduction (Jao et al., 2015).
Jao et al. reported that both cholesterol (33) and eChol (68) were able to recruit Smo in sterol-
depleted cells. In terms of imaging cholesterol cellular distribution, eChol (68) displayed moderate
to strong fluorescence intensity when “clicked” with an azide fluorophore and its cellular
distribution was similar to cholesterol. However, eChol (68) levels were reported to be the highest
in mitochondria compared to the ER and PM (Jao et al., 2015). The observed distribution of eChol
(68) seems to contradict cholesterol’'s expected distribution, being primarily located in the PM.
These contradictions throw eChol’s (68) ability as a cholesterol probe into question, thus showing

that changes in the sterol backbone may lead to variations in distribution.

Alternative approaches to developing metabolic sterol probes include the Ciz-alkoxyl N3
analogues (40, 69-70) (see Figure 1.7B). Three derivatives (see Table 1.1) were synthesized and
evaluated with n=2 (40), 5 (69), or 8 (70). Previously reported, H. pylori is auxotrophic for
cholesterol and absorbs it from the host cell. From there, cholesterol (33) is converted to CG (51)
and CAG (52) via the glucosyltransferase encoded by hp0421 and CGAT, respectively (Jan et
al., 2016; Jan et al., 2020). These cholesterol derivatives help innervate H. pylori’s pathogenicity.
The Cir-alkoxyl N3 analogues (40, 69-70) was used to study the latter phenomenon and
characterize the various CAGs (52). Like 25-NBD cholesterol (60), the C,7-alkoxyl N3 probes (40,

69-70) were extracted and characterized for metabolic changes by not only MS, but also NMR.
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Table 1.1 Kinetic parameters of cholesterol and its derivatives in the catalysis of

glucosyltransferase encoded by hp0421 (Jan et al., 2016)

Compound Keat (Min™ | K Kea/ Km | Normalized
h (uM) (uM? catalytic
min-t) efficiency
(%)
3.58 + 66.33 0.0539 100.0
0.37 + *
15.99 0.0141
6.13 £ 134.80 | 0.0455 84.3
0.46 + *
19.65 0.0074
6.82 £ 193.10 | 0.0353 65.5
0.41 + *
20.25 0.0043
1041+ | 324.70 | 0.0321 59.5
2.65 + *
88.90 0.0105
n.d. n.d. n.d. n.d.
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/ n.d. n.d. n.d. n.d.

25-NBD-Cholesterol (60)
The glucosyltransferase encoded by hp0421 was overexpressed and mixed with the three

analogues of Ci7-alkoxyl N3 (40, 69-70). The catalytic efficiency (kca/Km) values for the three azide
analogues (40, 69-70) ranged from 59-84% that of cholesterol (33) with the analogue of the
shortest alkyl chain (n=2, 40) showing the highest catalytic efficiency (see Table 1.0) (Jan et al.,
2016). In addtion, the catalytic efficiency was considerably higher for the three Ciz-alkoxyl Ns
analogues (40, 69-70) compared to the two NBD-cholesterol derivatives, 22-NBD-Cholesterol
(59) (see Figure 1.4D) and 25-NBD-Cholesterol (60) (see Figure 1.4E). Although the Ci7-alkoxyl
N3 analogues (40, 69-70) show potential as cholesterol probes, their catalytic efficiency were
lower than cholesterol (33) which indicates that the alkyl side chain at Ciz is crucial for

glycosylation (Jan et al., 2016).

The Cir-alkoxyl Nz glycosides were then catalyzed by CGAT to form Ciz-alkoxyl N3
acylated glycosides, further showing the efficiency of these probes in mimicking cholesterol. The
Ci7-alkoxyl N3 metabolites were able to be extracted via CUAAC and it was observed that the acyl
chains attached to 6’-OH and phosphatidyl groups were composed of human fatty acid chains
(Jan et al., 2016). In imaging studies, Ci7-alkoxyl N3 derivatives were shown to induce lipid raft
formation in host cells, CagA translocation, and subsequent tyrosine phosphorylation similar to
that of cholesterol with strong fluorescence intensity (Jan et al., 2016; Jan et al., 2020). It was
previously reported that integrins a5 and 1 were recruited to lipid rafts to aid in H. pylori
attachment (Jan et al., 2020). To verify the latter statement, the azide probes were observed to

recruit integrins a5 and B1 in addition to Lewis® and sialyl Lewis* antigens to the lipid rafts, proving
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their assistance in bacterial adhesion (Jan et al.,, 2020). The recruitment of these adhesion
molecules was verified via coexistence of fluorescence with Ci7-alkoxyl Ns. All in all, Cy7-alkoxyl

N3 probes (40, 69-70) seem viable for future metabolism studies, like the current study.

Section 1.3: Current Project Sterol/Sterol Glycoside Probes

A B
N3 N3

HO HO
5 8

Figure 1.9 DHEA Cy7 N; probes. (A) [17R]-DHEA Ci7 N3 (5), (B) [17S]-DHEA Ci7 N3 (8)

From comparing the pros and cons of the three types of sterol probes, the “click” sterol
probes were deemed to be the most successful class and therefore, two previously synthesized
“click” sterol probes were chosen (see Figure 1.9A-B). The DHEA Ci7 N3 probes, [17S]-DHEA Ci7
N3 (8) and [17R]-DHEA Ci7 N3 (5), were previously synthesized as precursors for the development
of male contraceptives and inhibitors of 17a-hydroxylase-Ci7,20-lyase enzyme (P450474), an
enzyme that participates in prostate cancer (Blanco et al., 2014), (Kiss et al., 2018). For this
project, one of the main goals for these probes is to observe how well the probes mimic
cholesterol’s structure and bioactivity. In terms of bioactivity, the probes could potentially be
subjected to previous assays done by Jao et al. to see if the DHEA Ci17 N3 probes (5 and 8) would
stimulate cholesterol proliferation in M19 CHO cells, which are auxotrophic for cholesterol
biosynthesis. As previously described by Jan et al., H. pylori required cholesterol from the
mammalian host in order to transfer its pathogenetic factor to the host cells for infection. Cir-
alkoxyl N3 probes (40, 69-70) were substituted in for cholesterol and they were successful in
promoting H. pylori infection, thus indicating their efficient mimicry of cholesterol. In addition, the

Ci7-alkoxyl Nz probes (40, 69-70) were extracted via CUAAC for metabolite characterization by
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NMR and mass spectrometry. Although the Ciz-alkoxyl Ns probes (40, 69-70) proved to be
successful in mimicking cholesterol (33) and CuAAC extraction, the DHEA Cy7 N3 probes (5 and
8) were chosen for this project as these probes replace the alkyl side chain at C17 with a secondary
azido group, which distinguishes 5 and 8 as diastereomers and gives generalized sterol probes
that can be used in various metabolic studies. In addition, the types of metabolites extracted with
5/8 via CuAAC will be characterized and compared to previous literature findings. Also, the
metabolites will help determine if being diastereomers affects the types of metabolites extracted.
Therefore, the DHEA Ci7 N3 probes (5 and 8) will be subjected to the same experimental
procedure reported by Jan et al. to measure the extent of H. pylori infection and compare the
results with previous data utilizing Ci7-alkoxyl N3 probes (40, 69-70), thus determining how well
DHEA Ci7 N3 probes (5 and 8) mimic cholesterol. Next, the DHEA Ci7 N3 probes (5 and 8) will be
subjected to a H. pylori/AGS bioassay and extracted via CUAAC for metabolite characterization
that will be compared to previous Ciz-alkoxyl N3 probes’ (40, 69-70) metabolites. In addition, the
DHEA Ci7 N3 probes (5 and 8) will be subjected to three bioassays/environments: Camellia
sinensis, Invariant natural killer T (iNKT)/Dendritic Cell (DC), and H. pylori/AGS to observe the
metabolism of sterols from extraction via CUAAC. The details regarding the previous and current

synthesis of the DHEA Ci7 N3 probes (5 and 8) will be discussed in Chapter 2.
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Figure 1.10 DHEA Ci7 N3 lactosyl Probes. (A) a-lactosyl-[17R]-DHEA Ciz Nz (14), (B) a-
lactosyl-[17S]-DHEA Ci7 N3 (15), (C) B-lactosyl-[17R]-DHEA Ciz N3 (16), (D) B-lactosyl-[17S]-
DHEA Ci7 N3 (17)
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In order to study the medicinal properties of sterol glycosides, four azido sterol glycoside
probes were proposed. The purpose of the DHEA Ci7 N3 lactosyl probes: a-lactosyl-[17R]-DHEA
Ci17 N3 (14), a-lactosyl-[17S]-DHEA Ci7 N3 (15), B-lactosyl-[17R]-DHEA C17 N3 (16), and B-lactosyl-
[17S]-DHEA Ci7 N3 (17) is to study the effect of sterol glycosides on CD1d binding and Tn1/TH2
cytokine release (see Figure 1.10A-D). It was concluded that the effect of sterol glycosides on T
cells is currently partly understood (Grille et al., 2010). Details, like Tu1/Tu2 cytokine release,
metabolic changes to sterol glycosides, or the mechanism of sterol glycoside activation of T cells,
are uncertain. Grille et al. previously summarized that the effect of cholesterol-a-glucoside (51) or
cholesterol-B-glucoside (62) on T cell activation needs to be explored. Also, there seems to be
few studies reporting on the effect of sterol glycosides on CD1d binding. Therefore, the DHEA C17
N3 lactosyl probes (14-17) can be used to measure potential Thl/Tn2 cytokine release, observe
any metabolic changes to the probe, and quantify CD1d binding. In addition, these DHEA Ci7 N3
lactosyl probes (14-17) will be used to observe the exchange of the lactose group with ceramide
probes which will be discussed below in more detail. The synthesis of the DHEA azide backbone
will be described in Chapter 2. The a/ff attachment of the lactose moiety to the sterol backbone
will be conducted using methods previously described (Davis et al., 2015). The specific details
regarding the synthesis of the DHEA Ci7 N3 lactosyl probes (14-17) will be described in Chapter

4.
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Chapter 2

Synthesis of “clickable” azido-sterol probes
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Section 2.1: Synthesis of DHEA Ci7 N3 Probes (5 and 8)

In order to study the role and distribution of lipids, like cholesterol, in various biological
phenomenon, several functionalized sterol probes were synthesized to provide in vivo and in vitro
monitoring. Recently, sterol probes with azido groups (O-17 alkoxy probes) were able to not only
provide real time monitoring, but also allow characterization of metabolic changes on the probe
(Jan et al., 2016). Therefore, “click” sterol probes have the potential to unlock the mysterious role
and metabolism of lipids, like sterols, in different biological settings, which leads to the utilization
of the DHEA Ci7 N3 probes (5 and 8) for the current project (see Scheme 2.1). The latter probes
(5 and 8) were chosen based on their generalized design (secondary -N3 group and loss of alkyl
side chain at Ci7) to study the metabolism of sterols in plants, mammals, and microbes. Both 5
and 8 will be synthesized to determine if they efficiently “click” with 4-N-methylamino-1,8-
napthalimidopropyne (MAN), which is a requirement before it can be determined if being different
diastereomers will affect the types of metabolites extracted via CUAAC. The previous design and
synthesis of the DHEA Ci7 N3 probes (5 and 8) were reported by Kiss et al. and Blanco et al., but
the exact procedure has been modified (vide infra). In addition, achieving complete NMR
characterization of each synthetic intermediate to identify diagnostic peaks characteristic of each

intermediate was a second goal of this project which will be described in detail in Chapter 3.

24



Azide S
Displacement

N3
Hydroxyl
deprotection
HO TBDPSO TBDPSO

6

Appel U
OH

Mitsunobu

_.N3 Hydroxyl
deprotection /Ct?E>
HO TBDPSO TBDPSO 3

Reduction \U/

N3
7
N3
4
(6]
Hydroxyl
protection
HO TBDPSO
1

Scheme 2.1 Retrosynthesis of DHEA Ci7 N3 Probes

(@)

From the retrosynthesis (see Scheme 2.1), a tert-butyldiphenylsilyl (TBDPS) protecting
group is attached to the hydroxyl group on Cs; of 8 and 5 to make 7 and 4, respectively as
described by Jan et al. (Jan et al., 2016). Next, 7 undergoes functional group interconversion
(FGI) from -Ns to -I to form 6 as described by Kiss et al. (Kiss et al., 2018). Continuing, both 6 and
4 are converted to 3 through FGI to -OH as described by Kiss et al. and Blanco et al., respectively
(Blanco et al., 2014) (Kiss et al., 2018). Compound 3 is then transformed into 2 through FGI to -
C=0 as described by Jan et al. (Jan et al., 2016). Finally, a disconnection of the TBDPS group
occurs at Cs; of 2 thus leading to the commercially available starting material,

dehydroepiandrosterone (DHEA, 1) as described by Jan et al. (Jan et al., 2016).
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Scheme 2.2 DHEA Ci7 N3 Probes Synthetic Scheme

The synthetic scheme began with 1 being protected at 3-OH with a TBDPS group to give
2 (see Scheme 2.2). Previously reported by Jan et al., 2.5 eq. of imidazole and TBDPSCI was
mixed with 1 in anhydrous DMF (0.12 M) to form 2 (see Scheme 2.3A). The reaction took place
at 50 °C for 18 h resulting in a 98% yield (Jan et al., 2016). In a different approach, 2.0 eq. of
imidazole and 1.1 eq. TBDPSCI was mixed with 1 in DCM (0.14 M) to form 2 (see Scheme 2.3B).

The reaction took place at rt for 5 h resulting in a 98% vyield (Blanco et al., 2014).
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Scheme 2.3 Hydroxyl Protection Step. (A) Jan et al. TBDPS Protection Step, (B) Blanco et
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For the current study, a modified version of the Jan procedure designed by a member of
the Gervay-Hague research group, Matthew Orellana, was used. First, the solvent was changed
from DMF to DCM, as DMF was difficult to remove during work-up procedures. Second, 1.1 eq.
of TBDPSCI and 4 eq. imidazole were employed. Third, the solvent was changed to DCM and the
concentration of the reaction was increased (0.36 vs. 0.12). The reaction was conducted at rt
under argon and was complete after 45 min. Although the yield was lower than reported (89% vs.
98%), the reaction time was shortened dramatically from 18 h to 45 min and DCM was easily

removed during work-up procedures.

A

0
NaBH,
MeOH, rt, 30 min
TBDPSO 90%
2
0
B
NaBH,
MeOH-THF, rt, 1 h
TBDPSO 88%
2

Scheme 2.4 Reduction Step. (A) Jan et al. Reduction Step, (B) Blanco et al. Reduction Step

H

TBDPSO

TBDPSO
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For the next step, the carbonyl group at Ci7 of 2 was reduced to a hydroxyl group with
[17S] stereochemistry to give 3 using NaBH4 (see Scheme 2.2). Compound 3 was previously
synthesized by Jan et al. using 1.5 eq. of NaBH, with 2 dissolved in anhydrous methanol (0.07
M). The reaction took place at rt for 30 min resulting in a 90% vyield (see Scheme 2.4A) (Jan et
al., 2016). In an alternative approach, compound 3 was synthesized utilizing 3 eq. of NaBH4
dissolved in a 1:1 MeOH-THF solution (0.11 M) (Blanco et al., 2014). The reaction was completed
with an 88% yield in 1 h, which is 2x longer compared to Jan et al (see Scheme 2.4B). Therefore,
the current study used the exact same procedure reported in Jan et al. with slight modification; 2
vs. 1.5 eq. of NaBHswas used and the concentration of MeOH was increased from 0.07 to 0.1 M
in the hopes of decreasing reaction time. The reaction was completed in 1 h at rt with an 87%
yield. The observed yield was similar to that of the reported yield (87% vs. 90%) indicating the

modification had minimal effect.

A
OH N;
PPh,, DEAD, DPPA
—>
TBDPSO THF, rt, 10 h
5 1% TBDPSO .
B
OH OTs
N3
TsCl NaN3
—> _—
AcO Pyridine, rt, 24 h DMF, 100 °C, 48 h
C
36 88% AcO a7 78% AcO

38

Scheme 2.5 Mitsunobu Rxn Step. (A) Blanco et al. Mitsunobu Rxn Step, (B) Kiss et al. Azide
Displacement Step

Once forming 3, it was subjected to a Mitsunobu reaction substituting the -OH group with
a -Nsz group of opposite stereochemistry [17S]—[17R] to give 4 (see Scheme 2.2). As noted
above, this and other similar compounds were synthesized previously by Kiss et al. and Blanco

et al. In the procedure conducted by Kiss et al., 36 dissolved in pyridine (0.33 M) was treated with
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1.5 eq. of TsCl (see Scheme 2.5B). The reaction took place at rt for 24 h resulting in a 88 % yield
of 37 (Kiss et al., 2018). Next, 37 was treated 4 eqg. of NaNs in DMF (0.13M). The reaction took
place at 100 °C for 48 h resulting in a 78% yield of 38 (Kiss et al., 2018). In an alternative approach,
1.3 eq. of PPhs, 1.5 eq. of DEAD, and 1.5 eq. of DPPA was dissolved in anhydrous THF (0.08 M)
with 3 (Blanco et al., 2014). The reaction took place at rt for 10 h resulting in a 71% yield of 4 (see
Scheme 2.5A). For the current study, a slightly modified Blanco et al. experimental procedure was
utilized. The azodicarboxylate was changed from DEAD to DIAD as DIAD is stable at rt while
DEAD is not. In addition, the concentration of the reaction was increased from 0.08 to 0.1 M. The
reaction was conducted at rt in the dark under argon, but never went to full completion resulting
in a 35% yield based on recovered starting material (BORSM). Although a low yield was attained,

the modified procedure was kept due to safety and toxicity concerns regarding DEAD.

A
O/\/\N3 O/\/\N3
TBAF
THF, 16 h, rt
TBDPSO 43% HO 40

39

1M HCI

MeOH, 5 h, rt
72%

HO

42

Scheme 2.6 Hydroxyl Deprotection Step. (A) Jan et al. TBDPS Deprotection Step, (B)
Blanco et al. TBDPS Deprotection Step

With 4, the TBDPS group was then removed with TBAF to give 5 (see Scheme 2.2). As

reported by Jan et al., 39 dissolved in anhydrous THF (0.05 M) was treated with 10 eq. of TBAF
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(1 M solution in THF) (see Scheme 2.6A). The reaction was conducted at rt and reached
completion in 16 h with a 43% yield of 40 (Jan et al., 2016). In a different approach, 41 was
dissolved in 1M HCI in MeOH (0.076 M) (see Scheme 2.6B). The reaction was conducted at rt
and reached completion in 5 h with a 72% yield of 42 (Blanco et al., 2014). For the current study,
the procedure conducted by Jan et al. was used under neat conditions (no solvent). However, the

reaction time was increased from 16 h to 22.5 h, but the yield increased from 43% to 54%.

OH 1

PPhj, Imid., I,

-

Toluene, 80 °C, 2 h

AcO 79% AcO

Scheme 2.7 Kiss et al. Appel Rxn Step

To make the other diastereomer probe, 8, previous procedures from Kiss et al. and Jan et
al. were utilized. Starting from 3, the -OH group was substituted with an iodide group of opposite
stereochemistry [17S]—[17R] in an appel reaction to give 6 (see Scheme 2.2). As described by
Kiss et al., 36 dissolved in toluene (0.06 M)was treated with 4 eq. of PPhs, imidazole, and |, to
substitute and invert the -OH group into an iodo group (see Scheme 2.7). The reaction was
conducted at 80 °C and reached completion in 2 h with a 79% yield of 43 (Kiss et al., 2018). For
the current project, instead of PPhs, a PPhsresin was used which led to easier purification. In
addition, the concentration of toluene was changed from 0.06 to 0.04 M. With all these
modifications however, the reaction time was increased from 2 to 5 h and a 60% vyield was

observed.
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Scheme 2.8 Azide Displacement Step. (A) Kiss et al. Azide Displacement Step, (B) Blanco
et al. Mitsunobu Rxn Step

Continuing with 6, it was subjected to a Sn2 reaction substituting the iodide group with a -
N3 group of opposite stereochemistry [17R]—[17S] to give 7 (see Scheme 2.2). This and other
similar compounds were synthesized previously by Kiss et al. and Blanco et al. In the procedure
conducted by Kiss et al., 43 was treated with 7.5 eq. NaN3 in DMF at 60 °C to form 44 with a 46%
yield in 32 h and 45in a 42% vyield (see Scheme 2.8A) (Kiss et al., 2018). In an alternative
approach, 2 eq. of PPhs, 2.2 eq. of DEAD, and 2.4 eg. of 4-nitrobenzoic acid was dissolved in
THF (0.49 M) with 3, substituting the -OH group with a 4-nitrobenzoate group of [17R]
configuration (Blanco et al., 2014). The reaction took place at rt for 12 h resulting in a 78% vyield
(see Scheme 2.8B step a). With the 4-nitrobenzoate derivative of 3, the derivative was dissolved
in THF (0.15 M) and MeOH (0.46 M). Next, 2 eq. powdered K,CO3z was added to solution and
stirred overnight at rt resulting in a 86% yield of 46 (see Scheme 2.8B step b) (Blanco et al., 2014).
Compound 46 dissolved in anhydrous THF (0.07 M) was treated with 1.3 eq. of PPhs, 1.5 eq. of
DEAD, and 1.7 eq. of DPPA (Blanco et al., 2014). The reaction took place at rt for 12 h resulting
in a 43% vyield of 7 and 55% yield of 7a. For the current project, a modified Kiss et al. procedure
was employed. First, TBAN3 instead of NaNsz; was selected to be the azide donor due to safety
concerns (Wang et al., 2019). Second, the solvent system was switched from DMF to diethyl
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ether/toluene. Third, the reaction was converted from batch to microwave conditions (Hansen &
Jensen, 2009). The reaction was conducted at 110 °C under Ar with microwave irradiation and a
45% yield of 7 was observed in addition to a 29% yield of 7a. Although the yield was slightly lower

(45 vs 46), the reaction time was decreased dramatically from 32 h to 1.5 h.

A
O/\/\N3 O/\/\N3
TBAF
THF, 16 h, rt
TBDPSO N 43% HO 0
N Ph N_ _Ph
4 /,
N\ j[ NG j[
Ny N
B H
1M HCl
MeOH, 5 h, rt
TBDPSO 65% HO
47 48

Scheme 2.9 Hydroxyl Deprotection Step. (A) Jan et al. TBDPS Deprotection Step, (B)
Blanco et al. TBDPS Deprotection Step

With 7, the TBDPS group was then removed with TBAF to give 8 (see Scheme 2.2). As
reported by Jan et al., 39 dissolved in anhydrous THF (0.05 M) was treated with 10 eq. of TBAF
(1 M solution in THF). The reaction was conducted at rt and reached completion in 16 h with a
43% vyield of 40 (see Scheme 2.9A) (Jan et al., 2016). In an alternative approach, 47 was
dissolved in 1M HClin MeOH (0.076 M). The reaction was conducted at rt and reached completion
in 5 h with a 65% vyield of 48 (see Scheme 2.9B) (Blanco et al., 2014). For the current study, the
procedure conducted by Jan et al. was used under neat conditions (no solvent present). However,
the reaction time was increased from 16 h to 22.5 h, but the yield slightly increased from 43% to

45%.
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Section 2.2: Background of CUAAC with 5 and 8
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Figure 2.1 Worrell et al. Proposed CuAAC Mechanism

Copper(l)-catalyzed azide-alkyne cycloaddition or CUAAC is a reaction in which an azide
and terminal alkyne conjugate together to form a 1,4-disubstituted-1,2,3-triazole. In the above
CUuAAC mechanism proposed by Worrell et al. (see Figure 2.1), a copper(l) ion first interacts with
the terminal alkyne via cation-pi interactions while another copper(l) ion displaces the proton on
the terminal carbon of the alkyne (Worrell et al., 2013). With the copper coupled alkyne
intermediate, the B-carbon of the alkyne attacks N-3 of the azide, forming the first covalent C-N
bond, while the lone pairs on N-1 of the azide forms a reversible interaction with one of the
copper(l) atoms (Worrell et al.,, 2013). As the azide-alkyne complex stabilizes, the second
covalent C-N bond forms during ring closure and the copper(l) ion catalyst is regenerated, thus

producing the 1,4-disubstituted-1,2,3-triazole (see Figure 2.1).
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Figure 2.2 Jan et al. Metabolite Extraction Process

For this project, CUAAC will be used to extract metabolites of 5 and 8 after subjection to
biological assays via conjugation to a fluorescent alkyne (MAN) using a strategy previously
developed by Jan et al. (see Figure 2.2). The synthesis of MAN was performed by a graduate
student in the Gervay-Hague research group, Matthew Orellana, using a procedure described by
Jan et al. (not shown). Upon extraction, the metabolites of 5 and 8 conjugated to MAN will be
characterized via NMR and mass spectrometry to discern the metabolism of sterols in various
biological environments, like mammalian, microbial, and plant cultures. Currently, there are two

CuAAC reactions developed by Kiss et al. and Blanco et al. for 5/8 and 4/7, respectively.

Cul, EtzN

reflux, DCM, 24 h

Cul, Et;N
T

R—R;

HO
8 reflux, DCM, 24 h HO

50a-k

Scheme 2.10 Kiss et al. Click Procedure with 5 and 8
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Kiss et al. described a click procedure in which 5 and 8 were reacted with 2 eq. of alkyne,
0.1 eq. of Cul, and 2 eq. of EtsN in DCM (0.05 M) and refluxed for 24 h (see Scheme 2.10) (Kiss
et al., 2018). Starting with 5, variable yields were observed for 49a-k (see Table 2.1). For terminal
alkynes with an aromatic or heteroaromatic group (entries 1-3, 7), a 38-64% yield was seen while
terminal alkynes with aliphatic groups (entries 4-6) observed a 45-96% yield. However, terminal
alkynes with an ethoxybenzene or ethyl benzoate group (entries 8-11), a 62-88% yield was
identified (Kiss et al., 2018). Conclusively, the terminal alkynes with an ethoxybenzene or ethyl
benzoate group for R; displayed the highest average yields. From averaging out the yields for

entries 1-11, an average 66% yield was calculated.

Table 2.1 Kiss et al. Procedure % Yield of 49a-k

Cul, Et3N
B —
R——R;
reflux, DCM, 24h
49a-k
Entry Compound # R1 R2 Yield
1 49a @ H 56%
2 49b H 45%
CH,
3 49c H 38%
OCHj
4 49d —] H 96%
5 49e 4@ H 45%
6 49f @ H 71%
7 49g N= H 64%
\ 7/
8 49h H 76%
O
_CH2
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9 49i o, H 81%
C
H2C-O
/
10 49j ), H 88%
) —< >—CH3
H2C-O
11 49k ), H 62%

Continuing with 8, variable yields were observed for 50a-k (see Table 2.2). For terminal
alkynes with an aromatic or heteroaromatic group (entries 1-3, 7), a 67-79% yield was seen while
terminal alkynes with aliphatic groups (entries 4-6) observed a 45-71% yield. However, terminal
alkynes with an ethoxybenzene or ethyl benzoate group (entries 8-11), a 48-79% yield was
identified (Kiss et al., 2018). Conclusively, the terminal alkynes with an aromatic or heteroaromatic
group for Ri displayed the highest average yields which is opposite as seen with 5. From
averaging the yield for entries 1-11, a total average yield of 65% was calculated. By comparing

the total average yields of 5 and 8, it seems stereochemistry of the secondary azido group plays

a role in CUAAC as 5 has a slightly higher yield than 8.

Table 2.2 Kiss et al. Procedure % Yield for 50a-k

N R4
//
N3
2
Cul, Et;N
—_—
Ri——R;
HO s reflux, DCM, 24h
50a-k
Entry Compound # R1 R2 Yield
1 50a @ H 68%
2 50b H 77%
CH,
67%

3 50c H
OCH,
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4 50d

5 50e 4@ H 71%

H 45%

6 50f H 59%

7 50g N= H 79%

8 50h @ H 79%
o
—CH
9 50i o, @ H 48%
C
Hzc_d

10 50j

11 50k H 72%

o, H | 51%
HZC-O

CUSO4'5H20
Na ascorbate

Ph—=——H
rt, DMF-H,0, 12 h
67%

CuS0,4'5H,0
Na ascorbate

L
? o

Ph—=—H
rt, DMF-H,0, 12 h TBDPSO
58%

TBDPSO
47

Scheme 2.11 Blanco et al. Click Procedure with 4 and 7

In addition to the Kiss et al. procedure, Blanco et al. described an alternative click
procedure in which 4 and 7 were reacted with 2 eq. of phenylacetylene, 0.2 eq. of CuSQa-5H-0,

and 0.4 eq. of Na ascorbate in DMF-H,O (0.14 M) and reacted for 12 h to achieve 67% of 41 and
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58% yield of 47 (see Scheme 2.11) (Blanco et al., 2014). From the observing the yields for 4 and
7, it seems the stereochemistry of the secondary azido group at Ci7 plays an important role in
facilitating CuAAC, like seen in the Kiss et al. procedure. In general, the [17R] azide gives high

yields.

Section 2.3: CUAAC between 5 and MAN

MAN
CuSO,
Na ascorbate
rt, DMF-H,0, 24 h
19%

29

Scheme 2.12 Blanco et al. Click Procedure between 5 and MAN

For this project, the Blanco et al. click procedure was repeated with modified parameters
as it closely resembles the Jan et al. procedure, which will be described below. Compound 5 was
chosen first to react with MAN to form 29 as the azido group on Ci7 was in the [R] configuration
while the methyl group on Cis is in the [S] configuration for 5; however, the azido group on Ciy
and the methyl group on Cis for 8 are both in the [S] configuration, thus presenting a possible
steric hinderance issue for CUAAC between 8 and MAN. With 5, the azido probe was reacted with
2 eq. of MAN, 0.2 eq. of CuSQO., and 0.4 eq. of Na ascorbate in DMF-H,O (0.06 M) and reacted
for 24 h to achieve an isolated 19% vyield of 29 (see Scheme 2.12) that was identified by NMR

and HRMS in the positive ion mode.
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Figure 2.3 HRMS Spectrum of 29 (Blanco et al. CUAAC Reaction)
The [M+H] for 29 was calcd. for C3sH41NsO3*, 580.3282; found, 580.3292 (see Figure 2.3).

The HRMS data for 29 is acceptable as the difference between the expected (580.3282) and
observed mass (580.3292) is 0.001. Comparing the yield of 29 with the yield of 51, the yield of 29

is dramatically lower, which indicates a ligand such as TBTA may be required to improve % yield.

MAN, TBTA

L

Na ascorbate, CuSO,
CHCI3,MeOH, H,0 (5:4:1)
rt, 1 h

29

Scheme 2.13 Jan et al. Click Procedure between 5 with MAN

Although the modified Blanco et al. procedure (see Scheme 2.12) showed some promise
as a potential “click” procedure, the Jan et al. procedure was repeated as they utilized MAN for

its studies and obtained “clicked” product in a short time frame. As explained by Jan et al., the
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azido probe was reacted with 0.25 mM MAN (5 eq.), 1.25 mM tris(benzyltriazolylmethyl)amine
(TBTA) (25 eq.), 12.5 mM sodium ascorbate (250 eq.), and 0.25 mM copper sulfate (5 eq.) for 1
h at rt in chloroform/methanol/water (5:4:1, v/v/v) at a very dilute concentration (50 uM) (see
Scheme 2.13) (Jan et al., 2016). The “clicked” product was then identified by mass spectrometry,

but a yield was not reported.
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Figure 2.4 HRMS Spectrum of 29 (Jan et al. CUAAC Reaction)

For this project, the clicked product, 29, between 5 and MAN can be detected after 1 h of
reacting by high resolution mass spectrometry (HRMS) in the positive ion mode at the femtomolar
concentration due to MAN’s increased sensitivity. In Figure 2.4, the [M+H] for 29 was calcd. for
CssHa1NsO3*, 580.3282; found, 580.3279 which is acceptable as the difference between the

expected and observed mass is 0.0003.
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Figure 2.5 HRMS Spectrum of 5 and MAN (Jan et al. CUAAC Reaction)

In Figure 2.5, the [M+H] for 5 was calcd. for C19H29N30*, 316.2383; found, 316.2113 and

the [M+H] for MAN was calcd. for Ci6H12N20,", 265.0975; found, 265.1444. Based on the

intensive mass peak for MAN and the less intensive mass peak for 5, this indicates that a portion

of 5 did not “click” with MAN and quantitative yield was not achieved (see Figure 2.5). The

difference between the expected and observed masses for MAN and 5 were less than or equal

to 0.04 which is an acceptable difference. However, the relative abundance of 29, 5, and MAN

could not be determined via HRMS due to a difference in ionization energies. In addition, 29 was

not detected by NMR, thus indicating a very low yield.
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Figure 2.6 HRMS Spectrum of 5 (Jan et al. CUAAC Reaction w/o TBTA)

The presence of TBTA was crucial for the Jan et al. CUAAC reaction between 5 and MAN
to yield 29 as its role is to protect the Cu* ion catalyst in solution. The CuUAAC reaction between
5 and MAN shown in Scheme 2.13 was repeated with the same parameters described above in
the absence of TBTA but left to react overnight. In Figure 2.6, the [M+H] for 5 was calcd. for

Ci19H20N30%, 316.2383; found, 316.2123.

In Figure 2.7, the [M+H] for 29 was calcd. for CssH41NsO3*, 580.3282; found, 580.3286.
Both observed mass peaks had a difference less than 0.04 in respect to their calculated mass
which is acceptable. Based on the intensive mass peak for 5 and the less intensive mass peak
for 29, it was concluded that a majority of 5 was left unreacted while a minute trace of 29 was
detected thereby reiterating the importance of TBTA in the CuAAC reaction (see Figure 2.6).
Although 29 was detected by HRMS, 29 was not detected by NMR, thus indicating a low yield.
Even in the presence of TBTA, the presence of 29 could not be identified by NMR indicating a

different CUAAC method may be necessary.
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Figure 2.7 HRMS Spectrum of 29 (Jan et al. CUAAC Reaction w/o TBTA)

From comparing the results obtained reacting 5 and MAN with either the modified Blanco
et al. or Jan et al. procedure, it seems the modified Blanco et al. procedure showed the most
potential for this project as 29 was detected by both NMR and HRMS. However, a low 19% yield
after purification was achieved for 29 only after reacting overnight and quantitative yield was not
attained. Therefore, a possible modification to improve yield and lower reaction time may be the
addition of TBTA (Jan et al. procedure) which will be applied in the future. Upon optimization of
the modified Blanco et al. click procedure between 5 and MAN, the procedure will be conducted

between 8 and MAN and the yield of 30 (see Figure 2.8) will be compared to that of 29.

/
/ NN
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.
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Figure 2.8 CUAAC Product between 8 and MAN (30)
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Section 2.4: Experimental (2-8 and 29)

Thin Layer Chromatography. All TLC experiments were run on silica gel-coated glass-backed
plates (Millipore). TLC plates were cut into 2x5¢cm pieces.

TLC Stains: CAM stain was prepared using ceric ammonium sulfate (0.5 g), ammonium
molybdate tetrahydrate (12 g), concentrated sulfuric acid (15 mL), and deionized water (235 mL).
Nuclear Magnetic Resonance (NMR) Experiments. NMR experiments were performed at 293
K on an 800 MHz Bruker Avance Ill NMR spectrometer equipped with a cryogenic probe, 600
MHz Varian VNMRS spectrometer, or 400 MHz Bruker Nanobay AVIIIHD spectrometer. NMR
samples of 300-500 puL were contained in 5 mm outside diameter Wilmad tubes. All NMR
experiments were completed in CDCls. Complete assignments are listed, and the methods used
for achieving full assignment are reported in Sections 3.2-3.11. Special thanks to Matthew
Orellana, a graduate student in the Gervay-Hague research group, for providing *H, *C, COSY,
HSQC, HMBC, and NOESY spectra fid for compounds 1, 3, 4, and 5.

Specific Rotation Experiments. Specific rotation was measured at 589 nm (sodium D-line) at
26°C with the Ruldolph Autopol IV Polarimeter. Specific rotation was reported as [a]p?®
(c=concentration in g-mL™, solvent).

High Resolution Mass Spectrometry (HRMS) Experiments. HRMS analysis was performed on
a Thermo Q-Exactive HF (High-field Orbitrap) spectrometer. The mass spectrometer was
operated in the positive electrospray ion mode. Special thanks to Will Jewel of the UC Davis
Campus Mass Spectrometry Facilities (CMSF) for running these HRMS experiments and

providing HRMS spectra.
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Preparation of 2 (3S,10R,13S)-3-((tert-butyldiphenylsilyl)oxy)-10,13-dimethyl-

1,2,3,4,7,8,9,10,11,12,13,14,15,16-tetradecahydro-17H-cyclopentala]lphenanthren-17-one

O O

TBDPSCI, Imidazole

DCM, rt, 45 min

HO 89% TBDPSO
1 2

In a dry 25 mL round bottom flask, commercially available DHEA (1) (403 mg, 1.4 mmol)
and imidazole (386 mg, 5.6 mmol) was added. The reaction vessel was then purged of air and
supplemented with argon gas. Next, 4.0 mL (0.35 M) of DCM was added via syringe needle and
stirred with a stir bar at rt until all the solids dissolved. Once the solids dissolved, the solution was
cooled via ice bath to 0 °C for approximately 15 min. TBDPSCI (400 uL, 1.54 mmol) was added
dropwise via syringe needle over 2 min. The solution was then brought to rt and stirred for 45 min.
The reaction was cooled to 0 °C via ice bath and then quenched with sat. aqueous NH4CI and
stirred for 10-20 min. The solvent was removed in vacuo and the solids were dissolved in ethyl
acetate. The resulting solution was washed with DI H,O and brine sequentially. The organic layer
was then dried over MgSO4 and concentrated in vacuo to give crude extract. The crude was then
purified via recrystallization with cold MeOH to yield 2 (657 mg, 89%) as a white solid. TLC (ethyl
acetate/hexanes = 20/80, v/v): Rf = 0.79; *H NMR (400 MHz, chloroform-d) & 7.70 — 7.65 (m, 4H,
Ar-H), 7.45 — 7.33 (m, 6H, Ar-H), 5.17 — 5.14 (m, 1H, He), 3.60 — 3.48 (m, 1H, Hs), 2.48 — 2.39 (m,
1H, Hi¢), 2.35 (ddd, J = 13.6, 10.9, 2.7 Hz, 1H, Hy), 2.16 (ddd, J = 13.3, 5.0, 2.2 Hz, 1H, Hs), 2.12
—1.99 (m, 2H, H7, Hie), 1.95 — 1.87 (m, 1H, His), 1.81 (ddd, J = 12.8, 4.2, 2.7 Hz, 1H, Ha,), 1.75
— 1.65 (M, 2H, H1, Hz), 1.64 — 1.56 (m, 3H, Hz, Hg, H11), 1.55 — 1.38 (M, 3H, H7, H1r, His), 1.22
(ddd, J = 13.0, 7.6, 3.1 Hz, 2H, H12, Hi4), 1.06 (s, 9H, t-Bu), 1.01 (s, 3H, Hig), 0.90 (ddd, J = 4.0,
3.2 Hz, 2H, Hy, Ho), 0.86 (s, 3H, His); *C NMR (100 MHz, chloroform-d) & 221.23 (C17), 141.55

(Cs), 135.77 (Ar-C), 134.79 (Ar-C), 129.49 (Ar-C), 127.48 (Ar-C), 120.40 (Ce), 73.09 (Cs), 51.78
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(Ci4), 50.18 (Co), 47.55 (Ci3), 42.46 (C4), 37.16 (C1), 36.64 (C1o), 35.85 (Cis), 31.82 (Cy), 31.48
(C12), 31.44 (Cs), 30.78 (C7), 27.02 (t-Bu), 21.88 (Cis), 20.32 (C11), 19.46 (C1o), 19.15 (t-Bu), 13.54

(C1). The NMR data matched previously published NMR results (Jan et al., 2016).

Preparation of 3: (3S,10R,13S,17S)-3-((tert-butyldiphenylsilyl)oxy)-10,13-dimethyl-

2,34,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopentalalphenanthren-17-ol

O OH

NaBH,
MeOH, rt, 1 h

TBDPSO ; 87% TBDPSO
3

In a dry 25 mL round bottom flask, 2 (527 mg, 1 mmol) was added to 10 mL (0.1 M) of
anhydrous MeOH and stirred until all the solids dissolved. The solution was then cooled to 0 °C
via ice bath. Next, NaBH,4 (76 mg, 2 mmol) was added to the solution while stirring. The reaction
was stirred for 1 h at rt. The solution was then quenched with DI H,O at 0 °C with vigorous stirring.
The resulting solution was then dried in vacuo to give a dry solid that was then dissolved in ethyl
acetate. The organics were washed with DI H,O and brine sequentially, dried over MgSQO4, and
concentrated in vacuo to give a crude oil. The crude was purified by recrystallization with hot
MeOH to yield 3 (459 mg, 87%) as a white solid. TLC (ethyl acetate/hexanes = 20/80, v/v): Rf =
0.50; *H NMR (400 MHz, chloroform-d) & 7.71 — 7.65 (m, 4H, Ar-H), 7.44 — 7.34 (m, 6H, Ar-H),
5.17 —5.08 (M, 1H, He), 3.61 (t, J = 8.5 Hz, 1H, Hi7), 3.57 — 3.50 (m, 1H, Hs), 2.34 (t, J = 12.3 Hz,
1H, Ha4), 2.19 — 2.11 (m, 1H, Hs), 2.10 — 1.99 (m, 1H, Hie), 1.96 — 1.87 (m, 1H, Hy), 1.83 — 1.77
(M, 1H, H1,), 1.75 — 1.64 (m, 2H, Hi, Hy), 1.63 — 1.49 (m, 3H, Hz, Hi1, His), 1.49 — 1.38 (m, 4H,
Hz, Hs, Hir, Hig), 1.31 — 1.19 (m, 1H, His), 1.07 (s, 9H, t-Bu), 1.04 — 1.02 (m, 1H, Hi2), 1.00 (s,
3H, Hig), 0.94 — 0.78 (M, 3H, H+, Ho, Hi4), 0.74 (s, 3H, His); **C NMR (100 MHz, chloroform-d) &
141.40 (Cs), 135.78 (d, J = 1.7 Hz, Ar-C), 134.81 (d, J = 2.3 Hz, Ar-C), 129.44 (d, J = 2.3 Hz, Ar-

C), 127.46 (d, J = 2.4 Hz, Ar-C), 120.82 (Cs), 81.91 (C17), 73.19 (Cs), 51.34 (C1), 50.18 (Co),
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42.71 (Ci3), 42.49 (C4), 37.25 (Cy), 36.58 (C10, C12), 31.93 (Cs), 31.87 (C»), 31.48 (C7), 30.52 (C1s),
27.01 (t-Bu), 23.43 (Cis), 20.62 (Cu1), 19.47 (Cio), 19.15 (t-Bu), 10.94 (Cis). The NMR data

matched previously published NMR results (Jan et al., 2016).

Preparation of 4: (((3S,10R,13S,17R)-17-azido-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-

vDoxy)(tert-butydiphenylsilane

OH

,,/Z
w

PPhg, DIAD, DPPA

THF, rt, 48 h

TBDPSO
3 359 TBDPSO y

In an oven dried 100 mL round bottom flask, PPh3 (315 mg, 1.2 mmol) was dissolved in 5
mL (0.20 M) anhydrous THF. The reaction vessel was purged of air and supplemented with argon
gas. DIAD (275 pL, 1.4 mmol) was added to the solution and stirred for 10 min in the dark.
Compound 3 (530 mg, 1 mmol) dissolved in 5 mL (0.20 M) anhydrous THF was added to solution
and stirred for 10 min. DPPA (300 uL, 1.4 mmol) was added dropwise and stirred at rt for 48 h.
The reaction was diluted with ethyl acetate and quenched with 1M HCI. The resulting solution was
washed with 1M HCI and brine, dried with Na>SO4, and concentrated in vacuo to give a yellow oil.
The yellow oil was purified by MPLC with an ethyl acetate/hexanes solvent system (see Figure
S2.6) to yield 4 (48 mg, 35% BORSM) as a viscous oil. TLC (ethyl acetate/hexanes = 10/90, v/v):
Rf = 0.60; *H NMR (400 MHz, chloroform-d) & 7.75 — 7.65 (m, 4H, Ar-H), 7.47 — 7.34 (m, 6H, Ar-
H), 5.17 — 5.09 (m, 1H, Hs), 3.60 — 3.52 (m, 1H, Hs), 3.50 (d, J = 6.7 Hz, 1H, Hi7), 2.34 (t, J = 12.3
Hz, 1H, Ha), 2.19 — 2.09 (m, 2H, Ha, His), 1.98 — 1.90 (m, 1H, Hy), 1.78 — 1.63 (m, 4H, H1, Ha, His,
Hie), 1.62 — 1.51 (m, 5H, H2, H7, Hi1, Hiz, Hi2), 1.50 — 1.34 (m, 2H, Hg, H11'), 1.29 — 1.14 (m, 2H,
Hua, H1s), 1.07 (s, 9H, t-Bu), 0.99 (s, 3H, Hig), 0.93 — 0.82 (m, 2H, Hy, He), 0.74 (s, 3H, His); 13C

NMR (100 MHz, chloroform-d) & 141.22 (Cs), 135.80 (Ar-C), 134.81 (Ar-C), 129.48 (Ar-C), 127.49
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(Ar-C), 120.88 (Cs), 73.17 (Cs), 71.48 (C17), 49.85 (C14), 49.71 (Co), 45.71 (C13), 42.47 (C.), 37.24
(C1), 36.56 (C10), 32.47 (C12), 32.14 (Cy), 32.05 (Csg), 31.87 (C>), 28.70 (C16), 27.03 (t-Bu), 24.81
(C1s), 20.57 (C11), 19.46 (Cig), 19.16 (t-Bu), 17.43 (Cis). The NMR data matched previously

published NMR results (Blanco et al., 2014).

Preparation of 5: (3S,10R,13S,17R)-17-azido-10,13-dimethyl-

2.3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[alphenanthren-3-ol

N Ns

~

TBAF

-
V

TBDPSO THF, rt, 22.5 h

In a dry 10 mL round bottom flask, 4 (187 mg, 0.34 mmol) was added and purged with Ar.
TBAF (1M in THF, 3.4 mL, 3.4 mmol) was added dropwise and stirred at rt for 22.5 h. The reaction
was quenched with saturated aqueous NH4Cl and stirred for 10 min. The solvent was removed in
vacuo to afford a dry residue that was diluted with ethyl acetate. The resulting solution was
washed with DI H,O and brine, dried with MgSO., and concentrated in vacuo to give crude oil.
The crude mixture was purified via MPLC with an ethyl acetate/hexanes solvent system (see
Figure S2.7) to yield 5 (58 mg, 54%) as a white solid. TLC (ethyl acetate/hexanes = 10/90, v/v):
Rf = 0.19; 'H NMR (400 MHz, chloroform-d) & 5.37 — 5.32 (m, 1H, Hg), 3.52 (d, J = 6.4 Hz, 2H,
Hs, Hi7), 2.34 — 2.21 (m, 2H, Ha, He), 2.21 — 2.10 (m, 1H, Hie), 2.06 — 1.95 (m, 1H, H7), 1.89 —
1.81 (m, 2H, Hi, H>), 1.80 — 1.73 (m, 1H, His), 1.72 — 1.55 (m, 5H, H7, Hi1, H12, Hi2, Hig), 1.52 —
1.39 (m, 3H, Hz, Hs, Hir), 1.30 — 1.17 (M, 2H, Hua, His), 1.14 — 1.04 (m, 1H, Hy), 1.00 (s, 3H,
Hio), 0.99 — 0.93 (M, 1H, Hg), 0.75 (s, 3H, His); 3C NMR (100 MHz, chloroform-d) & 140.69 (Cs),
121.45 (Cs), 71.69 (Cs), 71.45 (C17), 49.86 (C14), 49.76 (Co), 45.72 (C13), 42.23 (C4), 37.26 (Cy),

36.55 (Cio), 32.47 (C1z), 32.14 (C7), 32.06 (Cs), 31.61 (C2), 28.71 (C1s), 24.81 (C1s), 20.62 (C1a),
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19.46 (Cig), 17.44 (C1s). [M+H] calcd. for C19H29N30%, 316.2383; found, 316.2123. The NMR data

matched previously published NMR results (Blanco et al., 2014), (Kiss et al., 2018).

Preparation of 6: tert-butyl(((3S,10R,13S,17R)-17-i0odo-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopentalalphenanthren-3-

vhoxy)diphenylsilane

OH 1

PPhjs (resin), Imid., I,

-

Toluene, 80 °C, 5 h

TBDPSO 60% TBDPSO :
3

In a dry 25 mL round bottom flask, 3 (106 mg, 0.2 mmol), imidazole (54 mg, 0.8 mmaol),
and PPh; on resin (1 mmol/g resin, 800 mg, 0.8 mmol) was added to 5 mL (0.04 M) toluene. The
reaction flask was heated to 80 °C via oil bath and I> (203 mg, 0.8 mmol) was added in portions
in the dark and stirred for 5 h. The reaction was quenched with Na,SO3; and stirred for 1 h. The
resin was removed via filtration and the solution was diluted with ethyl acetate. The resulting
solution was washed with Na;SOs and brine, dried with Na,SO4, and concentrated in vacuo to
give a white oil. The oil was purified by MPLC with a dichloromethane/hexanes solvent system
(see Figure S2.8) to yield 6 (73 mg, 60%) as a white solid. TLC (ethyl acetate/hexanes = 20/80,
v/v): Rf = 0.75; *H NMR (600 MHz, chloroform-d) & 7.70 — 7.65 (m, 5H, Ar-H), 7.39 — 7.29 (m, 5H,
Ar-H), 5.15 — 5.12 (m, 1H, He), 4.34 (dd, J = 7.2, 1.2 Hz, 1H, Ha7), 3.58 — 3.48 (m, 1H, Hs), 2.77
(ddd, J = 12.4, 9.1, 5.5 Hz, 1H, Hie), 2.40 (ddd, J = 16.0, 9.2, 6.2 Hz, 1H, Hie), 2.34 (tt, J = 10.9,
2.9 Hz, 1H, Ha), 2.14 (ddd, J = 13.3, 4.9, 2.2 Hz, 1H, Hs), 1.95 (ddt, J = 18.1, 6.0, 3.1 Hz, 1H, H),
1.89 — 1.81 (m, 1H, His), 1.71 (ddd, J = 16.6, 10.6, 2.9 Hz, 2H, H1, H,), 1.64 — 1.43 (m, 5H, Hz,
Hz, Hi1, Hiz, Hi4), 1.42 — 1.34 (m, 2H, Hsg, H12), 1.33 — 1.24 (m, 2H, Hiv, His), 1.07 (s, 9H, t-Bu),
0.99 (s, 3H, Hig), 0.93 — 0.85 (m, 2H, Hy, Hy), 0.81 (s, 3H, Hig); *C NMR (100 MHz, chloroform-

d) & 141.18 (Cs), 135.79 (Ar-C), 134.76 (Ar-C), 129.51 (Ar-C), 127.52 (Ar-C), 120.89 (Cs), 73.19
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(Cs), 49.43 (Co, Cuis4), 48.12 (Cy7), 45.18 (Cu3), 42.46 (C4), 40.66 (C12), 37.22 (C1), 36.82 (Cus),
36.49 (Cao), 32.54 (Cg), 31.95 (C), 31.87 (Cy), 27.04 (t-Bu), 25.18 (Cis), 21.79 (C11), 19.57 (C1o),
19.18 (t-Bu), 15.47 (Cis). The NMR data matched previously published NMR results (Kiss et al.,

2018).

Preparation of 7 and 7a (((3S,10R,13S,17S)-17-azido-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopentalalphenanthren-3-

vDoxy)(tert-butydiphenylsilane and tert-butyl(((3S,10R,13R)-10,13-dimethyl-

2.3,4,7,8,9,10,11,12,13,14,15-dodecahydro-1H-cyclopenta[alphenanthren-3-

yloxy)diphenylsilane

1 TBDPSO
N 7
TBAN3 46%
Diethyl ether/Toluene +
TBDPSO MW, 110°C, 1.5 h
6
TBDPSO
7a
29%

In a dry microwave vial, 6 (19 mg, 0.03 mmol) was purged with Ar, and dissolved in 0.8
mL (0.04 M) anhydrous diethyl ether. TBAN3; (164 mg, 0.6 mmol) dissolved in 4 mL (0.01 M)
anhydrous toluene was added to the vial and microwaved at 110 °C for 1.5 h with a 5 min pause
every 15 min interval of microwave radiation. The solution was filtered and then diluted with ethyl
acetate. The resulting solution was washed with DI H,O and brine, dried with Na.SO,4, and
concentrated in vacuo to give a yellowish oil. The oil was purified by MPLC with an ethyl

acetate/hexanes solvent system (see Figure S2.9) to yield 7 (7.5 mg, 46%) as a white solid and
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7a (4 mg, 29%) as a viscous ail. (7) TLC (ethyl acetate/hexanes = 10/90, v/v): Rf = 0.19; *H NMR
(800 MHz, chloroform-d) & 7.69 — 7.65 (m, 4H, Ar-H), 7.43 — 7.39 (m, 2H, Ar-H), 7.38 — 7.34 (m,
4H, Ar-H), 5.11 (dt, J = 5.3, 1.9 Hz, 1H, Hs), 3.56 — 3.49 (m, 1H, Hs), 3.28 (t, J = 9.0 Hz, 1H, H17),
2.33(ddd, J=13.6, 4.9, 2.4 Hz, 1H, Ha), 2.13 (ddd, J = 13.4, 4.9, 2.3 Hz, 1H, Hs), 2.05 — 1.98 (m,
1H, Hig), 1.90 (ddt, J =12.0, 6.7, 3.2 Hz, 1H, Hy), 1.85 (ddd, J =12.5, 4.3, 2.8 Hz, 1H, H1»), 1.72
—1.65 (M, 2H, H1, H2), 1.65 — 1.56 (M, 3H, Hz, His, H1g), 1.51 (dtd, J = 13.8, 4.4, 2.9 Hz, 1H, H11),
1.45 — 1.37 (m, 3H, Hz, Hg, Hit), 1.29 — 1.22 (m, 1H, Hss), 1.09 (td, J = 13.0, 4.4 Hz, 1H, H12),
1.05 (s, 9H, t-Bu), 0.99 (s, 3H, Hig), 0.96 — 0.92 (M, 1H, Hi4), 0.90 — 0.80 (M, 2H, H+, He), 0.74 (s,
3H, His); 3C NMR (200 MHz, chloroform-d) & 141.41 (Cs), 135.78 (d, J = 3.0 Hz, Ar-C), 134.78
(d, J = 2.5 Hz, Ar-C), 129.46 (d, J = 3.6 Hz, Ar-C), 127.47 (d, J = 4.4 Hz, Ar-C), 120.64 (Ce), 73.14
(Cs), 71.23 (C17), 52.41 (Cua), 49.99 (Co), 44.21 (C1s), 42.45 (C4), 37.21 (C1), 37.07 (C12), 36.55
(C10), 31.95 (Cs), 31.82 (C2), 31.50 (Cy), 27.00 (t-Bu), 26.91 (Ci¢), 23.61 (C1s), 20.57 (C11), 19.45
(Cio), 19.15 (t-Bu), 12.11 (Cis). (7a) TLC (ethyl acetate/hexanes = 20/80, v/v): Rf = 0.80; *H NMR
(800 MHz, chloroform-d) & 7.68 (ddt, J = 7.3, 5.9, 1.4 Hz, 4H, Ar-H), 7.43 — 7.39 (m, 2H, Ar-H),
7.36 (tdd, J = 8.0, 4.9, 1.3 Hz, 4H, Ar-H), 5.82 (ddd, J = 5.7, 2.5, 1.1 Hz, 1H, Hi7), 5.69 (ddd, J =
5.8, 3.1, 1.5 Hz, 1H, His), 5.14 (dt, J = 5.4, 2.1 Hz, 1H, He), 3.56 — 3.51 (m, 1H, Hs), 2.34 (tg, J =
11.3, 2.9 Hz, 1H, Ha), 2.14 (ddd, J = 13.3, 4.8, 2.3 Hz, 1H, Hs), 2.08 (dddd, J = 15.2, 6.7, 3.1, 1.1
Hz, 1H, His), 1.94 (dtd, J = 17.3, 5.2, 2.8 Hz, 1H, H7), 1.91 — 1.87 (m, 1H, H1s), 1.73 (dt, J = 12.3,
3.8 Hz, 1H, Hi2), 1.71 — 1.66 (M, 2H, H1, Hz), 1.63 — 1.54 (m, 2H, Hz, Hg), 1.54 — 1.49 (m, 3H, H7,
Hi1, Hir), 1.36 — 1.31 (m, 1H, H1z), 1.27 — 1.24 (m, 1H, H14), 1.06 (s, 9H, t-Bu), 1.02 (s, 3H, Hio),
0.94 —0.88 (m, 1H, Ho), 0.86 (td, J = 14.3, 13.7, 4.0 Hz, 1H, Hy), 0.76 (s, 3H, His); 3C NMR (200
MHz, chloroform-d) & 143.86 (Ci7), 141.58 (Cs), 135.79 (d, J = 3.0 Hz, Ar-C), 134.82 (d, J = 5.9
Hz, Ar-C), 129.45 (d, J = 5.1 Hz, Ar-C), 129.35 (Css), 127.47 (d, J = 5.7 Hz, Ar-C), 120.98 (Ce),
73.23 (Cs), 56.21 (Ci4), 50.86 (Co), 45.37 (Ca3), 42.54 (C4), 37.16 (C1), 36.80 (Cio), 35.86 (C12),

32.08 (C1s), 31.89 (C,), 31.72 (C7), 30.41 (Cs), 27.02 (t-Bu), 20.81 (C11), 19.37 (Cio), 19.16 (t-Bu),
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16.84 (C1s). The NMR data matched previously published NMR results (Blanco et al., 2014), (Kiss

et al., 2018).

Preparation of 8: (3S,10R,13S,17S)-17-azido-10,13-dimethyl-

2.3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[al]phenanthren-3-ol

N3 N3

TBAF
e

THF, rt, 22.5h

TBDPSO - 45% HO o

In a dry 5 mL round bottom flask, 7 (7 mg, 0.013 mmol) was added and purged with Ar.
TBAF (1M in THF, 0.13 mL, 0.13 mmol) was added dropwise and stirred at rt for 22.5 h. The
reaction was quenched with saturated aqueous NH4Cl and stirred for 10 min. The solvent was
removed in vacuo to afford a dry residue that was diluted with ethyl acetate. The resulting solution
was washed with DI H,O and brine, dried with MgSO., and concentrated in vacuo to give crude
extract. The crude was purified via MPLC with an ethyl acetate/hexanes solvent system (see
Figure S2.10) to yield 8 (2 mg, 45%) as a white solid. TLC (ethyl acetate/hexanes = 10/90, v/v):
Rf = 0.10; *H NMR (800 MHz, chloroform-d) & 5.35 (dt, J = 4.8, 2.0 Hz, 1H, Hg), 3.57 — 3.49 (m,
1H, Hs), 3.32 (t, J = 9.0 Hz, 1H, H1), 2.30 (ddd, J = 13.0, 5.0, 2.4 Hz, 1H, Ha), 2.26 — 2.21 (m, 1H,
Hs), 2.04 (dtd, J = 13.7, 9.4, 6.0 Hz, 1H, Hase), 2.01 — 1.97 (m, 1H, Hy), 1.92 — 1.89 (m, 1H, H1y),
1.87 — 1.82 (m, 2H, Hi, Hy), 1.70 — 1.65 (M, 1H, Has), 1.65 — 1.57 (m, 2H, Hi1, Hie), 1.54 — 1.42
(m, 4H, Hz, Hz, Hs, H1r), 1.31 - 1.27 (m, 1H, His), 1.16 (td, J = 12.9, 4.2 Hz, 1H, H42), 1.08 (td, J
=14.5,13.8, 4.1 Hz, 1H, Hy), 1.02 (s, 3H, Hig), 1.01 — 0.99 (m, 1H, Hi4), 0.95 (ddd, J = 12.5, 10.7,
4.8 Hz, 1H, Hy), 0.77 (s, 3H, His); *C NMR (200 MHz, chloroform-d) & 140.89 (Cs), 121.23 (Cs),
71.71 (Cs), 71.24 (C17), 52.43 (Cu4), 50.07 (Co), 44.23 (Ci3), 42.25 (Cs), 37.27 (C1), 37.09 (C12),

36.58 (C10), 32.00 (Cs), 31.63 (C2), 31.53 (C7), 26.93 (C1s), 23.64 (Cis), 20.64 (C11), 19.44 (Cyo),
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12.15 (Cis). The NMR data matched previously published NMR results (Blanco et al., 2014), (Kiss
et al., 2018).

Preparation of 29: 2-((1-((3S,10R,13S,17R)-3-hydroxy-10,13-dimethyl-

2.3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopentaJalphenanthren-17-y-1H-

1,2,3-triazol-4-yYmethyl)-6-(methylamino)-1H-benzo[delisoquinoline-1,3(2H)-dione

MAN

CuSO,
Na ascorbate
rt, DMF-H,O, 24 h
19%

Y

In a dry 5 mL round bottom flask, 5 (10 mg, 0.03 mmol) and MAN (16.6 mg, 0.06 mmol)
were added and dissolved in 0.56 mL (0.06 M) anhydrous DMF. Sodium ascorbate (0.05 M in DI
H.0, 0.26 mL, 0.01 mmol) was added dropwise and stirred at rt for 2 min. Next, copper sulfate
(0.03 M in DI H20, 0.22 mL, 0.01 mmol) was added and the reaction was stirred at rt for 24 h. The
solvent was then removed in vacuo to afford a dry residue that was first washed with ethyl acetate
and then chloroform to afford two crude mixtures. The crude mixture from the chloroform
extraction was purified via MPLC first with an ethyl acetate/hexanes solvent system (see Figure
S2.11) and then a methanol/dichloromethane solvent system (see Figure S2.12) to yield 29 (3.5
mg, 19%) as a yellow solid. TLC (methanol/dichloromethane = 10/90, v/v): Rf = 0.54; [a]p®*® =
-20.5 (c = 0.0004, CHCIs); *H NMR (800 MHz, chloroform-d) & 8.46 (dd, J = 7.3, 1.0 Hz, 1H, Ar-
H), 8.43 (d, J = 8.4 Hz, 1H, Ar-H), 7.98 (d, J = 8.3 Hz, 1H, Ar-H), 7.55 (s, 1H, Triazole), 7.45 (dd,
J =8.3, 7.3 Hz, 1H, Ar-H), 6.64 (d, J = 8.4 Hz, 1H, Ar-H), 5.77 (s, 1H, NH-CHs), 5.48 (d, J = 4.4
Hz, 2H, N-CH,), 5.35 — 5.33 (m, 1H, He), 4.55 (dd, J = 8.7, 1.9 Hz, 1H, Hiy), 3.52 — 3.47 (m, 1H,

Ha), 3.11 (d, J = 4.6 Hz, 3H, NH-CHs), 2.48 — 2.42 (m, 1H, He), 2.28 (ddd, J = 13.1, 5.0, 2.4 Hz,
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1H, Ha), 2.26 — 2.19 (M, 2H, Ha, H1g), 2.06 — 2.03 (M, 2H, Hy, His), 1.79 (d, J = 12.3 Hz, 1H, Hy),
1.74 (dt, J = 13.4, 3.6 Hz, 1H, H,), 1.70 — 1.66 (m, 1H, H7), 1.56 — 1.47 (m, 2H, Hs, H1a4), 1.48 —
1.29 (m, 5H, Hz, Hi1, Hir, Hi2, His), 0.98 (s, 4H, Hi, Hig), 0.92 (s, 3H, His), 0.84 — 0.81 (m, 1H,
Ho), 0.29 — 0.23 (m, 1H, Hi2); ¥C NMR (200 MHz, chloroform-d) & 164.40 (C=0), 163.82 (C=0),
150.64 (Ar-C), 143.50 (Triazole), 140.61 (Cs), 134.73 (Ar-C), 131.20 (Ar-C), 129.69 (Ar-C), 126.12
(Ar-C), 124.57 (Ar-C), 123.30 (Triazole), 122.76 (Ar-C), 121.40 (Cs), 120.14 (Ar-C), 109.89 (Ar-
C), 103.87 (Ar-C), 71.67 (Cs), 70.18 (C17), 50.04 (C14), 49.32 (Cs), 46.04 (Cy3), 42.20 (C4), 37.10
(C1), 36.47 (C1o), 35.08 (N-CH>), 32.34 (C12), 32.19 (Cs), 31.95 (C7), 31.58 (C), 30.44 (NH-CHs),
28.66 (Ci6), 25.33 (Cis), 20.39 (Ci1), 19.39 (Cug), 18.39 (Cis). HRMS (m/z): [M+H] calcd. for

CssH41Ns03", 580.3282; found, 580.3292.
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Section 2.5: Supplementary Information
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Flash

Column: Generic Silica 12g
Flow Rate: 28 mL/min
Equilibration: 6.0 CV

Run Length: 25.8 CV
Mode: Flash Dry

Method Name:
Run Name: JH/JH-1-25 dryload #1
Run Date: 2020-02-25 15:36

ELSD Threshold: 20 mV
ELSD Sensitivity: Low
Collection: Collect All
Per-Vial Volume: 8.5 mL
Non-Peak Volume: 8.5 mL

UV Threshold: 0.05 AU

UV Sensitivity: Low

UV1 ik 254 nm (M)

UV2 i 265 nm (M)

UV3 A 280 nm (M)

UV4 L 320 nm (M)

UV scan start A: 254 nm (M)
UV scan end A: 400 nm (M)

Solvent A: Hexane
Solvent B: Ethyl acetate
Solvent C: Empty

Solvent D: Empty
Slope Detection: Off

BUCHI

M soivert % [ ELsO [ v [ vv2 18 vz [l Uva [l UV Scan

sl 3 | &8 Tl eluls el PalsalolePulsTesTalafs Y 2Paf 55
| | | | [ | | | £
| | | |
192 L } } 040
A | | |
143 | " ‘ | | | || | | | 030
%‘ 1 " m | | | | | 3
é \‘ & P, | | | §
g o \ i | | | 020 >
i‘ | | |
45 ‘ ‘ f ‘ LUl o0
| e 1 | | It { 1
"""" v o s o el b v oo i et o e e v M M-l
<4 - = ——— 000
‘IJ 5 o 15 20 25
Column Volumes (CV)
1-201F Gradient Table
-For dry loading, a 1 part crude CV_[Solvents [% 2nd
H HA . 1 0.0 AB 5
000000 mixture to 2 part silica (1:2) was used > lage | &6 5
. 3 7.8 AB 5
900000 -Compound 4 came out at fraction 5 s | 78| aB | o
5 0.8 AB 0

000000

Figure S2.6 MPLC Purification of 4
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FIaSh Method Name: B'U'EHI

Run Name: JH/JH-1-67 dryload #2
Run Date: 2020-11-07 14:43

Column: Generic Silica 12g Solvent A: Hexane UV Threshold: 0.05 AU ELSD Threshold: 20 mV
Flow Rate: 28 mI/min Solvent B: Ethyl acetate UV Sensitivity: Low ELSD Sensitivity: Low
Equilibration: 4.0 CV Solvent C: Empty UVI1A: 254 nm (M) Collection: Collect All
Run Length: 36.8 CV Solvent D: Empty UV2A: 265 nm (M) Per-Vial Volume: 8 mL
Mode: Flash Dry Slope Detection: Off UV3 k280 nm (M) Non-Peak Volume: 8 mL

UV4): 320 nm (M)
UV scan start A 254 nm (M)
UV scan end %: 400 nm (M)

[ sobvent % 88 £LsD Bl uv1 [ vv2 B uva [l uva Bl UV Scon
9 3¢ g N B i s 2y S e A AR B B B s et B s TR TE w i U
e “ : | | = : ‘\. - | (\ (: | ‘\h T q\ +- - r l [’\ | : | t | \— ‘ F\ ‘l 50
;| I [ | | Il | | | | [
210} | ) b { | 040
| 1 \ \ [" | |l (
| || | 1M | Ih | | I
z 157‘, ] | 1 | ' | | | [ 1IN 0302
g | | A \ \ AR | \ T AE 1 2
o 104) - Jr—+ o= | R { o0z
;) || I | \ \ \ 1N
52} | | 1| | |/ Ag | | | [l p10
| \ | Iyl Iy RN [ \ Il (1|
‘ Lo [ - 128 T L : —i |
‘%‘ g = = — = = 0.00
0 4 8 12 16 20 2 28 32 38
Column Volumes (CV)
1-201F Gradient Table
: CV |Solvents |% 2nd
-For dry loading, a 1 part crude 1 | 0o | aB 0
900000 mixture to 1 part silica (1:1) was used 2 |30 4B | O
83 82 5180 79 i oo | |
4 9.0 AB 5
‘..... -Compound 5 came out between s | el i |
fractions 36-46 6 | 70 | AB | 50
RoBOBES 7 |78 | aB | s0

Figure S2.7 MPLC Purification of 5
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Flash

Column: Generic Silica 12g
Flow Rate: 28 mL/min
Equilibration: 6.0 CV

Run Length: 4.7 CV

Mode: Flash Dry

Method Name:

Run Name: JH/JH-1-31 dryload #1

Run Date: 2020-07-15 15:53

Solvent A: Hexane

Solvent B: Dichloromethane
Solvent C: Empty

Solvent D: Empty

Slope Detection: Off

UV Threshold: 0.05 AU
UV Sensitivity: Low
UV1 k: 254 nm (M)
UV2 k: 265 nm (M)
UV3 h: 280 nm (M)

BUCHI

ELSD Threshold: 20 mV
ELSD Sensitivity: Low
Collection: Collect All
Per-Vial Volume: 8 mL
Non-Peak Volume: 8 mL

UV4 A: 320 am (M)
UV scan start A: 254 nm (M)
UV scan end A: 400 nm (M)

¥ solvent% [ cLso [l uvt [ uve B vz [l uva Bl Y Sean
512 3 ! 2 2 i 2 ¥ om0
410 040
% 307 030 S
a z
@ >
o 205 020
102 I =T 0.10
AR / g L o B
ke A e S| bt .
i) 12 23 35 47
Column Volumes (CV}
1-7340 -For dry loading, a 1 part crude Gradient Table
mixture to 3 part silica (1:3) was used CV_|Solvents |% 2nd
1 [ 00| AB 5
()C)C)C)C)HC) | -Compound 6 came out between 2! [t oxs [l o
CYW YW WYY fractions 5-11 '

Figure S2.8 MPLC Purification of 6
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Method Name: T
F Ia S h Run Name: JH/JH-1-87 dryvload #1 B u GH l
Run Date: 2021-02-23 14:20

Column: FPID HP S1 12g Solvent A: Hexane UV Threshold: 0.05 AU ELSD Threshold: 20 mV
Flow Rate: 30 mL/min Solvent B: Ethyl acetate UV Sensitivity: Low ELSD Sensitivity: Low
Equilibration: 4.0 CV Solvent C: Empty UV1 L 254 nm (M) Collection: Collect All
Run Length: 27.0 CV Solvent D: Empty UWV2 A 265 nm (M) Per-Vial Volume: 8 mL
Mode: Flash Dry Slope Detection: Off UWV3 k280 nm (M) Non-Peak Volume: 8 mL

UWV4 L 320 nm (M)
UV scan start A 254 nm (M)
UV scan end A: 400 nm (M)

B soivert 5 [ eLoo [l v Il ovz B ovs I ovs [l ovoscen

o 3 35 2 45 2q 5 57 &1 & o 72 77 i

3 ] 14 12 » w ! 14 a0 47 47 Ef RE, B0 3] al 1 o M
47 5 ] g 22 2% % 39 3 5 55 5 83 &7 E 5 iz 034
arl J | | | I L y 0
. AR
BE
= 27 - - AE | 014 _
E 2
o aH o
w
o 17 ol 009 3
AR
7 he = 0.04
¢z o i __AE Al e '
2E Y
-3 M
- i
1 (] 1 16 21 26

Colurnn Valumes (CV)

1-201F Gradient Table
. CV |Solvents |% 2nd

-For dry loading, a 1 part crude 1 00 | AB 0

NG N N i ili : 2 7.0 AB 0
L)C/ Q O Q \;\ mixture to 1 part silica (1:1) was used ’ o e °
|83 82 8L 803 | _compound 7 came out between R Rl
fractions 32-38 and compound 7a 6 30 | AB 30

came out between fractions 7-9 7 10 | AB 50

8 3.0 AB 50

9 1.0 AB 75

10 3.0 AB 75

11 1.0 AB 80

Figure S2.9 MPLC Purification of 7 and 7a
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Method Name: 1]
FIaSh Run Name: JH/JH-1-65 dryload %1 B u BHI
Run Date: 2020-10-14 15:00

Column: Generic Silica 12g Solvent A: Hexane UV Threshold: 0.05 AU ELSD Threshold: 20 mV
Flow Rate: 28 mL/min Solvent B: Ethyl acetate UV Sensitivity: Low ELSD Sensitivity: Low
Equilibration: 4.0 CV Solvent C: Empty UV1 k: 254 nm (M) Collection: Collect All
Run Length: 23.0 CV Solvent D: Empty UV2 i: 265 nm (M) Per-Vial Volume: 8 mL
Mode: Flash Dry Slope Detection: Off UV3 A: 280 nm (M) Non-Peak Volume: 8 mL

UV4 ) 320 nm (M)
UV scan start A: 254 nm (M)
UV scan end A: 400 nm (M)

M =olvent: [ ELso [ vvi [l Uvz [ ova [l uva Bl UV Scan
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Chapter 3

NMR Characterization of DHEA derivatives
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Section 3.1: Background of Characterizing DHEA Derivatives by NMR

Figure 3.1 Compounds 1-8 and 29 A-D Rings Numbering/Identification

The synthesis of 2-8 has been described in previous literature: (Blanco et al., 2014), (Kiss
et al.,, 2018), and (Jan et al., 2016). Full *H characterization of DHEA (1) by NMR has been
accomplished (Wishart et al., 2009). However, minor characterization of 2-8 via NMR has been
accomplished. In particular, the easily distinguishable protons (Hs, He, Hiz, His, Hig) were
assigned for 2-8, but their corresponding carbons (Cs, Cs, Ci7, Cis, Ci9) Were only explicitly
assigned for 5 and 8. Numbering and identification of the A-D rings for 1-8 and 29 are shown
above (see Figure 3.1). These proton NMR assignments were primarily used for compound
identification. Meanwhile, the methylene protons (Hi-v, Ha-2, Has, Hz7, Hi1:11, Hi2:42, His45, and

Hie.16), methine protons (Hs, He, His), methylene carbons (Ci, C,, Ca4, C7, Ci11, C12, Cis, Cas),
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methine carbons (Cs, Cg, C14), and quaternary carbons (Cs, Cio, C13) Were not assigned for 2-8.
For this project, every proton (H1-1-Hig) and carbon (C1-Cao) for 1-8 and 29 were assigned via 1D
and 2D NMR spectra independently. Each individual methylene proton in the A-C ring (Hi-1, Ha-
2, Haw, H7zy, Hi111, Hi2.12) was assigned as axial or equatorial based on chemical shift as
equatorial protons appear more downfield compared to axial protons on the same carbon atom in
cyclohexane rings due to hyperconjugation. The methylene protons in the D ring (His.15 and Hise.
16) could not be discriminated as they reside in a cyclopentane ring. The methine and methyl
protons in the A-C ring (Hs, Hs, Ho, Hi4, His, and Hig) were assigned as axial based on the known
absolute configuration of DHEA (1). From characterization of 1-8, it was discovered that the
chemical shift of a few key protons (Has.«, Hs, H14, Hie.1¢, H17) and carbons (Cs, Ci2, Cis, Ci17, and
Cis) can be used to track the progress from 1 to 8. In addition, trends in *H chemical shifts for the

C-D ring could be used to track the “click” reaction from 5 to 29.
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Section 3.2: DHEA (1)

Figure 3.2A Chair Conformation for 1
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Figure 3.2B 'H Spectrum of DHEA (1)
Although full *H characterization of DHEA (1) has been accomplished (Wishart et al.,

2009), Section 3.2 will make independent *H assignments for DHEA (1) and compare to previous
results while also making independent 3C assignments. Initially, & 5.38 and &4 3.51 were

identified as Hs and Hs respectively based upon chemical shift and splitting (see Figure 3.2B).
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The methyl protons on Cig and Cig could be identified at either &4 1.03 or &4 0.88 (see Figure

3.28B).
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Figure 3.2C 3C Spectrum of DHEA (1)

0c221.27 and d¢ 71.53 were identified as C,7 and Cs; respectively based on chemical shift
(see Figure 3.2C). &¢c 141.04 and d¢ 120.88 were identified as Cs and Ce respectively based on

chemical shift and peak height (see Figure 3.2C).
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Figure 3.3 Initial *H-'H COSY Correlations for DHEA (1)

Diastereotopic protons, o+ 2.30 (H4) and 8+ 2.30 (Hs), from the A ring were identified from
COSY caorrelations with Hs (6n 3.51) and He (01 5.38) (see Figure 3.3). Methylene protons, 641.84
(H2) and &4 1.51 (H2), were discerned from COSY correlations with Hs (&4 3.51) (see Figure 3.3).
In addition, diastereotopic protons 64 2.09 (H7) and &4 1.65 (H7) in the B ring were identified from
COSY correlations with He (61 5.38) (see Figure 3.3). In the D ring, diastereotopic proton, His (On

2.46, dd) was discerned based on splitting and chemical shift (see Figure 3.2B).
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C14

Figure 3.4C 'H-3C HMBC Correlations in D ring for DHEA (1)

35.86 (Ci6) and by COSY to &n 2.46 (His) (see Figure 3.4A and 3.4B). Next, diastereotopic
protons, dx1.95 (His) and &4 1.51 (H1s), showed a HSQC correlation to 8¢ 21.90 (Cis) and COSY
correlation to His (01 2.46) (see Figure 3.4A and 3.4B). Methine proton, &4 1.28 (Hi4), displayed
HSQC correlation to ¢ 51.79 (C14) and COSY correlation to His (6 1.95) (see Figure 3.4A and
3.4B). Methyl protons on Cis, m18 (dn 0.88), were discerned from HMBC correlation to Ci4 (8¢
51.79) (see Figure 3.4C). Continuing with m18, &¢ 13.56 (Cis) was identified from HSQC
correlation to m18 (& 0.88) (see Figure 3.4B). Therefore, the methyl protons on Cis, m19 could
be identified at 4 1.03 based on integration and splitting (see Figure 3.2B). Quaternary carbon,

0c 47.54 (Cy3), was discerned from HMBC correlation to m18 (34 0.88) and no observable HSQC

C13 —

Starting with the D ring, methylene proton, &4 2.09 (H+e), was correlated by HSQC to &c
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Next with the B ring, methyl protons, m19 (x4 1.03) exhibited HSQC correlation to ¢ 19.44
(C19) (see Figure 3.5A). dc 141.04 (Cs) was determined on the basis of no HSQC correlation,
chemical shift, and HMBC correlation to m19 (& 1.03) (see Figure 3.5B and 3.5D). Vinyl carbon,
Ce (0c 120.95) was correlated by HSQC to 61 5.38 (Hs) (see Figure 3.5B). Methylene protons, dx
2.09 (Hv) and &+ 1.65 (H7), exhibited HSQC correlation to d¢ 30.80 (C-) (see Figure 3.5A). Methine
proton, Hs, was discerned at &4 1.65 based on HMBC correlation to C; (¢ 30.80) (see Figure
3.5C). Cs (8¢ 31.61) was correlated by HSQC to 8+ 1.65 (Hs) (see Figure 3.5A). The remaining
methine proton, He (61 0.99), displayed correlation by HSQC to 6¢ 50.26 (Cy) and by HMBC to &¢
19.44 (Cy9) (see Figure 3.5A and 3.5C). Quaternary carbon, Cio (8¢ 36.66), was assigned based
upon HMBC correlation to m19 (64 1.03) along with Hg (84 0.99) and no correlation in HSQC (see

Figure 3.5A and 3.5C).
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Figure 3.6A 'H-13C HSQC Correlations in A ring for DHEA (1)
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Figure 3.6B 'H-*C HMBC Correlations in A ring for DHEA (1)

Continuing with the A ring, &4 3.53 (H3) exhibited HSQC correlation to d¢ 71.62 (Cs) (see
Figure 3.6A). Methylene protons, &4 2.30 (H.) and 6+ 2.30 (Hs), displayed HSQC correlation to ¢
42.23 (C4), which shows HMBC correlation to He (0 5.38) (see Figure 3.6A and 3.6B).
Diastereotopic protons, 64 1.84 (H2) and o4 1.51 (H2), displayed HSQC correlation to 8¢ 31.52 (Cy)
(see Figure 3.6A). dc 37.25 (C1) was discerned from HMBC correlation to m19 (x4 1.03) (see
Figure 3.6B). 8¢ 37.20 (C,) exhibited HSQC correlation &4 1.84 (H1) and &4 1.11 (H+) (see Figure

3.6A). Methylene proton, &4 1.11 (H¢), displayed HMBC correlation to 8¢ 36.66 (Cio), 6c 71.62

(Cs), and 6¢ 19.44 (Cao) (see Figure 3.6A and 3.6B).
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Figure 3.7B 'H-3C HMBC Correlations in C ring for DHEA (1)
Concluding with the C ring, 6¢ 31.46 (C12) displayed HSQC correlation to 6+ 1.28 (H.2) and

On 1.84 (H12), which also showed HMBC correlation to Ci4 (8¢ 51.79) and Cis (dc 13.56) (see
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Figure 3.7A and 3.7B). The remaining peak, &c 20.39 (Ci1) displayed HSQC correlations to &n
1.65 (Hi1) and &+ 1.51 (H++) which also showed HMBC correlation to Cy (8¢ 50.26) (see Figure
3.7A and 3.7B). Thus, full *H and *3C assignment of DHEA (1) has been completed. In addition,

the *H assignment for Hi.1-Hi9 matched previous reported data (\Wishart et al., 2009).

Section 3.3: DHEA PG (2)

Figure 3.8A Chair Conformation for 2
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Figure 3.8B 'H Spectrum of DHEA PG (2)
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Aromatic protons of the TBDPS group were identified at 4 7.38 and &y 7.68 based upon
chemical shift (see Figure 3.8B). d4 5.15 and &4 3.54 were identified as He and Hz respectively
based upon chemical shift and splitting (see Figure 3.8B). The methyl protons on Cis and Cig
could be identified at either &4 1.01 or &4 0.86 (see Figure 3.8B). The latter assignments for Hs,

Hs, His, and Hig matched previous *H assignments (Blanco et al., 2014), (Jan et al., 2016).
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Figure 3.8C *C Spectrum of DHEA PG (2)

0c 221.20 and &¢ 73.07 were identified as C17 and C; respectively based on chemical shift
(see Figure 3.8C). &¢ 141.52 and d¢ 120.37 were identified as Cs and Ce respectively based on
chemical shift and peak height (see Figure 3.8C). In addition, the presence of the aromatic
carbons of the TBDPS group were detected based on the appearance of additional carbon peaks

between &¢ 120-140 (see Figure 3.8C).
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Figure 3.9 Initial *H-'H COSY Correlations for DHEA PG (2)

Diastereotopic protons, 0w 2.35 (H4) and 81 2.16 (Hs), from the A ring were identified from
COSY caorrelations with Hs (64 3.54) and He (01 5.15) (see Figure 3.9). Methylene protons, 641.71
(H2) and &4 1.60 (H2), were discerned from COSY correlations with Hs (&4 3.54) (see Figure 3.9).
In addition, diastereotopic protons &4 2.05 (H7) and 61 1.47 (H7) in the B ring were identified from
COSY correlations with He (61 5.15) (see Figure 3.9). In the D ring, diastereotopic proton, His (dn

2.44, m) was discerned based on splitting and chemical shift (see Figure 3.8B).
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Figure 3.10C H-C HMBC Correlations in D ring for DHEA PG (2)

Starting with the D ring, methylene proton, & 2.05 (H1e), was correlated by HSQC to &c
35.85 (Ci6) and by COSY to &4 2.44 (His) (see Figure 3.10A and 3.10B). Next, diastereotopic
protons, &4 1.90 (His) and &4 1.47 (H1s), showed a HSQC correlation to 8¢ 21.88 (Cis) and COSY
correlation to His (01 2.44) (see Figure 3.10A and 3.10B). Methine proton, o 1.22 (Hi4), displayed
HSQC correlation to 8¢ 51.78 (C14) and COSY correlation to His (6 1.90) (see Figure 3.10A and
3.10B). Methyl protons on Cig, m18 (&4 0.86), were discerned from HMBC correlation to Ci4 (8¢
51.78) (see Figure 3.10C). Continuing with m18, &¢ 13.54 (Cis) was identified from HSQC
correlation to m18 (see Figure 3.10B). Therefore, the methyl protons on Cis, m19 could be
identified at 64 1.01 based on integration and splitting (see Figure 3.8A). Quaternary carbon, dc
47.55 (Ci3), was discerned from HMBC correlation to m18 (d+ 0.86) and no observable HSQC

correlation (see Figure 3.10B and 3.10C).
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Next with the B ring, methyl protons, m19 (6 1.01) exhibited HSQC correlation to 8¢ 19.46
(C19) (see Figure 3.11A). dc 141.55 (Cs) was determined on the basis of no HSQC correlation,
chemical shift, and HMBC correlation to m19 (&4 1.01) (see Figure 3.11B and 3.11D). Vinyl
carbon, Cs (6c 120.40) was correlated by HSQC to &4 5.15 (He) (see Figure 3.11B). Methylene
protons, &4 2.05 (H7) and &4 1.47 (H7), exhibited HSQC correlation to d¢ 30.80 (C-) (see Figure
3.11A). Methine proton, Hs, was discerned at 64 1.60 based on HMBC correlation to C7 (6¢ 30.80)
(see Figure 3.11C). Cg (8¢ 31.44) was correlated by HSQC to &4 1.60 (Hs) (see Figure 3.11A).
The remaining methine proton, Hg (61 0.90), displayed correlation by HSQC to 8¢ 50.18 (Cg) and
by HMBC to 8¢ 19.46 (Ca9) (see Figure 3.11A and 3.11C). Quaternary carbon, Cio (8¢ 36.64), was
assigned based upon HMBC correlation to m19 (&4 1.01) along with He (84 0.90) and no correlation

in HSQC (see Figure 3.11A and 3.11C).
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Figure 3.12A H-3C HSQC Correlations in A ring for DHEA PG (2)
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Continuing with the A ring, dx 3.54 (Hs) exhibited HSQC correlation to d¢c 73.07 (Cs) (see
Figure 3.12A). Methylene protons, 64 2.35 (H4) and 4 2.16 (Hs), displayed HSQC correlation to
Oc 42.46 (C4), which shows HMBC correlation to Hs (&n 5.15) (see Figure 3.12A and 3.12B).
Diastereotopic protons, &+ 1.71 (H2) and &4 1.60 (H2), displayed HSQC correlation to 8¢ 31.82 (C>)
while 1.60 (H2) displayed HMBC correlation to Cs (8¢ 73.07) (see Figure 3.12A and 3.12B). &c
37.16 (C,) was discerned from HMBC correlation to m19 (& 1.01) (see Figure 3.12B). Methylene
proton, 64 1.71 (H,), displayed HMBC correlation to ¢ 31.82 (C) while methylene proton, 64 0.90
(Hy), displayed HMBC correlation to ¢ 73.09 (Cs) (see Figure 3.12B). dc 37.16 (C,1) exhibited
HSQC correlation 64 1.71 (H1) and 64 0.90 (H+) (see Figure 3.12A). The tert-butyl (t-Bu) protons
of TBDPS were recognized based as the o4 1.07 singlet, which integrated to nine (see Figure

3.8B). In addition, 8¢ 27.01 (t-Bu) displayed HSQC correlation to 64 1.07 (t-Bu) (see Figure 3.12A).

0c 19.15 (t-Bu) displayed HMBC correlation to &4 1.07 (t-Bu) (see Figure 3.12B).
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Concluding with the C ring, 8¢ 31.46 (C12) displayed HSQC correlation to &4 1.81 (Hi2) and
0n1.22 (H12), which also shows HMBC correlation to Ci3 (8¢ 47.55) and Cis (8¢ 13.54) (see Figure
3.13A and 3.13B). The final methylene protons, &4 1.60 (Hi11) and &x 1.47 (H41) were discerned
from HSQC correlations to 6¢ 20.32 (C11) and HMBC correlation to Cg (8¢ 50.18) (see Figure 3.13A

and 3.13B). Thus, full proton and carbon assignment of DHEA PG (2) has been completed.
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Section 3.4: DHEA Ci7 OH PG (3)

Figure 3.14A Chair Conformation for 3
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Figure 3.14B 'H Spectrum of DHEA Ci7 OH PG (3)

Aromatic protons of the TBDPS group were identified at &4 7.39 and & 7.68 based upon

chemical shift (see Figure 3.14B). du 5.13, o4 3.61, and &4 3.53 were identified as Hg, Hi7, and

92



Hs respectively based upon chemical shift and splitting (see Figure 3.14B). The methyl protons
on Cig and Cio could be identified at either d4 1.00 or &y 0.74 (see Figure 3.14B). The latter
assignments for Hs, He, Hi7, His, and Hig matched previous H assignments (Blanco et al., 2014),

(Jan et al., 2016).
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Figure 3.14C 3C Spectrum of DHEA Ci7; OH PG (3)
The loss of 8¢ 221.20 (Ci7, 2) and gain of ¢ 81.91 (Ci7, 3) indicates the reduction of the

carbonyl peak to a hydroxyl group based on DHEA PG (2) (see Figure 3.14C). d¢c 141.40, &c
120.82, and &¢ 73.19 were identified as Cs, Cg, and C; respectively based on chemical shift and
previous characterization of Cs/Ce/Cz for DHEA PG (2) (see Figure 3.14C). In addition, the
presence of the aromatic carbons of the TBDPS group were detected based on the previous

appearance of carbon peaks between 8¢ 120-140 (see Figure 3.14C).

93



":15' ‘\
Hg H HaHy |, ||
H 16 |

(Hy, H)  (Hy, M) = ©

Hy _ - [,
Hl7/'_;;.,_ ] ) E J = 3.6
(Ha ’ H4) \ {1 73‘:
(Hu ’ Hlﬁ) :' [ao
(Hs, He) (Hyy, Hig) = .
R m 1_ Faa
& il =

g (Hs,Ha)  (He He)  (Hg,Hn) = 7
He =—— ’,,jfj‘ . ‘= -,),‘j ‘, Gb = *

(s, H7) i

34 3.2
2 (ppm)

Figure 3.15 Initial *H-'H COSY Correlations for DHEA Ci7 OH PG (3)

Diastereotopic protons, 0w 2.34 (Hs) and 0w 2.15 (Hs), from the A ring were identified from
COSY correlations with Hz (dn 3.53) and He (01 5.13) (see Figure 3.15). Methylene protons, dx
1.70 (H2) and &1 1.55 (H2), were discerned from COSY correlations with Hs (&1 3.53) (see Figure
3.15). In addition, diastereotopic protons &4 1.92 (H7) and &+ 1.43 (H7) in the B ring were identified
from COSY correlations with Hg (01 5.13) (see Figure 3.15). In the D ring, diastereotopic protons
On 2.03 (Hig) and 61 1.43 (H1e) were discerned from COSY correlations with Hi7 (0w 3.61) (see

Figure 3.15).
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Figure 3.16C *H-*C HMBC Correlations in D ring for DHEA Ci7 OH PG (3)

Starting with the D ring, ¢ 81.91 was identified as Cy7 from the HSQC correlation with &y
3.61 (Hi7) and HMBC correlations to m18 (04 0.74), the methyl protons on Cis (see Figure 3.16B
and 3.16C). Methylene protons, &+ 2.03 (H1s) and &n 1.43 (H1e), were correlated by HSQC to &c
30.52 (Ci6) (see Figure 3.16B). With COSY correlations with Hie (01 2.03), diastereotopic protons
His (0w 1.55) and His (61 1.25) were identified (see Figure 3.16A). In regard to His (On 1.25),
methine proton, His (dn 0.94), was distinguished by COSY correlation (see Figure 3.16A). Next,
diastereotopic protons, 64 1.55 (His) and 0n1.25 (H1s), showed a HSQC correlation to ¢ 23.43
(C1s) (see Figure 3.16B). Methine proton, &1 0.94 (H14), discerned a HSQC correlation to 8¢ 51.34
(C14) and a HMBC correlation to Cis (8¢ 23.43) (see Figure 3.16B and 3.16C). Methyl protons on
Cis, m18 (61 0.74), were discerned from HMBC correlation to C14 (8¢ 51.34) (see Figure 3.16C).
Continuing with m18, &¢ 10.94 (Cis) was identified from HSQC correlation to m18 and HMBC
correlation to o4 3.61 (Hi7) (see Figure 3.16B and 3.16C). Therefore, the methyl protons on Cio,

m19, could be identified at &4 1.00 based on integration and splitting (see Figure 3.14B).
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Quaternary carbon, 6c 42.71 (Ci3), was discerned from HMBC correlation to m18 (&4 0.74) and

no observable HSQC correlation (see Figure 3.16B and 3.16C).
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Next with the B ring, methyl protons, m19 (&x 1.00) exhibited HSQC correlation to 8¢ 19.47
(C19) (see Figure 3.17A). dc 141.40 (Cs) was determined on the basis of no HSQC correlation,
chemical shift, and HMBC correlation to m19 (&4 1.00) (see Figure 3.17B and 3.17D). Vinyl
carbon, Cs (6c 120.82) was correlated by HSQC to &4 5.13 (He) (see Figure 3.17B). Methylene
protons, &4 1.92 (H;) and du 1.43 (H7), exhibited HSQC correlation to d¢ 31.48 (C-) (see Figure
3.17A). Methine proton, Hs, was discerned at 64 1.43 based on HMBC correlation to C7 (6¢ 31.48)
(see Figure 3.17C). Cs (8¢ 31.92) was correlated by HSQC to 61 1.43 (Hs) (see Figure 3.17A). Cy
(6¢ 50.18) displayed HMBC correlation to m19 (64 1.00) (see Figure 3.17C). The remaining
methine proton, He (0w 0.84), displayed correlation by HSQC to 8¢ 50.18 (Cy) (see Figure 3.17A).
With &¢ 36.58 displaying double intensity in peak height, it was inferred two unique carbons are
present (see Figure 3.17A). Quaternary carbon, Cio (6c 36.58), was assigned based upon
previous Ci assignment for DHEA PG (2) and HMBC correlation to m19 (&4 1.00) along with He
(61 5.13) (see Figure 3.17C and 3.18B). With respect to &¢c 36.58, a methylene carbon is also

present from HSQC correlations to two protons (see Figure 3.17A).
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Figure 3.18B 'H-*C HMBC Correlations in A ring for DHEA Ci17 OH PG (3)

Continuing with the A ring, dx 3.53 (Hs) exhibited HSQC correlation to d¢ 73.19 (Cs) (see
Figure 3.18A). Methylene protons, o4 2.34 (H4) and 04 2.15 (Hs), displayed HSQC correlation to
Oc 42.49 (C4), which shows HMBC correlation to Hs (6n 5.13) (see Figure 3.18A and 3.18B).
Diastereotopic protons, &4 1.70 (Hz) and &n 1.55 (H2), displayed HSQC correlation to &¢ 31.87
(C2), which showed HMBC correlation to Hs (81 2.15) (see Figure 3.18A and 3.18B). 8¢ 37.25 (C1)
was discerned from HMBC correlation to m19 (64 1.00) (see Figure 3.18B). From there, methylene
protons, &4 1.70 (H1) and 04 0.87 (H+) displayed HSQC correlation to &¢ 37.25 (C;) and HMBC
correlation to 8¢ 73.19 (Cs) (see Figure 3.18A and 3.18B). The tert-butyl (t-Bu) protons of TBDPS
were recognized based as the &4 1.06 singlet, which integrated to nine (see Figure 3.14B). In

addition, 8¢ 27.01 (t-Bu) displayed HSQC correlation to &4 1.06 (t-Bu) (see Figure 3.18A). 8¢ 19.17

(t-Bu) displayed HMBC correlation to 64 1.06 (t-Bu) (see Figure 3.18B).
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Figure 3.19B 'H-3C HMBC Correlations in C ring for DHEA Ci17 OH PG (3)

Concluding with the C ring, 8¢ 36.58 (C12) displayed HMBC correlations to m18 (&4 0.74)

(see Figure 3.19B). &4 1.80 (H12) and 64 1.03 (H12) were discerned from HSQC correlations to dc
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36.58 (C12) and HMBC correlations to Ciz (6c 42.71) and Cis (8¢ 10.94) (see Figure 3.19A and
3.19B). The remaining &¢ 20.62 (Ci1) displayed HSQC correlation to &4 1.55 (H11) and 64 1.43

(H11) (see Figure 3.19A), thus completing full assignment of DHEA C17 OH PG (3).
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Figure 3.20 *H-'H NOESY Correlations for DHEA C;7 OH PG (3)

The stereochemistry of the hydroxyl group at Ci7 is “S” based on NOESY correlation

between 64 3.61 (H17) and 8+ 0.94 (Hi4) (see Figure 3.20).
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Section 3.5: DHEA Ci17-(R)-N3 PG (4)

Figure 3.21A Chair Conformation for 4
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Figure 3.21B *H Spectrum of DHEA Ci7-(R)-N3 PG (4)

Aromatic protons of the TBDPS group were identified at &4 7.39 and dn 7.69 based upon

chemical shift (see Figure 3.21B). o4 5.13, &4 3.50, and &4 3.57 were identified as He, Hi7, and
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Hs respectively based upon chemical shift and splitting (see Figure 3.21B). The methyl protons
on Cig and Cio could be identified at either d4 0.99 or d4 0.74 (see Figure 3.21B). The latter
assignments for Hs, He, Hi7, His, and Hig matched previous H assignments (Blanco et al., 2014),

(Kiss et al., 2018).
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Figure 3.21C 3C Spectrum of DHEA Ci7-(R)-N3 PG (4)
The loss of 8¢ 81.91 (Ci7, 3) and gain of d¢c 71.48 (Ci7, 4) indicates the substitution of the

hydroxyl group from a Mitsunobu reaction to an azide group based on DHEA Ci7 OH PG (3) (see
Figure 3.21C). &¢c 73.17 was identified as Cs; based on chemical shift and previous

characterization of Cz for DHEA C.7 OH PG (3) (see Figure 3.21C).
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Figure 3.22 Initial *H-'H COSY Correlations for DHEA Ci17-(R)-N3 PG (4)

Diastereotopic protons, 64 2.34 (Hs) and &4 2.15 (Hs), from the A ring were identified from
COSY correlations with Hz (dn 3.57) and He (0w 5.13) (see Figure 3.22). Methylene protons, dx
1.70 (H2) and &4 1.56 (Hz), were discerned from COSY correlations with Hs (&n 3.57) (see Figure
3.22). In addition, diastereotopic protons &4 1.95 (H7) and 6+ 1.56 (H7) in the B ring were identified
from COSY correlations with He (81 5.13) (see Figure 3.22). In the D ring, one of the diastereotopic

protons &y 2.15 (Hie6) was discerned from COSY correlations with Hi7 (81 3.50) (see Figure 3.22).
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Figure 3.23B 'H-3C HSQC Correlations in D ring for DHEA Ci7-(R)-N3 PG (4)
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Figure 3.23C 'H-C HMBC Correlations in D ring for DHEA C17-(R)-N3 PG (4)

Starting with the D ring, &¢ 71.48 was identified as C17 from the HSQC correlation with &y
3.50 (H17) and HMBC correlations to m18 (04 0.74), the methyl protons on Cis (see Figure 3.23B
and 3.23C). One of the methylene protons, 64 2.15 (His), was correlated by HSQC to &¢ 28.70
(Cie) (see Figure 3.23B). From there, 8+ 1.70 (H+e) was identified by HSQC correlation to &¢ 28.70
(C16) and COSY correlation to 64 2.15 (Hie) (see Figure 3.23A and 3.23B). Next, diastereotopic
proton, dx 1.21 (H+s), was discerned from COSY correlation to His (61 2.15) (see Figure 3.23A).
Next, o4 1.21 (H1s) showed HSQC correlation to 6¢ 24.81 (Cis) (see Figure 3.23B). His (01 1.73)
was then identified by HSQC correlation to Cis (8¢ 24.81) and COSY correlation to 64 2.15 (Hise)
(see Figure 3.23A and 3.23B). C14 (6c 49.85) was identified by HMBC correlation to m18 (64 0.74)
(see Figure 3.23C). His (01 1.21) was distinguished based on HSQC correlation to Ci4 (dc 49.85)
(see Figure 3.23B). Continuing with m18, d¢ 17.43 (C1s) was identified from HSQC correlation to
m18 and HMBC correlation to &4 3.50 (Hi7) (see Figure 3.23B and 3.23C). Therefore, the methyl

protons on Cig, m19, could be identified at &4 0.99 based on integration and splitting (see Figure
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3.21B). Quaternary carbon, 8¢ 45.71 (C13), was discerned from HMBC correlation to m18 (64 0.74)

and no observable HSQC correlation (see Figure 3.23B and 3.23C).
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Figure 3.24A H-13C HSQC Correlations in B ring for DHEA C17-(R)-N3 PG (4)
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Figure 3.24B 'H-3C HSQC Correlations in B ring for DHEA Ci7-(R)-N3s PG (4) (Cs-Cs)
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Figure 3.24D H-*C HMBC Correlations in B ring for DHEA C17-(R)-N3s PG (4) (Cs-Cs)
Next with the B ring, methyl protons, m19 (61 0.99) exhibited HSQC correlation to 6¢ 19.46

(C19) (see Figure 3.24A). dc 141.22 (Cs) was determined on the basis of no HSQC correlation,
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chemical shift, and HMBC correlation to m19 (&4 0.99) (see Figure 3.24B and 3.24D). Vinyl
carbon, Cs (8¢ 120.88) was correlated by HSQC to &4 5.13 (He) (see Figure 3.24B). Methylene
protons, &4 1.95 (H;) and &n 1.56 (H7), exhibited HSQC correlation to &c 32.14 (C-) (see Figure
3.24A). Cg (6¢ 32.05) was correlated by HMBC to 61 1.56 (H7) (see Figure 3.24C). Methine proton,
Hs, was discerned at o4 1.42 based on HMBC correlation to Cis (8¢ 24.81) and HSQC correlation
to Cs (0c 32.05) (see Figure 3.24A and 3.24C). The remaining methine proton, Hy (&n 0.87),
displayed correlation by HSQC to 8¢ 49.71 (Co) and by HMBC to ¢ 19.46 (Cao) (see Figure 3.24A
and 3.24C). Quaternary carbon, Cio (6c 36.56), was assigned based on HMBC correlation to He

(61 5.13) along with m19 (64 0.99) and no HSQC correlation (see Figure 3.24B and 3.24C).
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Figure 3.25A H-13C HSQC Correlations in A ring for DHEA C17-(R)-N3 PG (4)

110



it |
e ", HoHe MMl ] Ty
1 "|1 1 [
| |
|
' !
, | ‘(t—Bu) B
| u ) mw? [ oo
— - . l‘ - S 1
il L 25
t-Bu—M ' ' ‘ e ”]‘m * ‘m‘" oy
G (] ‘ il o b ol e T i “LGI
(— " R O W W E
G [ (CI,IHZ.) 1 ' ql 1(C,,.m19)
] (o Ho) ' SRR TTR RV R
b ' e m\'ww [so
‘ . ‘ . Al
b
f TR Lso
' - '(csl‘Hl') [
" Iy | &
1. ‘ . e
c, ‘ 3 | Coew W ' M’ i

3z 30
2 (ppm)

Figure 3.25B H-*C HMBC Correlations in A ring for DHEA Ci7-(R)-N3s PG (4)
Continuing with the A ring, &4 3.57 (H3) exhibited HSQC correlation to &¢ 73.17 (Cs) (see

Figure 3.25A). Methylene protons, 6x2.34 (H) and &n 2.15 (Hy), displayed HSQC correlation to
Oc 42.47 (C4), which shows HMBC correlation to Hs (6n 5.13) (see Figure 3.25A and 3.25B).
Diastereotopic protons, &4 1.70 (H2) and &4 1.56 (H2), displayed HSQC correlation to &¢c 31.87
(C2), which showed HMBC correlation to Hs (81 2.15) (see Figure 3.25A and 3.25B). 8¢ 37.24 (C1)
was discerned from HMBC correlation to m19 (64 0.99) and Hx (61 1.56) (see Figure 3.25B). From
there, methylene protons, 64 1.70 (Hi1) and 8 0.87 (H+) displayed HSQC correlation to 8¢ 37.24
(C1) and HMBC correlation to 8¢ 73.17 (C3) (see Figure 3.25A 3.25B). The tert-butyl (t-Bu) protons
of TBDPS were recognized based as the &4 1.07 singlet, which integrated to nine (see Figure
3.21B). In addition, d¢c 27.03 (t-Bu) displayed HSQC correlation to o4 1.07 (t-Bu) (see Figure

3.25A). 8¢ 19.16 (t-Bu) displayed HMBC correlation to 64 1.07 (t-Bu) (see Figure 3.25B).
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Figure 3.26A H-1*C HSQC Correlations in C ring for DHEA C17-(R)-N3 PG (4)
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Figure 3.26B H-*C HMBC Correlations in C ring for DHEA Ci7-(R)-N3s PG (4)
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Concluding with the C ring, &¢ 32.47 (Cy12) displayed HMBC correlations to m18 (6w 0.74)
(see Figure 3.26B). & 1.56 (H12) and &4 1.56 (H12) were discerned from HSQC correlations to dc
32.47 (C12) and HMBC correlations to Ciz (8¢ 45.71) and Cis (6c 17.43) (see Figure 3.26A and
3.26B). The remaining &8¢ 20.57 (C11) displayed HSQC correlation to o4 1.56 (Hi1) and &4 1.42

(H1v) (see Figure 3.26A), thus completing full assignment of DHEA Ci7-(R)-N3 PG (4).
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Figure 3.27 'H-'H NOESY Correlations for DHEA Ci7-(R)-N3 PG (4)
The stereochemistry of the azide group at Ci7 is “R” based on NOESY correlation between

01 3.50 (H17) and 64 0.74 (m18) (see Figure 3.27).
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Section 3.6: DHEA Ci7-(R)-Nz probe (5)

Figure 3.28A Chair Conformation for 5
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Figure 3.28B 'H Spectrum of DHEA Ci7-(R)-Nzprobe (5)

There is no presence of the TBDPS protecting group as nothing appeared from &4 6.5-8
(see Figure 3.28B). &4 5.35, du 3.52, and &4 3.52 were identified as Hs, Hi7, and Hs respectively

based upon chemical shift and splitting (see Figure 3.28B). The methyl protons on Cig and Cig
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could be identified at either &4 1.00 or &4 0.75 (see Figure 3.28B). The latter assignments for Hs,

He, Hi7, Hig, and Hig matched previous *H assignments (Blanco et al., 2014), (Kiss et al., 2018).
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Figure 3.28C *C Spectrum of DHEA Ci7-(R)-Nsprobe (5)

The loss of the TBDPS protecting group was shown by the reduction of peaks between &¢
120-140 (see Figure 3.28C). In addition, &¢ 121.45 and d¢ 140.69 were identified as Cs and Cs

based on chemical shift and peak height (see Figure 3.28C).
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Figure 3.29 Initial *H-'H COSY Correlations for DHEA Ci7-(R)-N3 probe (5)

Diastereotopic protons, & 2.28 (Hs) and 81 2.28 (Hs), from the A ring were identified from
COSY correlations with Hz (0n 3.52) and He (01 5.35) (see Figure 3.29). Methylene protons, dx
1.85 (H2) and &4 1.45 (Hz), were discerned from COSY correlations with Hs (&n 3.52) (see Figure
3.29). In addition, diastereotopic protons &4 2.00 (H7) and 6+ 1.62 (H7) in the B ring were identified
from COSY correlations with He (04 5.35) (see Figure 3.29). In the D ring, diastereotopic protons

On 2.16 (His) and &4 1.62 (Hie) were discerned from COSY correlations with Hi7 (0w 3.52) (see

Figure 3.29).
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Figure 3.30A 'H-'H COSY Correlations in D ring for DHEA Ci17-(R)-Nsprobe (5)
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Figure 3.30B 'H-3C HSQC Correlations in D ring for DHEA Ci7-(R)-Nsprobe (5)
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Figure 3.30C *H-3C HMBC Correlations in D ring for DHEA Ci7-(R)-Nsprobe (5)
Starting with the D ring, &¢ 71.45 was identified as C17 from the HSQC correlation with &y

3.52 (H17) and HMBC correlations to m18 (& 0.75), the methyl protons on Cis (see Figure 3.30B
and 3.30C). Methylene protons, &+ 2.16 (His) and &4 1.62 (H+e), was correlated by HSQC to &c
28.71 (Cq6) (see Figure 3.30B). Next, diastereotopic protons, 641.23 (H1s) and 6+ 1.76 (His), was
discerned from COSY correlation to His (01 2.16) (see Figure 3.30A). From HSQC correlation, dn
1.23 (H1s) and 04 1.76 (His), showed HSQC correlation to 6¢ 24.81 (Cis) (see Figure 3.30B). Cis
(6c 49.86) was identified by HMBC correlation to m18 (81 0.75) (see Figure 3.30C). His (61 1.23)
was distinguished based from HSQC correlation to Ci4 (0c 49.86) (see Figure 3.30B). Methyl
protons, m18 (&x 0.75), were discerned from HMBC correlation to Ci7 (&c 71.45) (see Figure
3.30C). Continuing with m18, &c 17.44 (Cg) was identified from HSQC correlation to m18 and
HMBC correlation to &4 3.52 (H17) (see Figure 3.30B and 3.30C). Therefore, the methyl protons

on Cig9, m19, could be identified at &4 1.00 based on integration and splitting (see Figure 3.28B).
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Quaternary carbon, 6c 45.72 (Ci3), was discerned from HMBC correlation to m18 (&4 0.75) and

no observable HSQC correlation (see Figure 3.30B and 3.30C).
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Next with the B ring, methyl protons, m19 (&x 1.00) exhibited HSQC correlation to 8¢ 19.46
(C19) (see Figure 3.31A). dc 140.69 (Cs) was determined on the basis of no HSQC correlation,
chemical shift, and HMBC correlation to m19 (&4 1.00) (see Figure 3.31B and 3.31D). Vinyl
carbon, Ce (6c 121.45) was correlated by HSQC to &4 5.35 (He) (see Figure 3.31B). Methylene
protons, &4 2.00 (H7) and du 1.62 (H7), exhibited HSQC correlation to &¢c 32.14 (C-) (see Figure
3.31A). Cg (6¢ 32.04) was correlated by HMBC to 61 1.62 (H7) (see Figure 3.31C). Methine proton,
Hs, was discerned at o4 1.45 based on HMBC correlation to Cis (8¢ 24.81) and HSQC correlation
to Cs (0c 32.04) (see Figure 3.31A and 3.31C). The remaining methine proton, Hy (&n 0.96),
displayed correlation by HSQC to 8¢ 49.76 (Co) and by HMBC to &¢ 19.46 (Cio) (see Figure 3.31A
and 3.31C). Quaternary carbon, Cio (8¢ 36.55), was assigned based on HMBC correlation to He

(61 5.35) along with m19 (6 1.00) and no HSQC correlation (see Figure 3.31A and 3.31C).
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Figure 3.32B 'H-*C HMBC Correlations in A ring for DHEA Ci7-(R)-N3 probe (5)

Continuing with the A ring, dx 3.52 (H3) exhibited HSQC correlation to d¢ 71.69 (Cs) (see
Figure 3.32A). Methylene protons, 6x 2.28 (H.) and &n 2.28 (Hy), displayed HSQC correlation to
Oc 42.23 (C4), which shows HMBC correlation to Hs (&n 5.35) (see Figure 3.32A and 3.32B).
Diastereotopic protons, &4 1.85 (H2) and &4 1.45 (H2), displayed HSQC correlation to ¢ 31.61
(C2), which showed HMBC correlation to Hs (01 2.28) and H,s (61 2.28) (see Figure 3.32A and
3.32B). 8¢ 37.26 (C,) was discerned from HMBC correlation to m19 (&4 1.00) (see Figure 3.32B).
From there, methylene protons, 6+ 1.85 (Hi) and &4 1.09 (H+) displayed HSQC correlation to dc

37.26 (C,) along HMBC correlation to 8¢ 31.61 (Cy), 8¢ 71.69 (C3), and 6¢ 19.46 (Cio) (see Figure

3.32A and 3.32B).
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Figure 3.33B H-*C HMBC Correlations in C ring for DHEA Ci7-(R)-Nsprobe (5)
Concluding with the C ring, &¢c 32.47 (C12) displayed HMBC correlations to m18 (&4 0.75)
(see Figure 3.33B). 61 1.62 (H12) and 64 1.62 (H12) were discerned from HSQC correlations to 6c
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32.47 (C12) and HMBC correlations to Ciz (8¢ 45.72) and Cis (6c 17.44) (see Figure 3.33A and
3.33B). The remaining &¢ 20.62 (C11) displayed HSQC correlation to &4 1.62 (H11) and &4 1.45

(H11) (see Figure 3.33A), thus completing full assignment of DHEA Ci7-(R)-N3 probe (5).
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Figure 3.34 'H-'H NOESY Correlations for DHEA Ci7-(R)-Nsprobe (5)

The stereochemistry of the azide group at C;7 is “R” based on NOESY correlation between

0n3.52 (H17) and 64 0.75 (m18) (see Figure 3.34).

124



Section 3.7: DHEA Ci7 lodide PG (6)

Figure 3.35A Chair Conformation for 6
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Figure 3.35B 'H Spectrum of DHEA Ci; lodide PG (6)

Aromatic protons of the TBDPS group were distinguished at d4 7.68 and &4 7.36 (see

Figure 3.35B). d4 5.13, dn 4.34, and &+ 3.54 were identified as He, H17, and Hs respectively based
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on chemical shift and splitting (see Figure 3.35B). &4 0.99 and &4 0.81 were discerned as the
methyl protons on Cis or Ci9 based on integration and splitting (see Figure 3.35B). The latter
assignments for Hs, He, Hi7, His, and Hig matched previous H assignments (Blanco et al., 2014),

(Kiss et al., 2018), and (Jan et al., 2016).
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Figure 3.35C 13C Spectrum of DHEA Ci7 lodide PG (6)

The substitution of the hydroxyl group to an iodide group through an Appel reaction was
potentially observed by the loss of d¢ 81.91 (Ci7, 3) based on DHEA Ci7 OH PG (3) (see Figure
3.35C). 6¢ 73.19 was identified as Cs based on chemical shift and previous characterization of Cs

for DHEA C17 OH PG (3) (see Figure 3.35C).
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Figure 3.35D DEPT-135 Spectrum of DHEA Ci7 lodide PG (6)
Oc 120.89, d¢ 73.19, 8¢ 49.43, 0c 48.12, &¢c 32.54, d¢c 27.04, dc 19.57, and d¢ 15.47 were

identified to be either -CH or -CHs groups (see Figure 3.35D). &c 42.46, ¢ 40.66, &c 37.22, dc
36.82, 6¢ 31.95, d¢ 31.87, 6¢ 25.18, and d¢ 21.79 were discerned to be -CH- groups (see Figure
3.35D). &c 141.18, dc 45.18, dc 36.49, and &¢ 19.18 were distinguished as quaternary carbons

(see Figure 3.35D).
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Figure 3.36 Initial *H-'H COSY Correlations for

DHEA Cy7 lodide PG (6)

Diastereotopic protons, 64 2.34 (Hs) and 64 2.14 (Hs), from the A ring were identified from

COSY correlations with Hz (dn 3.54) and He (0w 5.13) (see Figure 3.36). Methylene protons, dx

1.71 (H2) and &4 1.53 (Hz), were discerned from COSY correlations with Hs (&1 3.54) (see Figure

3.36). In addition, diastereotopic protons &4 1.95 (H7) and 6+ 1.53 (H7) in the B ring were identified

from COSY correlations with He (01 5.13) (see Figure 3.36). In the D ring, diastereotopic protons

On 2.77 (His) and &y 2.40 (H1e) were discerned from COSY correlations with Hi; (0w 4.34) (see

Figure 3.36).
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Figure 3.37B DEPT-135 Correlations in D ring for DHEA Ci7 lodide PG (6)
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Starting with the D ring, &c 48.12 was identified as C17 from the HSQC correlation to &n
4.34 (H17) and HMBC correlations to m18 (d+ 0.81) (see Figure 3.37C and 3.37D). Hi7 (Ou 4.34)
also displayed HMBC correlation to C14 (6c 49.43) (see Figure 3.37D). Methylene protons, 64 2.77
(H1e) and 6w 2.40 (H+e), were correlated by HSQC to &¢c 36.82 (Cis) (see Figure 3.37C). With
COSY correlations with His (dn 2.77), diastereotopic protons His (dn 1.85) and His (O 1.28) were
identified (see Figure 3.37A). In regard to His (&u 1.85), methine proton, His (0n 1.53), was
distinguished by COSY correlation (see Figure 3.37A). Next, diastereotopic protons, &+ 1.85 (His)
and 6y 1.28 (H15), showed a HSQC correlation to ¢ 25.18 (Cis) (see Figure 3.37C). His (61 1.53)
displayed a HSQC correlation to dc 49.43 (C14), HMBC correlation to Cis (8¢ 25.18), and DEPT-
135 -CH correlation (see Figure 3.37B, 3.37C, and 3.37D). Quaternary carbon, &c 45.18 (Ci3),
was discerned from HMBC correlation to Hie (01 2.40) along with m18 (64 0.81) and no observable
HSQC correlation (see Figure 3.37C and 3.37D). Continuing with m18, &¢ 15.47 (Cis) was
identified from HSQC correlation to m18 and HMBC correlation to 64 4.34 (H17) (see Figure 3.37C
and 3.37D). Therefore, the methyl protons on Ci9, m19, could be identified at &4 0.99 based on

integration and splitting (see Figure 3.35B).
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Figure 3.38A DEPT-135 Correlations in B ring for DHEA Ci7 lodide PG (6)
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Next with the B ring, methyl protons, m19 (8 0.99) exhibited HSQC correlation to 8¢ 19.57
(C19) (see Figure 3.38B). dc 141.18 (Cs) was determined on the basis of no HSQC correlation,
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chemical shift, HMBC correlation to m19 (&4 0.99), and no DEPT-135 correlation (see Figure
3.38A, 3.38C and 3.38E). Vinyl carbon, Cs (8¢ 120.89) was correlated by HSQC to 64 5.13 (Hs)
(see Figure 3.38C). Methylene protons, &4 1.95 (H7) and 61 1.53 (H7), exhibited HSQC correlation
to ¢ 31.95 (C-) (see Figure 3.38B). Cs (6c 32.54) was correlated by HMBC to His (6 1.28) and
DEPT-135 -CH correlation (see Figure 3.38A and 3.38D). Hg (0w 1.38) was correlated by HSQC
to 8¢ 32.54 (Cs) (see Figure 3.38B). Based on DEPT-135 and HSQC spectra, ¢ 49.43 contained
two methine carbons (see Figure 3.38A and 3.38B). Therefore, the remaining methine proton, He
(61 0.89), was correlated by HSQC to 8¢ 49.43 (Cy), HMBC to 8¢ 19.57 (C19), and DEPT-135 -CH
correlation (see Figure 3.38A, 3.38B, and 3.38D). Quaternary carbon, Cio (dc 36.49), was
identified by HMBC correlation to He (61 5.13), no HSQC correlation, and no DEPT-135 correlation

(see Figure 3.38A, 3.38B, and 3.38D).
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Figure 3.39A DEPT-135 Correlations in A ring for DHEA Ci7 lodide PG (6)
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Figure 3.39C H-*C HMBC Correlations in A ring for DHEA Ci7 lodide PG (6)
Continuing with the A ring, dn 3.54 (Hs) exhibited HSQC correlation to d¢ 73.19 (Cs) (see

Figure 3.39B). Methylene protons, 64 2.34 (H4) and dn 2.14 (Hs), displayed HSQC correlation to

Oc 42.46 (C4), which shows HMBC correlation to He (dn 5.13) (see Figure 3.39B and 3.39C).
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Diastereotopic protons, 64 1.71 (Hz) and &n 1.53 (H2), displayed HSQC correlation to &¢ 31.87
(C2), which showed HMBC correlation of Hs (81 2.14) (see Figure 3.39B and 3.39C). 8¢ 37.22 (C,)
was discerned from HMBC correlation to m19 (64 0.99) (see Figure 3.39C). From there, methylene
protons, &4 1.71 (Hi1) and &4 0.89 (H+) displayed HSQC correlation to 6¢ 37.22 (C1) (see Figure
3.39B). The tert-butyl (t-Bu) protons of TBDPS were recognized as the dx 1.07 singlet, which
integrated to nine (see Figure 3.35B). In addition, 8¢ 27.04 (t-Bu) displayed HSQC correlation to
0w 1.07 (t-Bu) (see Figure 3.39B). &¢ 19.15 (t-Bu) displayed HMBC correlation to &+ 1.07 (t-Bu)

and no DEPT-135 correlation (see Figure 3.39A and 3.39C).
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Figure 3.40A DEPT-135 Correlations in C ring for DHEA Ci7 lodide PG (6)
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Figure 3.40C H-*C HMBC Correlations in C ring for DHEA Ci7 lodide PG (6)
Concluding with the C ring, 6 40.66 (C12) displayed moderate to strong HMBC correlations

to m18 (& 0.81) and Hq1 (On 1.28) (see Figure 3.40C). dn 1.53 (Hi2) and &4 1.38 (H12) were
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discerned from HSQC correlations to 6¢ 36.58 (C12), HMBC correlation to Cis (15.47) and DEPT-
135 -CH correlation (see Figure 3.40A, 3.40B, and 3.40C). The remaining &c 21.79 (Ci1)

displayed HSQC correlation to &4 1.53 (H11) and 6+ 1.28 (H1+) (see Figure 3.40B), thus completing

full assignment of DHEA C7 lodide PG (6).
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Figure 3.41 'H-'H NOESY Correlations for DHEA Ci7 lodide PG (6)

The stereochemistry of the iodide group at Ci7 is “R” based on NOESY correlation

between 64 4.34 (H17) and 8+ 0.81 (m18) (see Figure 3.41).
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Section 3.8: DHEA C17-(S)-N3 PG (7)

Figure 3.42A Chair Conformation for 7
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Figure 3.42B H Spectrum of DHEA Ci17-(S)-N3s PG (7)
Aromatic protons of the TBDPS group were identified at 64 7.36, &4 7.41, and &n 7.67

based upon chemical shift (see Figure 3.42B). &4 5.11, &4 3.28, and &4 3.52 were identified as

He, Hi7, and Hs respectively based upon chemical shift and splitting (see Figure 3.42B). The
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methyl protons on Cis and Cig9 could be identified at either &4 0.99 or &4 0.74 (see Figure 3.42B).
The latter assignments for Hs, He, Hi7, Hig, and His matched previous *H assignments (Blanco et

al., 2014), (Kiss et al., 2018).
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Figure 3.42C 13C Spectrum of DHEA Ci17-(S)-N3 PG (7)

The loss of 8¢ 48.12 (Ci7, 6) and gain of &¢ 71.23 (Ci7, 7) indicates the substitution of the
iodide group through an Sy2 reaction to an azide group based on DHEA Ci7 lodide PG (6) (see
Figure 3.42C). 8¢ 73.14 was identified as Cs based on chemical shift and previous characterization

of C; for DHEA Cy7 lodide PG (6) (see Figure 3.42C).
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Figure 3.43 Initial *H-'H COSY Correlations for DHEA C17-(S)-N3 PG (7)

Diastereotopic proton, &4 2.33 (H4), from the A ring was identified from COSY correlations
with Hs (6n 3.52) and He (On 5.11) (see Figure 3.43). Hs (0n 2.13) was identified by COSY
correlation to Hs (0n 3.52) and chemical shift (see Figure 3.43). Methylene protons, &4 1.68 (H>)
and &4 1.60 (H2), were discerned from COSY correlations with Hs (81 3.52) (see Figure 3.43). In
addition, diastereotopic protons 64 1.90 (H;) and &x 1.42 (H7) in the B ring were identified from
COSY correlations with He (n 5.11) (see Figure 3.43). In the D ring, diastereotopic protons, o«

2.01 (Hi6) and 01 1.60 (H1e) were discerned from COSY correlations with Hi7 (04 3.28) (see Figure

3.43).
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Figure 3.44A H-'H COSY Correlations in D ring for DHEA C17-(S)-N3 PG (7)
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Figure 3.44B H-1*C HSQC Correlations in D ring for DHEA C17-(S)-N3 PG (7)
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Figure 3.44C H-*C HMBC Correlations in D ring for DHEA C17-(S)-N3 PG (7)

Starting with the D ring, &¢ 71.23 was identified as Ci7 from the HSQC correlation with &y
3.28 (H17) and HMBC correlations to m18 (&4 0.74), the methyl protons on Cis (see Figure 3.44B
and 3.44C). Methylene protons, du 2.01 (Hi6) and &x 1.60 (H1e), were correlated by HSQC to &c
26.91 (Cip) (see Figure 3.44B). Next, diastereotopic proton, &y 1.26 (H+s), was discerned from
COSY correlation to His (6n 2.01) (see Figure 3.44A). From HSQC correlation, dn 1.26 (H1s)
showed HSQC correlation to 8¢ 23.61 (Cis) and His (81 1.60) was identified by HSQC correlation
to Ci5(0c 23.61) in addition to COSY correlation to &4 2.01 (Hie) (see Figure 3.44A and 3.44B).
Cis (8¢ 52.41) was identified by HMBC correlation to m18 (84 0.74) (see Figure 3.44C). His (01
0.94) was distinguished based on HSQC correlation to Cisa (6c 52.41) (see Figure 3.44B).
Continuing with m18, &¢c 12.11 (Cis) was identified from HSQC correlation to m18 (64 0.74) and
HMBC correlation to 8y 3.28 (Hi17) (see Figure 3.44B and 3.44C). Therefore, the methyl protons

on Ci9, m19, could be identified at &4 0.99 based on integration and splitting (see Figure 3.42B).
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Quaternary carbon, 6c 44.21 (Ci3), was discerned from HMBC correlation to m18 (&4 0.74) and

no observable HSQC correlation (see Figure 3.44B and 3.44C).
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Figure 3.45A H-C HSQC Correlations in B ring for DHEA C17-(S)-N3 PG (7)
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Figure 3.45B 'H-3C HSQC Correlations in B ring for DHEA C17-(S)-N3 PG (7) (Cs-Ce)
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Next with the B ring, methyl protons, m19 (64 0.99) exhibited HSQC correlation to 8¢ 19.45
(C19) (see Figure 3.45A). dc 141.41 (Cs) was determined on the basis of no HSQC correlation,
chemical shift, and HMBC correlation to m19 (&4 0.99) (see Figure 3.45B and 3.45D). Vinyl
carbon, Cs (6c 120.64) was correlated by HSQC to &4 5.11 (He) (see Figure 3.45B). Methylene
protons, &4 1.90 (H;) and dn 1.42 (H7), exhibited HSQC correlation to d¢ 31.50 (C-) (see Figure
3.45A). Cg (6c 31.95) was correlated by HMBC to 64 1.90 (H7) (see Figure 3.45C). Methine proton,
Hs, was discerned at &4 1.42 based on HMBC correlation to C7 (8¢ 31.50) and HSQC correlation
to Cs (0c 31.95) (see Figure 3.45A and 3.45C). The remaining methine proton, Hy (&n 0.85),
displayed correlation by HSQC to 8¢ 49.99 (Co) and by HMBC to ¢ 19.45 (Cio) (see Figure 3.45A
and 3.45C). The remaining quaternary carbon, Cio (dc 36.55), was assigned based on HMBC

correlation to m19 (&4 0.99) along with Hg (81 0.85) and no HSQC correlation (see Figure 3.45A

and 3.45C).
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Figure 3.46A H-1*C HSQC Correlations in A ring for DHEA C17-(S)-N3 PG (7)
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Figure 3.46B H-*C HMBC Correlations in A ring for DHEA C17-(S)-N3 PG (7)
Continuing with the A ring, dn 3.52 (H3) exhibited HSQC correlation to &¢ 73.14 (Cs) (see

Figure 3.46A). Methylene protons, 6x2.33 (Hs) and &n 2.13 (Hy), displayed HSQC correlation to
Oc 42.45 (C4), which shows HMBC correlation to Hes (81 5.11) (see Figure 3.46A and 3.46B).
Diastereotopic protons, &4 1.68 (Hz) and &4 1.60 (H2), displayed HSQC correlation to &¢ 31.82
(C2), which showed HMBC correlation to Ha (81 2.13) (see Figure 3.46A and 3.46B). 8¢ 37.21 (Ca)
was discerned from HMBC correlation to m19 (84 0.99) and Hz (&n 1.60) (see Figure 3.46A and
3.46B). From there, methylene protons, &4 1.68 (H1) and 64 0.85 (H+) displayed HSQC correlation
to 8¢ 37.21 (C41) and HMBC correlation to ¢ 73.14 (Cs) (see Figure 3.46A and 3.46B). The tert-
butyl (t-Bu) protons of TBDPS were recognized based as the &4 1.05 singlet, which integrated to
nine (see Figure 3.42B). In addition, 6¢ 27.00 (t-Bu) displayed HSQC correlation to 6 1.05 (t-Bu)
(see Figure 3.46A). dc 19.15 (t-Bu) displayed HMBC correlation to &4 1.05 (t-Bu) (see Figure

3.46B).
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Figure 3.47A H-C HSQC Correlations in C ring for DHEA C17-(S)-N3 PG (7)
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Figure 3.47B H-C HMBC Correlations in C ring for DHEA C17-(S)-N3 PG (7)
Concluding with the C ring, ¢ 37.07 (C12) displayed HMBC correlations to m18 (6w 0.74)

and Hi7 (8w 3.28) (see Figure S3.21). &4 1.85 (Hi12) and &4 1.09 (H12) were discerned from HSQC
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correlations to &¢ 37.07 (C12) and HMBC correlations to Ci3 (6c 44.21) and Cig (6¢c 12.11). The
remaining &c 20.57 (Cy1) displayed HSQC correlation to &4 1.51 (H11) and 6w 1.42 (Hiv), thus

completing full assignment of DHEA C17-(S)-N3s PG (7).
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Figure 3.48 'H-'H NOESY Correlations for DHEA C17-(S)-N3 PG (7)

The stereochemistry of the azide group at Ci7 is “S” based on NOESY correlation between

On 3.28 (H17) and 61 0.94 (H1s) (see Figure 3.48).
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Section 3.9: DHEA Ci7.16 Alkene PG (7a)

Figure 3.49A Chair Conformation of 7a
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Figure 3.49B 'H Spectrum of DHEA Ci7.16 Alkene PG (7a)
Aromatic protons of the TBDPS group were identified at 64 7.36, &4 7.41, and &n 7.68

based upon chemical shift (see Figure 3.49B). o4 5.14 and o4 3.53 were identified as He and Hs

respectively based upon chemical shift, splitting, and previous characterization of 1 to 7 (see
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Figure 3.49B). dn 5.82 and dn 5.69 were identified as Hi7 and His, respectively based upon
chemical shift and splitting (see Figure 3.49B). The methyl protons on Cis and Ci9 could be
identified at either &y 1.02 or &y 0.76 (see Figure 3.49B). The latter assignments for Hs, Hs, His,

Hi7, His, and Hie matched previous H assignments (Blanco et al., 2014), (Kiss et al., 2018).
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Figure 3.49C 13C Spectrum of DHEA Ci7.16Alkene PG (7a)

The appearance of two additional vinyl peaks at &c 143.86 and d¢c 129.35 indicates a
double bond may be present between Ci7 and Cis (see Figure 3.49C). 8¢ 141.58 and 6¢ 120.98
were identified as Cs and Cs respectively based on chemical shift and previous characterization
of Ce/Cs for DHEA C17 lodide PG (6) (see Figure 3.49C). In addition, the presence of the aromatic
carbons of the TBDPS group were detected based on the appearance of previously observed

carbon peaks between &¢c 120-140 (see Figure 3.49C).
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Figure 3.50 Initial *H-H COSY Correlations for DHEA Ci7.16 Alkene PG (7a)

Diastereotopic proton, &4 2.34 (H4), from the A ring was identified from COSY correlations
with Hs (6n 3.53) and He (On 5.14) (see Figure 3.50). oy 2.14 (Hs) was identified by COSY
correlation to Hs (& 3.53) and chemical shift (see Figure 3.50). Methylene protons, &4 1.68 (H>)
and 064 1.59 (Hz), were discerned from COSY correlations with Hs (01 3.53) (see Figure 3.50). In
addition, diastereotopic protons o4 1.94 (H;) and &4 1.51 (H7) in the B ring were identified from
COSY correlations with He (8n 5.14) (see Figure 3.50). In the D ring, diastereotopic protons, o«

2.08 (His) and &4 1.89 (His) were discerned from COSY correlations with o4 5.82 (Hi7) and on

5.69 (Hie) (see Figure 3.50).
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Starting with the D ring, dn 5.82 (H17) displayed moderate NOESY correlation to m18 (dn
0.76), the methyl protons on Cis (see Figure 3.51E). &c 143.86 was identified as C,7 from HSQC
correlation with &4 5.82 (H17) and strong HMBC correlations to m18 (&4 0.76) (see Figure 3.51B
and 3.51D). Next, 6+ 5.69 (His) exhibited HMBC correlation to C17 (8¢ 143.86) (see Figure 3.51D).
Vinyl proton, &y 5.69 (Hi6) was correlated by HSQC to &¢ 129.35 (Cis) (see Figure 3.51B). 61 2.08
(His) and 64 1.89 (H1s) showed HSQC correlation to d¢c 32.08 (Cis) (see Figure 3.51A). Cis (8¢
56.21) was identified by HMBC correlation to m18 (64 0.76) (see Figure 3.51C). Hi4 (0w 1.25) was
distinguished based on HSQC correlation to Ci4 (8¢ 56.21) (see Figure 3.51A). Continuing with
m18, &¢c 16.84 (Cis) was identified from HSQC correlation to m18 (64 0.76) (see Figure 3.51A).
Therefore, the methyl protons on Ci9, m19, could be identified at 64 1.02 based on integration and
splitting (see Figure 3.49B). Quaternary carbon, &c 45.37 (Ci3), was discerned from HMBC

correlation to m18 (d40.76) and no observable HSQC correlation (see Figure 3.51A and 3.51C).
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Next with the B ring, methyl protons, m19 (6x 1.02) exhibited HSQC correlation to 6¢ 19.37
(C19) (see Figure 3.51A). dc 141.58 (Cs) was determined on the basis of no HSQC correlation,
chemical shift, and HMBC correlation to m19 (&4 1.02) (see Figure 3.52B and 3.52D). Vinyl
carbon, Cs (6c 120.98) was correlated by HSQC to &4 5.14 (He) (see Figure 3.52B). Methylene
protons, &u 1.94 (H;) and du 1.51 (H7), exhibited HSQC correlation to &¢ 31.72 (C-) (see Figure
3.52A). C5 (6¢ 30.41) was correlated by HMBC to 64 1.94 (H7) and He (861 5.14) (see Figure 3.52C).
Methine proton, Hs, was discerned at &4 1.59 based on HMBC correlation to Ci3 (01 45.37) and
HSQC correlation to Cg (0c 30.41) (see Figure 3.52A and 3.52C). The remaining methine proton,
Hs (61 0.91), displayed correlation by HSQC to 8¢ 50.86 (Cg) and by HMBC to 8¢ 19.37 (Cio) (see
Figure 3.52A and 3.52C). Quaternary carbon, Cio (8¢ 36.80), was assigned based on HMBC

correlation to Hs (61 5.14) and m19 (&x 1.02) and no HSQC correlation (see Figure 3.52A and

3.52C).
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Continuing with the A ring, &4 3.53 (H3) exhibited HSQC correlation to &¢ 73.23 (Cs) (see

Figure 3.53A). Methylene protons, o4 2.34 (H4) and dn 2.14 (Hs), displayed HSQC correlation to
Oc 42.54 (C4), which showed HMBC correlation to Hes (0n 5.14) (see Figure 3.53A and 3.53B).
Diastereotopic protons, &4 1.68 (H2) and &u 1.59 (H2), displayed HSQC correlation to &¢ 31.89
(C2), which showed HMBC correlation to Ha (81 2.14) (see Figure 3.53A and 3.53B). 8¢ 37.16 (Ca)
was discerned from HMBC correlation to m19 (64 1.02) and Hx (614 1.59) (see Figure 3.53B). From
there, methylene protons, &4 1.68 (H1) and 6+ 0.86 (H+) displayed HSQC correlation to ¢ 37.16
(C1) and HMBC correlation to Cs (8¢ 73.23) along with Cig (8¢ 19.37) (see Figure 3.53A and
3.53B). The tert-butyl (t-Bu) protons of TBDPS were recognized based as the 84 1.06 singlet,
which integrated to nine (see Figure 3.49B). In addition, &c 27.02 (t-Bu) displayed HSQC
correlation to o4 1.06 (t-Bu) (see Figure 3.49A). d¢ 19.16 (t-Bu) displayed HMBC correlation to dn

1.06 (t-Bu) (see Figure 3.53B).
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Figure 3.54B H-*C HMBC Correlations in C ring for DHEA Ci7.16 Alkene PG (7a)
Concluding with the C ring, &¢ 35.86 (C12) displayed HMBC correlations to m18 (6w 0.76)

and Hai7 (& 5.82) (see Figure 3.54B). 61 1.73 (H12) and &+ 1.33 (H12) were discerned from HSQC
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correlations to &¢ 35.86 (Ci12) and strong HMBC correlations to Cis (8¢ 45.37) and Cis (8¢ 16.84)
(see Figure 3.54A and 3.54B). The remaining &¢c 20.81 (C11) displayed HSQC correlation to &n

1.51 (H11) and 64 1.48 (H11) (see Figure 3.54A), thus completing full assignment of DHEA Ci7.16

Alkene PG (7a).
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Section 3.10: DHEA C17-(S)-Nz probe (8)

Figure 3.55A Chair Conformation of 8

1300
1200
1100
/ f {1000
900

800

H17 (1) H18 (s)

['77 7o
H6 (dt) H3 (m) H19 (s)
5.35 3.52

.02

600

500
{400
300

200

L WL

17 1

g

-100

T T T T T T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

T T T T T
8.0 7.5 7.0 6.5 6.0

Figure 3.55B *H Spectrum of DHEA Ci7-(S)-Nsprobe (8)

There is no presence of the TBDPS protecting group as nothing appeared from &4 6.5-8
(see Figure 3.55B). &4 5.35, du 3.32, and o4 3.52 were identified as Hs, Hi7, and Hs respectively

based upon chemical shift and splitting (see Figure 3.55B). The methyl protons on Cis and Cig
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could be identified at either &4 1.02 or &4 0.77 (see Figure 3.55B). The latter assignments for Hs,

He, Hi7, Hig, and Hig matched previous *H assignments (Blanco et al., 2014), (Kiss et al., 2018).
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Figure 3.55C *C Spectrum of DHEA C;7-(S)-Nzprobe (8)

The loss of the TBDPS protecting group was shown by the reduction of peaks between &¢
120-140 (see Figure 3.55C). &¢ 140.89 and &¢ 121.23 were identified as Cs and Cs respectively

based on chemical shift and peak height (see Figure 3.55C).
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Figure 3.56 Initial *H-'H COSY Correlations for DHEA Ci7-(S)-Nsprobe (8)

Diastereotopic proton, &x2.24 (Hs), from the A ring was identified from COSY correlations
with Hsz (&n 3.52) and Hs (0w 5.35) (see Figure 3.56). oy 2.30 (H4) was identified by COSY
correlation to Hs (0w 3.52) and chemical shift (see Figure 3.56). Methylene protons, &4 1.85 (H>)
and 04 1.49 (Hz), were discerned from COSY correlations with Hs (01 3.52) (see Figure 3.56). In
addition, diastereotopic protons &4 1.99 (H;) and &x 1.49 (H7) in the B ring were identified from
COSY correlations with Hg (01 5.35) (see Figure 3.56). In the D ring, diastereotopic protons on

2.04 (Hi6) and 01 1.61 (Hie) were discerned from COSY correlations with Hi7 (01 3.32) (see Figure

3.56).
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Figure 3.57C *H-3C HMBC Correlations in D ring for DHEA C17-(S)-N3 probe (8)

Starting with the D ring, &¢ 71.24 was identified as C17 from the HSQC correlation with &y
3.32 (H17) and HMBC correlations to m18 (04 0.77), the methyl protons on Cis (see Figure 3.57B
and 3.57C). Methylene protons, &+ 2.04 (Hi6) and &4 1.61 (H+e), was correlated by HSQC to oc
26.93 (Cq6) (see Figure 3.57B). Next, diastereotopic protons, 641.29 (H1s) and 6+ 1.67 (His), was
discerned from COSY correlation to His (81 2.04) (see Figure 3.57A). From HSQC correlation, dn
1.29 (H1s) and & 1.67 (His), showed HSQC correlation to 6¢ 23.64 (Cis) (see Figure 3.57B). Ci4
(6¢ 52.43) was identified by HMBC correlation to m18 (64 0.77) (see Figure 3.57C). Hi4 (01 1.00)
was distinguished based from HSQC correlation to Ci14 (8¢ 52.43) (see Figure 3.57B). Continuing
with m18, &¢ 12.15 (Cig) was identified from HSQC correlation to m18 and HMBC correlation to
On 3.32 (H17) (see Figure 3.57B and 3.57C). Therefore, the methyl protons on Ci9, m19, could be
identified at &4 1.02 based on integration and splitting (see Figure 3.55B). Quaternary carbon, &c
44.23 (Ci3), was discerned from HMBC correlation to m18 (d+ 0.77) and no observable HSQC

correlation (see Figure 3.57B and 3.57C).
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Figure 3.58D 'H-3C HMBC Correlations in B ring for DHEA C17-(S)-Nz probe (8) (Cs-Cs)
Next with the B ring, methyl protons, m19 (8 1.02) exhibited HSQC correlation to d¢c 19.44

(C19) (see Figure 3.58A). dc 140.89 (Cs) was determined on the basis of no HSQC correlation,

168



chemical shift, and HMBC correlation to m19 (&n 1.02) (see Figure 3.58B and 3.58D). Vinyl
carbon, Cs (8¢ 121.23) was correlated by HSQC to &4 5.35 (Hs) (see Figure 3.58B). Methylene
protons, &4 1.99 (H;) and dn 1.49 (H7), exhibited HSQC correlation to &¢ 31.53 (C-) (see Figure
3.58A). Cs (8¢ 32.00) was correlated by HMBC to 61 1.99 (H7), 61 1.29 (Hs) and 61 1.67 (His) (see
Figure 3.58C). Methine proton, Hg, was discerned at &4 1.49 based on HMBC correlation to Cis
(6¢ 23.64) and HSQC correlation to Cs (8¢ 32.00) (see Figure 3.58A and 3.58C). The remaining
methine proton, He (61 0.95), displayed correlation by HSQC to &¢ 50.07 (Cq) and by HMBC to 8¢
19.44 (Cy9) (see Figure 3.58A and 3.58C). Quaternary carbon, Cio (0¢c 36.58), was assigned based
on HMBC correlation to Hs (81 5.35), m19 (& 1.02), and no observable HSQC correlation (see

Figure 3.58A and 3.58C).
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Continuing with the A ring, dx 3.52 (Hs) exhibited HSQC correlation to d¢c 71.71 (Cs) (see
Figure 3.59A). Methylene protons, 64 2.30 (H4) and 04 2.24 (Hs), displayed HSQC correlation to
Oc 42.25 (C4), which shows HMBC correlation to Hs (6n 5.35) (see Figure 3.59A and 3.59B).
Diastereotopic protons, &4 1.85 (H.) and &4 1.49 (H2), displayed HSQC correlation to ¢ 31.63
(C2), which showed HMBC correlation to Hs (01 2.24) and H,s (61 2.30) (see Figure 3.59A and
3.59B). 8¢ 37.27 (Cy) was discerned from HMBC correlation to m19 (&1 1.02) (see Figure 3.59B).
From there, methylene protons, 64 1.85 (H;) and 64 1.08 (H+) displayed HSQC correlation to &¢c

37.27 (C1) and HMBC correlation to 8¢ 19.44 (Cag) along with ¢ 71.71 (Cs) (see Figure 3.59A and

3.59B).
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Figure 3.60B H-*C HMBC Correlations in C ring for DHEA C17-(S)-Ns probe (8)
Concluding with the C ring, &¢ 37.09 (C12) displayed HMBC correlations to m18 (6w 0.77)

(see Figure 3.60B). &4 1.90 (H12) and &+ 1.16 (Hi2) were discerned from HSQC correlations to dc
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37.09 (C12) and strong HMBC correlations to Ci3 (8¢ 44.23) and Cis (8¢ 12.15) (see Figure 3.60A
and 3.60B). The remaining &¢ 20.64 (C11) displayed HSQC correlation to &4 1.61 (H11) and 64 1.49

(H1r) (see Figure 3.60A), thus completing full assignment of DHEA C17-(S)-Nz probe (8).
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Figure 3.61 *H-'H NOESY Correlations for DHEA C17-(S)-N3probe (8)

The stereochemistry of the azide group at Ci7 is “S” based on NOESY correlation between

0r 3.32 (H17) and 61 1.00 (H14) (see Figure 3.61).
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Section 3.11: DHEA Ci7-(R)-N3 Click with MAN (29)

Figure 3.62A Chair Conformation of 29
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Figure 3.62B H Spectrum of DHEA Ci7-(R)-N3-MAN Product (29)

On 5.34, O 4.55, and o4 3.49 were identified as Hes, Hi7, and Hz respectively based upon
chemical shift, splitting, integration, and previous characterization of 5 (see Figure 3.62B). The
methyl protons on Cis and Cig could be identified at either &4 0.98 or &4 0.92 (see Figure 3.62B).
In addition, the triazole proton, NH-CHs, N-CH,, and NH-CHs could be identified at &4 7.55, on
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5.77, dn 5.48, and dn 3.11, respectively based on chemical shift, integration, and splitting (see
Figure 3.62B). The aromatic protons on MAN could be identified at d 8.46, d4 8.43, O1 7.98, Ou

7.45, and dy 6.64 based on chemical shift and splitting (see Figure 3.62B).
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Figure 3.62C 3C Spectrum of DHEA Ci7-(R)-Ns-MAN Product (29)

The formation of the triazole moiety could be observed by the loss of 6¢ 71.45 (Ci7, 5) and
gain of d¢ 70.18 (Ci7, 29) (see Figure 3.62C). d¢c 71.67 was identified as C3 based on chemical
shift and previous characterization of Cz for DHEA Ci7-(R)-Ns probe (5) (see Figure 3.62C). dc
140.61 and &¢ 121.40 were identified as Cs and Cs respectively based on chemical shift and
previous characterization of Cs/Cg for DHEA C17-(R)-N3 probe (5) (see Figure 3.62C). In addition,
the appearance of several peaks between d¢c 100-165 may signify the presence of MAN and the

triazole moiety (see Figure 3.62C).
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Figure 3.63 Initial *H-'H COSY Correlations for DHEA Ci7-(R)-N3-MAN Product (29)

Diastereotopic proton, 612.23 (Hs), from the A ring were identified from COSY correlations
with Hsz (6n 3.49) and Hs (0w 5.34) (see Figure 3.63). dn 2.28 (H4) was identified by COSY
correlation to Hs (0w 3.49) and chemical shift (see Figure 3.63). Methylene protons, &4 1.79 (H>)
and 64 1.37 (H2), were discerned from COSY correlations with Hs (&1 3.49) (see Figure 3.63). In
addition, diastereotopic protons o4 2.05 (H;) and &4 1.68 (H7) in the B ring were identified from
COSY correlations with Hg (01 5.34) (see Figure 3.63). In the D ring, diastereotopic protons on
2.45 (H16) and 1 2.23 (H1s) were discerned from COSY correlations with Hi7 (81 4.55) (see Figure

3.63).
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Figure 3.64C H-*C HMBC Correlations in D ring for DHEA Ci7-(R)-Ns-MAN Product (29)

Starting with the D ring, ¢ 70.18 was identified as C17 from the HSQC correlation with &y
4.55 (Hi7) and HMBC correlations to m18 (&4 0.92), the methyl protons on Cis (see Figure 3.64B
and 3.64C). Methylene protons, &4 2.45 (Hi6) and &n 2.23 (H+e), was correlated by HSQC to oc
28.66 (Ci6) (see Figure 3.64B). Next, diastereotopic protons, 641.37 (H1s) and &1 2.05 (His), was
discerned from COSY correlation to His (61 2.45) (see Figure 3.64A). From HSQC correlation, dx
1.37 (H1s) and 01 2.05 (His), showed HSQC correlation to 6¢ 25.33 (Cis) (see Figure 3.64B). Cis
(6¢ 50.04) was identified by HMBC correlation to m18 (81 0.92) (see Figure 3.64C). His (61 1.51)
was distinguished based from HSQC correlation to C14 (8¢ 50.04) (see Figure 3.64B). Continuing
with m18, &¢ 18.39 (Cis) was identified from HSQC correlation to m18 (& 0.92) and HMBC
correlation to &1 4.55 (H17) (see Figure 3.64B and 3.64C). Therefore, the methyl protons on Cig,
m19, could be identified at d4 0.98 based on integration and splitting (see Figure 3.62B).
Quaternary carbon, &c 46.04 (Ci3), was discerned from HMBC correlation to m18 (&x 0.92) and

no observable HSQC correlation (see Figure 3.64B and 3.64C).
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Figure 3.65A H-C HSQC Correlations in B ring for DHEA Ci7-(R)-N3-MAN Product (29)
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Figure 3.65D H-1*C HMBC Correlations in B ring for DHEA C17-(R)-Ns-MAN Product (29) (Cs-
Cs)

Next with the B ring, methyl protons, m19 (8 0.98) exhibited HSQC correlation to 8¢ 19.39

(C19) (see Figure 3.65A). dc 140.61 (Cs) was determined on the basis of no HSQC correlation,
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chemical shift, and HMBC correlation to m19 (&4 0.98) (see Figure 3.65B and 3.65D). Vinyl
carbon, Cs (0c 121.40) was correlated by HSQC to &4 5.34 (He) (see Figure 3.65B). Methylene
protons, &4 2.05 (H7) and du 1.68 (H7), exhibited HSQC correlation to &¢ 31.95 (C-) (see Figure
3.65A). Cg (06c 32.19) was correlated by HMBC to 6y 1.68 (H7) and His (6n 1.51) (see Figure
3.65C). Methine proton, Hs, was discerned at 64 1.51 based on HMBC correlation to C14 (8¢ 50.04)
and HSQC correlation to ¢ 32.19 (Cg) (see Figure 3.65A and 3.65C). The remaining methine
proton, Hy (6+ 0.82), displayed correlation by HSQC to &¢ 49.32 (Cy) and by HMBC to &¢ 19.39
(C19) (see Figure 3.65A and 3.65C). Quaternary carbon, Cio (8¢ 36.47), was assigned based on

HMBC correlation to He (01 5.34) and m19 (&4 0.98) and no HSQC correlation (see Figure 3.65A

and 3.65C).
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Figure 3.66A H-*C HSQC Correlations in A ring for DHEA Ci7-(R)-Ns-MAN Product (29)
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Figure 3.66B H-*C HMBC Correlations in A ring for DHEA Ci7-(R)-Ns-MAN Product (29)
Continuing with the A ring, &1 3.49 (H3) exhibited HSQC correlation to d¢ 71.67 (Cs) (see

Figure 3.66A). Methylene protons, o4 2.28 (H4) and 04 2.23 (Hy), displayed HSQC correlation to
Oc 42.20 (C4), which shows HMBC correlation to Hs (6n 5.34) (see Figure 3.66A and 3.66B).
Diastereotopic protons, &4 1.79 (H2) and &4 1.37 (H2), displayed HSQC correlation to d¢c 31.58
(C2), which showed HMBC correlation to Ha (61 2.28) (see Figure 3.66A and 3.66B). 8¢ 37.10 (C,)
was discerned from HMBC correlation to m19 (64 0.98) and Hy (61 0.83) (see Figure 3.66B). From
there, methylene protons, &4 1.74 (H1) and 6+ 0.98 (H+) displayed HSQC correlation to ¢ 37.10

(C1) and HMBC correlation to 8¢ 31.61 (C) (see Figure 3.66A and 3.66B).
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Concluding with the C ring, 8¢ 32.34 (C12) displayed strong HMBC correlations to m18 (&n

0.92) (see Figure 3.67B). 61 1.37 (H12) and 64 0.26 (H12) were discerned from HSQC correlations
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to &¢c 32.34 (C12) and HMBC correlations to Ciz (8¢ 46.04) and Cis (6c 18.39) (see Figure 3.67A
and 3.67B). The remaining 6¢ 20.39 (C11) displayed HSQC correlation to &4 1.37 (H11) and 61 1.37

(H1+) along with HMBC correlation to Hq2 (61 0.26) (see Figure 3.67A and 3.67B), thus completing
full assignment of DHEA Ci7-(R)-N3-MAN product (29).
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Figure 3.68 'H-'H NOESY Correlations for DHEA Ci7-(R)-Ns-MAN Product (29)

The stereochemistry of the triazole group at Ci7 is “R” based on NOESY correlation

between 61 4.55 (Hi7) and 64 0.92 (m18) (see Figure 3.68).
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Section 3.12: 'H and 3C NMR Shifts 1-8

Table 3.1 *H NMR Shifts 1-8

DHEA_PG DHEA Cl7 DHEA Cl7- DHEA Cl7. DHEA Cl7 DHEA C17' DHEA Cl7-16 DHEA Cl7
Proton # | DHEA (1) @ OH-PG |(R)-NsPG| (R)-Ns || g ©) (S)-N; PG| Alkene PG | (S)-N,
(3 (4) probe (5) (7) (7a) probe (8)

1 1.862 1.71 1.73 1.7 1.86 1.73 1.7 1.69 1.85
1’ 1.112 0.88 0.88 0.87 1.1 0.91 0.84 0.85 1.08
2 1.862 1.69 1.71 1.67 1.84 1.7 1.67 1.67 1.84
2’ 1.522 1.58 1.56 1.59 1.51 1.6 1.59 1.59 1.51

3 3.53% | 3.53"¢ | 353P° | 355° | 3.53%9 | 3.54P¢ | 352° 3.53¢ 3.52¢d
4 2.31% 2.35 2.37 2.32 2.3 2.35 2.33 2.34 2.3
4 2.242 2.16 2.16 2.14 2.24 2.16 2.13 2.14 2.24
5 N/A N/A N/A N/A N/A N/A N/A N/A N/A

6 5.37% | 5.15°¢ | 5.13°° | 513° | 5.34% | 513"° | 511° 5.14° 5.35°%¢
7 2.112 2.04 1.95 1.92 2.01 1.97 1.91 1.94 1.99
7 1.66% 1.54 1.4 1.51 1.61 1.54 1.42 1.53 1.54
8 1.66% 1.63 1.47 1.38 1.43 1.41 1.43 1.59 1.5
9 0.992 0.88 0.84 0.86 0.98 0.91 0.82 0.91 0.95
10 N/A N/A N/A N/A N/A N/A N/A N/A N/A
11 1.662 1.61 1.57 1.56 1.64 1.54 1.51 1.52 1.6
11 1.5° 1.44 1.45 1.42 1.47 1.37 1.4 1.48 1.46
12 1.832 1.8 1.8 1.57 1.64 1.49 1.85 1.72 1.9
12’ 1.282 1.21 1.03 1.55 1.6 1.42 1.09 1.33 1.16
13 N/A N/A N/A N/A N/A N/A N/A N/A N/A
14 1.282 1.21 0.94 1.18 1.25 1.51 0.93 1.24 1.01
15 1.962 1.9 1.6 1.73 1.78 1.88 1.62 2.08 1.67
15’ 1.552 1.5 1.29 1.18 1.21 1.3 1.25 1.89 1.29
16 2.45% 2.44 2.07 2.13 2.16 2.77 2.01 5.69 2.04
16’ 2.09% 2.06 1.45 1.66 1.69 2.43 1.59 N/A 1.62

17 N/A N/A 3.61>¢ | 35% | 353% | 4349 | 3.28% 5.82%¢ 3.32¢d

18 0.88% | 0.86™¢ | 0.73°° | 0.73%® | 0.76°° | 0.82° | 0.74°%¢ 0.76%¢ 0.77%¢

19 1.03% | 1.01°¢ 1be 104 1.01%¢ | 1.01¢ | 0.99%¢ 1.02¢%¢ 1.02¢¢
t-Bu N/A 1.06 1.06 1.06 N/A 1.07 1.05 1.06 N/A

Reference key [a: (Wishart et al., 2009), b: (Jan et al., 2016), ¢: (Blanco et al., 2014), d: (Kiss et al., 2018)]

The 'H NMR shifts for 1 through 8 are shown above (see Table 3.1). The assignments
highlighted in yellow have been previously reported in the literature. From looking at the table,
there are a few key protons that can be used to track the progression from 1 to 8: Ha.s, Hs, Haa,

Hi6.16', and Hiz.
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Beginning with Ha.a, &1 2.31 (H4) and &n 2.24 (Hs) were identified for DHEA (1). As the
TBDPS protecting group was attached to the hydroxyl group on Cs, d42.35 (H4) and d42.16 (Hys)
were identified for DHEA-PG (2), which indicates a slight downfield shift for Hs and an upfield shift
for Hy. The latter trend regarding *H NMR shifts for Hs and Hy of 2 can also be observed for 3, 4,
6, 7, and 7a as the TBDPS group is attached to C; of all five compounds. As the TBDPS group is
removed, which is the case for 5 and 8, *'H NMR shifts of Hs and H4 are reverted back to &4 2.30
(H4) and &4 2.24 (Hy) just like previously observed for 1. Therefore, the *H NMR shifts for Hs and
Hs can be used to monitor the protection/deprotection and stability of the TBDPS group. As the
TBDPS group is attached to Cs, it was expected that Hs would show a dramatic change in its *H
NMR shift. However, that was not the case as 8 3.52-3.55 was identified as Hz from 1-8 and little

to no change was observed.

Next with He, 01 5.37 (Hes) was identified for 1. As the TBDPS protecting group was
attached to the hydroxyl group on Cs, 84 5.15 (He) was identified for DHEA-PG (2), which indicates
an upfield shift for He. The latter trend regarding *H NMR shifts for He for 2 can also be observed
for 3, 4, 6, 7, and 7a as the TBDPS group is attached to Cs of all five compounds. As the TBDPS
group is removed, which is the case for 5 and 8, *H NMR shifts He are reverted back to &4 5.34-
5.35 (He) just like previously observed for 1. Therefore, the *H NMR shift for Hs can be used to
monitor the protection and deprotection and stability of the TBDPS group in addition to Hs and

Hg.

Continuing with Hi4, 84 1.21-1.28 (H14) was identified for 1 and 2 as both groups contained
a ketone group at Ci7. For 3, 7, and 8 which have a heteroatom (O or N) group in the S
configuration at C17, 64 0.93-1.01 (H14) was identified. For 4, 5, 6, and 7a which have a heteroatom
(O or N) group in the R configuration at Ci7 or a = bond between Cie.17, d1 1.18-1.51 (Hi4) was
identified. Therefore, the *H NMR shift for Hi4 can be used to monitor the configuration of the

heteroatom group from modification of the ketone moiety at Ci7 in which groups in the R
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configuration at Ci7 or a = bond between Cis.17 (4, 5, 6, and 7a) exhibit no change or a downfield
shift from &4 1.20 (1 and 2) while groups in the S configuration at C17 (3, 7, and 8) exhibit an upfield

shift from 64 1.20 (1 and 2).

Following with His.16', 01 2.44-2.45 (H16) and &4 2.06-2.09 (H+¢) were identified for 1 and 2.
Starting with the ketone group being modified into a hydroxyl group, ou 2.07 (His) and &4 1.45
(H1e) were identified for 3. With the ketone group is modified into an azido group regardless of
configuration, &4 2.01-2.16 (His) and 6n 1.59-1.69 (H+e) were identified for 4, 5, 7, and 8. If the
ketone group is modified into an iodo group, &4 2.77 (His) and dw 2.43 (H+e) was identified for 6.
Rather than modifying the ketone group with a heteroatom group but instead an alkene moiety,
On 5.69 (His) was observed for 7a. In summary, His and Hie can be used to monitor the

functionality at C;7 from a ketone to hydroxyl to azido to iodo and to alkene group.

While His and Hie.1¢ can be used together to discover the identity and configuration of the
heteroatom group attached at C;7 after modification of the ketone moiety, Hi7 can singlehandedly
be used to discern the latter information with ease. Beginning with 3 in which the hydroxyl group
is in the S configuration, Hi7 was identified at & 3.61 with an apparent triplet splitting. Next with 4
and 5 in which the azido group is in the R configuration, Hi7 was identified at &4 3.50-3.52 with an
apparent doublet splitting. Continuing with 6 in which the iodo group is in the R configuration, Hi7
was identified at o4 4.34 with an apparent doublet splitting. Following with 7a in which the alkene
group is attached between Ci6.17, H17 was identified at &4 5.82 with a doublet of doublet or doublet
splitting. Concluding with 7 and 8 in which the azido group is in the S configuration, Hi7 was
identified at &4 3.28-3.32 with an apparent triplet splitting. In summary, the *H NMR shift and
splitting pattern of Hiz can discern the functionality and configuration of the heteroatom group

attached at C17 after modification of the ketone moiety.
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Figure 3.69 'H Stacked Spectrum of 1-8

In conclusion, He and Hi7 at a quick glance can be used to track the progression from 1 to
8 by means of chemical shift and/or splitting pattern (see Figure 3.69). However, Has.4, Hi4, and

Hie6.16 When looked deeply can also be used to track the progression from 1 to 8.
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Table 3.2 *C NMR Shifts 1-8

ohEA.pG | PHEA Crr DHEA C,,{DHEA C,1 DHEA Gy DHEA C,;{ DHEA C,;.4| DHEA C,/
Carbon # | DHEA (1) e OH-PG |(R)-N;PG| (R)-N; | | o ©) (S)-N; PG| Alkene PG | (S)-N;
(3) (4) probe (5) (7) (7a) probe (8)
1 37.17 | 37.16 | 37.25 | 37.24 | 37.26 | 37.22 | 37.21 37.16 37.27
2 31.48 | 31.82 | 31.87 | 31.87 | 31.61 | 31.87 | 31.82 31.89 31.63
3 7153 | 73.09° | 73.19 | 73.17 | 71.69* | 73.19 | 73.14 73.23 71.712
4 4217 | 42.46 | 4249 | 4247 | 4223 | 42.46 | 42.45 42.54 42.25
5 141.04 | 14155 | 141.4 | 141.22 | 140.69% | 141.18 | 141.41 | 14158 | 140.89°
6 120.88 | 120.4 | 120.82 | 120.88 | 121.45% | 120.89 | 120.64 | 120.98 | 121.23%
7 30.77 | 30.78 | 31.48 | 32.14 | 32.14 | 31.95 31.5 31.72 31.53
8 31.54 | 31.44 | 31.93 | 32.05 | 32.06 | 3254 | 31.95 30.41 32
9 50.21 | 50.18 | 50.18 | 49.71 | 49.76 | 49.43 | 49.99 50.86 50.07
10 36.62 | 36.64 | 36.58 | 36.56 | 36.55 | 36.49 | 36.55 36.8 36.58
11 20.35 | 20.32 | 20.62 | 20.57 | 20.62 | 21.79 | 20.57 20.81 20.64
12 31.41 | 31.48 | 36.58 | 32.47 | 32.47 | 40.66 | 37.07 35.86 37.09
13 4754 | 4755 | 4271 | 45.71 | 45.72 | 45.18 | 44.21 45.37 44.23
14 51.74 | 51.78 | 51.34 | 49.85 | 49.86 | 49.43 | 52.41 56.21 52.43
15 21.87 | 21.88 | 2343 | 2481 | 24.81 | 25.18 | 23.61 32.08 23.64
16 35.84 | 35.85 | 30.52 28.7 28.71 | 36.82 | 26.91 129.35 26.93
17 221.27 | 221.23° | 81.91 | 71.48 | 71.45% | 48.12 | 71.23 143.86 | 71.24°
18 1354 | 13.54 | 10.94 | 17.43 | 17.44* | 15.47 | 12.11 16.84 12.15%
19 19.42 | 19.46 | 19.47 | 19.46 | 19.46% | 19.57 | 19.45 19.37 19.442
t-Bu N/A 19.15 | 19.15 | 19.16 N/A 19.18 | 19.15 19.16 N/A
t-Bu N/A 27.02 | 27.01 | 27.03 N/A 27.04 27 27.02 N/A

Reference Key [a: (Kiss et al., 2018), b: (Jan et al., 2016)]

The 3C NMR shifts for 1 through 8 are shown above (see Table 3.2). The assignments
highlighted in yellow have been previously reported. From looking at the table, there are a few

key carbons that can be used to track the progression from 1 to 8: Cs, Ci2, Cis, C17, and Cas.

Beginning with Cs, 8¢ 71.53 (C3) was identified for DHEA (1). As the TBDPS protecting
group was attached to the hydroxyl group on Cs, &c 73.09 (Cs) was identified for DHEA-PG (2),
indicating a slight downfield shift. 8¢ 73.14-73.23 (Cs) was also observed for 3, 4, 6, 7, and 7a as
the TBDPS group is attached to C; of all five compounds. As the TBDPS group is removed, which
is the case for 5 and 8, *C NMR shift C; are reverted back to &¢c 71.69-71.71 (Cs) just like
previously observed for 1. Therefore, the *C NMR shifts for C3 can be used to monitor the

protection/deprotection and stability of the TBDPS group.
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Continuing with Ci2, 8¢ 31.41-31.48 (C12) was identified for 1 and 2. Starting with the
ketone group being modified into a hydroxyl group, &c 36.58 (C12) was identified for 3. With the
ketone group is modified into an azido group in the R configuration, &¢ 32.47 (C12) was identified
for 4 and 5 while modification into an azido group in the S configuration identified Ci» at 8¢ 37.07-
37.09 for 7 and 8. If the ketone group is modified into an iodo group, 8¢ 40.66 (C12) was identified
for 6. Rather than modifying the ketone group with a heteroatom group but instead an alkene
moiety, dc 35.86 (Ci2) was observed for 7a. In summary, Ci> can be used to monitor the

functionality and configuration at C;7 from a ketone to hydroxyl to azido to iodo and to alkene

group.

Next with Ci6, 0c 35.84-35.85 (C16) was identified for 1 and 2. Starting with the ketone
group being modified into a hydroxyl group, &c 30.52 (C16) was identified for 3. With the ketone
group is modified into an azido group in the R configuration, ¢ 28.70-28.71 (Ci6) was identified
for 4 and 5 while modification into an azido group in the S configuration identified Ci6 at 8¢ 26.91-
26.93 for 7 and 8. If the ketone group is modified into an iodo group, &c 36.82 (C1s) was identified
for 6. Rather than modifying the ketone group with a heteroatom group but instead an alkene
moiety, d¢c 129.35 (Ci6) was observed for 7a. In summary, Cis can be used to monitor the

functionality and configuration at Ci7 just like Cio.

Following with Ci7, 8¢ 221.23-221.27 (Cy7) was identified for 1 and 2. Starting with the
ketone group being modified into a hydroxyl group, &c 81.91 (Ci7) was identified for 3. With the
ketone group is modified into an azido group in the R configuration, &c 71.45-71.48 (C17) was
identified for 4 and 5 while modification into an azido group in the S configuration identified C7 at
0c 71.23-71.24 for 7 and 8. If the ketone group is modified into an iodo group, 6c48.12 (C17) was
identified for 6. Rather than modifying the ketone group with a heteroatom group but instead an
alkene moiety, &¢c 143.86 (C17) was observed for 7a. In summary, C17 can be used to monitor the

functionality and configuration at C;7 just like Ci12 and Cis.

189



Finishing with Cis, 8¢ 13.54 (C1s) was identified for 1 and 2. Starting with the ketone group
being modified into a hydroxyl group, &c 10.94 (Cig) was identified for 3. With the ketone group is
modified into an azido group in the R configuration, &¢c 17.43-17.44 (C1s) was identified for 4 and
5 while modification into an azido group in the S configuration identified Cig at ¢ 12.11-12.15 for
7 and 8. If the ketone group is modified into an iodo group, d¢c 15.47 (C1g) was identified for 6.
Rather than modifying the ketone group with a heteroatom group but instead an alkene moiety,
0c 16.84 (C1s) was observed for 7a. In summary, C1s can be used to monitor the functionality and

configuration at Ci7 just like C12, C16, and Cyy.

Compound #
1 G \{ o~ J Cyg
HO™ ™ "‘UI I o {ﬁ' | ‘ JJJV*_WM]J ‘__J‘_‘ J i
2 :_A\LJ“ 1 ‘ Cis
3 C, ) ,t}’ ‘ Cie |
| !Buvsu"v ‘”‘L N , L] ) | H ) | \ H I8
i \I’j Cig

70 65 &0 55 50 40
1 (ppm)

Figure 3.70 *C Stacked Spectrum of 1-8

In conclusion, Cz and Cis at a quick glance can be used to track the progression from 1 to
8 by means of chemical shift (see Figure 3.70). However, Ci2, C16, and Ci7 when looked closely

can be used to track the progression from 1 to 8 by means of chemical shift.
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Section 3.13: *H and *C NMR Shifts 29

In addition to following the synthesis of 5 and 8 from DHEA (1), full characterization of
every proton (Hi.1-Hig) and carbon (C:-Cig) could be used to track the formation of the “clicked”
product (29) via upfield or downfield trends of the *H and **C chemical shift values in the C and D

rings from 5 to 29.

Table 3.3 *H NMR Shifts 29

Proton #| DHEA-R-N; Click MAN (29) 10 N/A
1 1.74 11 1.44
1 0.98 11 1.41
2 1.8 12 1.42
2 1.46 12’ 0.26
3 3.49 13 N/A
4 2.28 14 1.54
4 2.22 15 2.03
5 N/A 15 1.38
6 5.34 16 2.45
7 2.05 16’ 2.24
7 1.67 17 4.55
8 1.5 18 0.92
9 0.83 19 0.98

The *H NMR shifts for 29 are shown above (see Table 3.3). From comparing the *H shifts
of 5 to the *H shifts of 29, there are a few key protons that show significant change: Ho, Hi1-11,
Hi2.12, His, His.15, Hie1e, Hiz, @and m18. Starting with the protons in the C ring, Hg shifted upfield
from 64 0.98 (5) to 64 0.83 (29). For the methylene protons, Hii.11 shifted upfield from &n 1.64 (Haa,
5) and &1 1.47 (Hiv, 5) to dn 1.44 (Hi1, 29) and &4 1.41 (Hiv, 29), respectively. In addition, Hiz.12
also shifted upfield from & 1.64 (Hi2, 5) and 61 1.60 (Hi2, 5) to &4 1.42 (H12, 29) and 84 0.26 (H12,
29), respectively. Next with the protons in the D ring, His shifted downfield from &y 1.25 (5) to on
1.54 (29). For the methylene protons, His.is shifted downfield from &4 1.78 (His, 5) and 64 1.21
(H1s, 5) to ®42.03 (H1s, 29) and 6+ 1.38 (His, 29), respectively. Also, His.1e shifted downfield from

On 2.16 (His, 5) and 61 1.69 (Hie, 5) to 81 2.45 (Hie, 29) and 61 2.24 (Hie, 29), respectively. With
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Hi7, the proton shifted downfield from &4 3.53 (5) to dw4.55 (29). Finishing with m18, these methyl
protons shifted downfield from &1 0.76 (5) to 1 0.92 (29). In conclusion, the protons in the C ring
observed an upfield trend in chemical shift while the protons in the D ring observed a downfield

trend in chemical shift from the CuAAC reaction between 5 and MAN.

Table 3.4 C NMR Shifts 29

Carbon # | DHEA-R-N; Click MAN (29) 10 36.47
1 37.1 11 20.39
2 31.58 12 32.34
3 71.67 13 46.04
4 42.2 14 50.04
5 140.61 15 25.33
6 121.4 16 28.66
7 31.95 17 70.18
8 32.19 18 18.39
9 49.32 19 19.39

The 3C NMR shifts for 29 are shown above (see Table 3.4). From comparing the **C shifts
of 5 to the *3C shifts of 29, there are a few key carbons that show significant change: C17 and Cis.
Starting with C17, it shifted upfield from &¢ 71.45 (5) to 8¢ 70.18 (29). With Css, it shifted downfield
from dc 17.44 (5) to 8¢ 18.39 (29). In conclusion, it seems there are no observable *3C trends in

chemical shift for the CUAAC reaction between 5 and MAN.

In summary, assignment of every *H and *C NMR shift of 1-8 and 29 helped track the

progression of synthesizing 5, 8, and 29 from 1 in addition to unforeseen trends in chemical shifts.
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Figure S3.19 'H-'H COSY Spectrum of (4)
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Figure S3.32 'H-'H COSY Spectrum of (6)
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Figure S3.47 *H-'H NOESY Spectrum of (7a)

(wdd) 13

L4
P

|

<] 3D

- o

0 o

239

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

2 (ppm)



00T-—

00T

002

00€

00t —

00S

009 —

004 —

008

006 —

000T —

00TT

00¢T

00ET

(wdd) 14

z0- 00 ral] 0 90 80 0T T T 9’1 8T 0'¢C x4 L4 9C 8'¢C 0’E e 123 9'€ 8¢ oy 44 144 9’y 8t 0’s s 'S
1 1 1 1 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 1 1 n 1 n 1 1 1 1 1 1 1 1 1 n 1
4 O Lo N PO O e = = =
5 bkoaks 3 8 B wegy i g 5 ¥
[ 1"V A AR PR STV Sy A i i
™
007 6V’ T
(W) HfH | (W) ,TTH ‘8H “iLH “.TH
g0°'T T9°T +0'C
Py .TH (w) 9TH ‘TTH (PIP) 9TH
LL c0° 62T L9°T 66°T vZ'C (433 SE'S
(s) 8fH |[(s) 6]H [(w) ,STH (w) STH (w) zZH [(w) pH (w) €H @Gp) 9H
9T'T 06T 0€'C 43
P3) .2TH (w) zZTH (PPP) vH [YWALS]
S6°0 S8'T
(ppPP) 6H (W) ZH ‘TH

(8) 1o wNnoads H; 8F7'€S 8.nbi4

240



00¢-

000T

002T

00bT

009T

008T

0002

00¢T

00+C

0092

0082

000€

(wdd) 14

o1 ST 0z 14 o€ [ ot St 0s SS 09 59 [\74 (74 08 S8 06 §6 00T SOT OIT SIT 02T S¢T O€T GET  ObT  SbT
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
v9°€T €5 1€ | 60°LE
(s) S10 (s) £2 |(s) 21D
STCT +9°0C 00ze |LTLe €Tk £b°CS YT 1L 41 %43 68011
(s) 810 (s) 110 (s) 82 {(s) 1D | {(s) €1D () $10 (s) £10 (s)9o (s) s
v 6T €692 85°9¢ [szer £0°0S TL1L
(s) 610 | [(s) 91D (s) 012 [(5) ¥D (s) 62 (s) 2
€9°T€
(s) 2o

(8) 1o wnnoads O 61°€ 8Inbi4

241



(wdd) 13

S

0L

S99

09

S'S

0°S

S'P

0¥

S

0°€

ST+

0°C

ST

0'T

S0

0°0

(wdd) 74

00 S0 0T ST 0'C 4 o€ s'€ 0t % 0's s's 09 s9 0z sz
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-
- c® o -
@ L]
= - & o
-~ D | -4 . o
&8 -8
a e
i ¢
o
R ]
- -

(8) 40 WN1Y3dS ASOD H;-H; 0S°ES @4nbi4

s

242



(wdd) 14

(wdd) 7y
o€ s€ o Sb 0's [} 09
1 1 1 1 1 1 1

obT

0ET

0cT

OTT

00T

06

08

04+

09

0S

0t

0€

02

0T

00 S0 0T ST 0c ST
1 1 1 1 1 1
?
-]
o
(1]
S o
% @ o &
e
P © <@
o @ ®
) VA 0. & o

(8) 40 WNNY3AS DOSH J¢;~Hy TSES 4nbI4

243



(wdd) 13

ovT —

0ET —

0zZT

OTT —

00T

06—

08

0L+

094

05—

ot o

0+

0T+

(wdd) 73

00 S0 0T ST 0c 4 o€ S'€ ov Sy 0'Ss S’S 09 S'9 0L SL
1 . 1 . I . I . 1 . I 1 . 1 . I . I . I . I . I 1 I I
& s P Y-
o
: ¢ “
o
@ -
' o - £X:]
'
L]
.
e
d o°m s Bew @@ @ o0
)
"-
¢ = ® @  @omno - o
' Yoo @0 o ®
)
0.@ o o @ epese o @ ®
% e
' o
&e Q?u e L & o [
‘o ® @gw¢ o @ i
o, a®
_&, o Y < o ™
@ o ® o -
— Bla®. e
° o ® ®
(KX} .

(8) 40 WNN23dSs DAINH Dg;-H; 2S°€S 24nbi-

244



(wdd) 14

Figure S3.53 *H-'H NOESY Spectrum of (8)
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Section 4.1: DHEA Ci7 N3 Lactosyl Probes (14-17)

As previously described in the literature, CD1d is a protein that binds to
glycosylceramides, like a-GalCer, and this coupled complex is then presented to iNKT cells to
produce signaling molecules called Ty1/Tn2 cytokines (Zhang et al., 2008). However, the role and
metabolism of sterol glycosides during CD1d binding and Tu1/Tu2 cytokine release is unclear. In
addition, the sugar exchange between sterol lactosides and ceramides is uncertain. Therefore,
the synthesis of sterol glycoside probes is being pursued to study the latter phenomenon, which
leads to DHEA Ci7 N3 lactosyl probes (14, 15, 16, 17). The purpose of the DHEA Ci7 N3 lactosyl
probes (14, 15, 16, 17) is to study the role and metabolism of sterol glycosides during Tul/TH2
cytokine release and the sugar exchange with ceramides while providing efficient non-disruptive
extraction via CUAAC. The design and synthesis of the azido-sterol component (5 and 8) is briefly
described in Section 2.1. The a/f attachment of the lactose group to the sterol component will

utilize the synthetic procedure from Davis et al. (Davis et al., 2015).

HO OH
OH " OH OH
HO H&ﬁ Ho Hagﬁ
‘3 3
HO OH
a\é& &w

HOH HOH

U Deprotection
AcO OAc s AcO _0OA e AcO
OAc g; OAc gi OAc
o}
AcO Acﬁﬁ AR Ac&ﬁ @
AcO -
@)

Glycosidation

! " Ns p—
\3
AcO OAC )
OAc AcQ OAC OAc
~ AC& = Ac& o o
8 5

Scheme 4.1 Retrosynthesis of DHEA Ci7 N3 Lactosyl Probes

From the retrosynthesis (see Scheme 4.1), acetate groups are attached to the free
hydroxyl groups on lactose from 14-17 to make 10-13, respectively. Next, the lactose group in
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either an a or 3 configuration is removed via hydrolysis at C; of 10-13 to form two separate starting

components: an azido sterol component (5 and 8) and a sugar component (Lactose Octaacetate,

N
AcO _0Ac AcO _0OAc 2 AcO e
gg/ gi; 1) TMSI, CHCly, rt, 10 min g& OAc gg; OAc
”””””””””””” AcO 0 o)
2) 2 equiv. 5 or 8, CHCI3 AcO Acaéﬁ AcO AcO A%&%
MW, 110 °C, 2 h ACOO AcO
o)
10 Ny 11 N,
AcO _0Ac
AcO
% ’§:/ 1)TMS, CHCIy, 1t 15241 g:/ onc AoQ 0Ae oA
ACO 2) 2 equiv. 5or 8, CHCI; ACO Ac&&o &/ACO‘&S/
MW, 110 °C, 2 h AcO 12 AcO

NaOMe/MeOH
" 2h

N3

HO OH R N3
o
o H&ﬁ oo Haéﬁ
HO
[0)
15
N3
HO OH
o&y é&

Scheme 4.2 DHEA Ci7 N3 Lactosyl Probes Synthetic Scheme

The scheme begins with 9 in which the anomeric acetate group of Per-O-acetylated
lactose is substituted with an iodide group. Next, 5 and 8 will undergo microwave radiation with
the a/B-lactosyl iodide synthesized above (25 or 26) to form 10, 11, 12, and 13 (see Scheme 4.2).
The a/f configuration of the iodide group is important as the a-lactosyl iodide (26) will lead to
primary formation of 16/17 while the B-lactosyl iodide (25) will lead to primary formation of 14/15.
Itis proposed that the formation of 10, 11, 12, and 13 will arise from analogous methods previously

developed in the Gervay-Hague lab (Davis et al., 2015).
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A

AcO _0OAc AcO _0OAc
o OAc ) o OAc
AcO 0 o TMSI, CDClj, rt, 10 min AcO o 0
AcO AcO OAc > AcO AcO |
AGO c AcO
B 9 25
AcO
AcO _OAc OAc OAc
le) OAc o)
AcO (e] o} TMSI, CDCl3, rt, 24 h AcO O (e}
AcO AcO OAc > AcO AcO
¢ AcO AcO
9 26 |

Cc

AcO _0OAc

(e} OAc 1) TMSI, CHCl3, rt, 10 min
AcO o o] >
AcO

AcO AcO OAc 2) 2 equiv. cholesterol, CHCI;
¢ MW, 110°C, 2 h

9

NaOMe/MeOH

HO _OH
o

HO ao
HO

Scheme 4.3 Davis et al. 2015 Procedure. (A) Synthetic Scheme for B-Lactosyl lodide (25),
(B) Synthetic Scheme for a-Lactosyl lodide (26), (C) Synthetic Scheme for a-Cholesterol
Lactoside (28)

As shown in Scheme 4.3(A), 9 was reacted with 1.1 eq. of TMSI in deuterated chloroform
(0.15 M). Deuterated chloroform was chosen over regular chloroform, so the formation of 25 and
26 can be monitored real-time via NMR. The reaction was conducted at rt in 10 min which afforded
25 in situ and quantitively (Davis et al., 2015). The formation of 25 was confirmed by NMR by the
appearance of a doublet peak at 5.78 ppm with a J coupling value of 9.0 Hz, identified as Hi. As
shown in Scheme 4.3(B), 9 was reacted with 1.1 eq. of TMSI in deuterated chloroform (0.15 M).

The reaction was conducted at rt in 15 h which afforded 26 in situ and quantitively (Davis et al.,
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2015). The formation of 26 was confirmed by NMR by the appearance of a doublet peak at 6.89
ppm with a J coupling value of 4.3 Hz, identified as Hi. However, when repeating the procedure

shown in Figure 4.3(B) to generate 26, another compound (26a) was identified by NMR.

The 600 MHz *H NMR spectrum showed a doublet peak at 6.89 ppm with a J coupling
value of 4.3 Hz which was previously identified to be H; a-lactosyl iodide (26) (see Figure S4.1)
(Davis et al., 2015). However, another doublet peak at 6.82 ppm with a J coupling value of 4.1 Hz
was also evident and identified to be H; of 26a (see Figure S4.1). The 600 MHz COSY NMR
spectrum showed that doublet peak at 6.89 ppm is coupled to a multiplet peak at 4.12 ppm via a
COSY caorrelation, which agrees with the previous literature’s assignment of H, of 26 (see Figure
S4.2) (Davis et al., 2015). However, the doublet at 6.82 ppm showed COSY coupling to a doublet
of doublet of doublet peak at 2.81 ppm which is identified as H, of 26a which is a significant upfield
shift compared to H, of 26 (see Figure S4.2). These separately identified H; and H; for 26 and
26a were interpreted as two different compounds as the doublet of doublet of doublet peak at
2.81 ppm (H. of 26a) showed no COSY and TOCSY correlation to the doublet peak at 6.89 ppm
(H1 of 26) (see Figure S4.2 and S4.3). Therefore, 26 contains all the acetate groups while the 26a
has lost the acetate group at C.. In the 2°Si DEPT-20 NMR spectrum, three singlet peaks at 7.33,
0, and -20.77 ppm were identified as a trimethylsilyl group, tetramethylsilane, and excess
trimethylsilyl iodide, respectively (see Figure S4.4). It was later identified that the acetate group
at C, for 26a was converted to a hydroxyl group as indicated by the lack of correlation between
the *H doublet of doublet of doublet peak at 2.81 ppm (H: of 26a) and the ?°Si singlet peak at 7.33

ppm (trimethylsilyl) in the 2°Si HMBC NMR spectrum (see Figure S4.5).

With the formation of 25 in chloroform (0.15M), 2 eq. of cholesterol (33) were added under
Ar and immediately microwaved in a Biotage microwave reactor. The reaction took place for 2 h

at 110 °C, resulting in a yield of 12% of 27 (see Scheme 4.3C) (Davis et al., 2015). In addition, a
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59% vyield was observed for 27a in which the acetate group is lost at C, (Davis et al., 2015).

However, the B-anomer (31) was also formed in a yield of 10% from 25 as previously reported.

AcO _0OAc
o OAc 1) TMSI, CHCl,, rt, 24 h AcO _0Ac
AcO 0 0 o OAc
AcO AcO ACO OAc 2) 2 equiv. cholesterol, CHCI; AcO fo) (0]
0 MW, 110°C, 2 h Ay AcO °©
AcO 31

NaOMe/MeOH

HO _oH

o OH

HO o] 0
ho MO ©

HO

Scheme 4.4 Synthetic Scheme for B-Cholesterol Lactoside (32)

The Davis et al. 2015 procedure was repeated with 26 to determine if primary formation
of 32 would occur (see Scheme 4.4). By TLC, it seems 27a was the major glycosylation product
while 31 was the minor glycosylation product based on the intensive R spot at 0.40 from the 2 h
TLC plate (see Figure 4.1B). From the glycosylation reactions between cholesterol (33) and 26/27
(see Schemes 4.3C and 4.4), it seems a mixture of desired and undesired cholesterol lactoside
anomers appeared from repeating the Davis et al. procedure (Davis et al., 2015). Therefore, a

new method was proposed to minimize the formation of undesired cholesterol lactoside anomers.
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A AcO 5 OAC  2) 2 equiv. cholesterol, CHCl;
C

9 MW, 110°C, 15 min

27a
Scheme 4.5 Proposed Microwave Reaction Scheme for 27/27a and 31

In the proposed microwave scheme, instead of reacting 25 or 26 with cholesterol (33) for
2 hin the microwave, they will be allowed to react for 15 min in three “5 min” intervals (see Scheme
4.5). Having a shorter interval of microwave radiation would hopefully prevent any excess |- ions
from TMSI to undergo nucleophilic attack of preformed 25 or 26 which would lead to an undesired

cholesterol lactoside anomer.

4 = ¥ 1:1 EA/Hex
i
' L= 0.90: Chol Deriv. )
0.85: Chol 2 (34-35) 0.88: Chol Deriv.
(33) Al i | (34-35)
' | 0.55:27a 0.75: Chol (33)
4 0.55:27a
g 0.45,27
?i 0.40: 27

s 4
Chol 2 hr ol 1 2 3
(A) 5 min 5 min Smlj

Figure 4.1A 2 hr vs. 15 min TLC Plates between 25 and Chol.
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In Figure 4.1A, 15 min of microwave radiation rather than 2 h was enough for glycosylation
between 25 and cholesterol (33) as seen by the appearance of Rs spots at 0.55 and 0.40 which
were previously reported as 27 and 27a in which the acetate group at C, on lactose was lost,
respectively (Davis et al., 2015). However, it was observed by *H NMR that undesired 31 was
present based on the appearance of a doublet peak at 4.55 ppm with a J coupling value of 8.0
Hz, identified as Hj.

r - 1:1 EA/Hex

. 0.90: Chol Deriv.
(34-35)

0.91: Chol Deriv.

(34-35)
0.81: Chol ' 0.75: Chol (33)
(33)
0.50: 31
0.40: 27
2 hr A
l S . | [Chol 5 min 5 min 5 min

(B)

Figure 4.1B 2 hr vs. 15 min TLC Plates between 26 and Chol.

In Figure 4.1B, 15 min rather than 2 h of microwave radiation was also enough for
glycosylation between 26 and cholesterol (33) as seen by the appearance of the R spot at 0.50
which was previously reported as 31 (Davis et al., 2015). However, it seemed that a small amount
of undesired 27 and 27a was present via *H NMR based on the appearance of a doublet peak at
5.13 ppm with a J coupling value of 3.8 Hz and a doublet peak at 4.98 ppm with a J coupling
value of 3.6 Hz which were previously identified as H; of 27 and H; of 27a, respectively (Davis et

al., 2015).
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Figure 4.1C Side by Side 15 min TLC Plates between (A) and (B)

Comparing the 15 min TLC plates in Figures 4.1A and 4.1B, it seems 15 min of microwave
radiation between 25 and cholesterol (33) leads to primary formation of 27 and 27a based on the
Rt spots at 0.55 and 0.40, while 15 min of microwave radiation between 26 and cholesterol (33)
seems to lead to primary formation of 31 based on the R¢ spot at 0.50 thus indicating possible
selective glycosylation (see Figure 4.1C). However, 15 min of microwave radiation between 25/26
and cholesterol (33) (see Scheme 4.5) led to primary formation of cholesterol analogues (34-35)
(Rf spot at 0.90-0.91) and excess cholesterol (33) (R spot at 0.75-0.81) (see Figures 4.1C). In
addition, undesired cholesterol lactoside anomers (27/27a for reaction between 26 and
cholesterol (33) or 31 for reaction between 25 and cholesterol (33)) still appeared via *H NMR.
The structures of all the products formed from the 15 min microwave experiments are shown in
Figure 4.1D. Therefore, future work will be directed to developing a method to limit the formation
of cholesterol iodides/acetates (34-35) and prevent unwanted glycosylation products by

consuming excess acetic and hydroiodic acid.
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AcO 31 (D)

Figure 4.1D 15 min Microwave Reaction Products

Once achieving selective glycosylation in future studies, the acetate groups of 27/27a and
31 will be deprotected with sodium methoxide in methanol under rt for 2 h (Davis et al., 2015).
Next, a modified Davis et al. 2015 procedure will be utilized to synthesize the DHEA Ci7 N3
Lactosyl Probes (14, 15, 16, and 17) to study the metabolism of sterol glycosides in Tul and Tx2
cytokine response and sugar exchange with glycosylceramides. In addition, full characterization
of 10, 11, 12, 13, 14, 15, 16, and 17 will be achieved via 'H, *C, COSY, HSQC, HMBC, and
NOESY NMR experiments. After full characterization via NMR, 14-17 will undergo a CuAAC
reaction with MAN using the optimized Blanco et al. procedure developed for 5 and 8 to determine
how well they “click” together before subjection to biological studies. Upon in vitro subjection, 14-

17 will be extracted with MAN and characterized via NMR and mass spectrometry for metabolites.
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Section 4.2: Glycosylceramides
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Figure 4.2 Glycosylceramides (A) a-lactosylceramide (a-LacCer, 71), (B) a-
galactosylceramide (a-GalCer, 72)

In addition to cholesterol glycosides, there is another class of glycolipids called
glycosylceramides. As seen by the name, glycosylceramides are made up of two main
components, a sugar and lipid component. The sugar component can range from
monosaccharides (glucose and galactose) to disaccharides (lactose) to trisaccharides
(globotriaose and isoglobotriaose) (Zhang et al., 2008; Lai et al., 2019; Hsieh et al., 2014). As for
the lipid component, ceramides are composed of an acyl chain and sphingosine-like base. A
sphingosine is a mono-unsaturated 18-carbon amino alcohol (Lai et al., 2019). The two main
glycosylceramides discussed are a-lactosylceramide (a-LacCer, 71) and a-galactosylceramide
(a-GalCer, 72) (see Figure 4.2A-B). In comparison to CG (51) and CAG (52), all four of these
glycolipids share an a-linkage between the lipid and sugar component. Between the two
glycosylceramides, the sphingosine-like backbones can differ. In Figure 4.2, a-GalCer (72)
contains a phytosphingosine base while a-LacCer (71) has a sphingosine base. It should be noted
that for a-GalCer (72) and a-LacCer (71), either one can contain a phytosphingosine or
sphingosine base. A phytosphingosine is a fully saturated18-carbon amino-hydroxy alcohol
showing close resemblance to sphingosine.
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Figure 4.3 CD1d interaction with iNKT cells

Glycoceramide

a-GalCer (72) is a close analogue of various agelasphins, metabolites isolated from the
Agelas genus of marine sponges (Kinjo et al., 2009). Within the marine sponge’s mass (35-60%),
a microbial community exists which includes cyanobacteria, heterotrophic bacteria, fungi, etc.
(Brinkmann et al., 2017). These microbes could potentially be the source of a-GalCer (72) isolated
from the Agelas genus of marine sponges. A unique feature of a-GalCer (72) is the a-linkage
between galactose and phytosphingosine, while most other GSLs in nature were known to have
a B-linkage between the sugar and lipid component (Kinjo et al., 2009). In terms of bioactivity, a-
GalCer (72) has been shown to increase the lifespan of B16 mice when introduced
intraperitoneally (Zhang et al., 2008). Chemically, the ceramide component of a-GalCer (72)
interacts specifically with CD1d of MHC-1-like CD1 molecules found on antigen presenting cells
(APC) (see Figure 4.3) (Zhang et al., 2008; Lal et al., 2019; Guillaume et al., 2017). CD1d is the
protein that presents the glycoceramide to invariant natural killer T cells (iNKT cells) (Zhang et
al., 2008). The CD1d-glycolipid complex is recognized by invariant T-cell receptors (TCR) on iNKT
cells (see Figure 4.3) (Zhang et al., 2008). This interaction with iINKT cells results in the release

of T-helper 1 (Ty1) and T-helper 2 (Th2) cytokine in contrast to sitosteryl 3-glucoside’s biased Tyl
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response (see Figure 4.3) (Lee et al., 2007; Zhang et al., 2008; Lai et al., 2019). Tyl and Tn2
cytokines are small proteins released from iNKT cells as signaling molecules that help initiate
cellular communication (Kim et al., 2013). Examples for Tul and Tu2 cytokines include (IFN-y, IL-
2) and (IL-4), respectively (Zhang et al., 2008; Lai et al., 2019; Kim et al., 2012; Kim et al., 2013).
Tul cytokines are considered pro-inflammatory cytokines while Ty2 cytokines are considered anti-
inflammatory cytokines (Kim et al., 2013). The release of Tyl and Tw2 cytokines can lead to
activation of natural killer (NK), B, and T cells (Lai et al., 2019). Secretion of IFN-y from iNKT cells
activate NK cells which has been correlated to anti-tumor activity (Zhang et al., 2008). Various
other conditions are regulated by the latter Tw1 and Tw2 cytokines including malignancy, infection,
and autoimmune diseases. However, activation of INKT cells by a-GalCer (72) have been shown
to induce airway hyperactivity (AHR) and concavalin A (ConA)-induced liver injury (Lai et al.,
2019). Also, co-secretion of Tyl and Tw2 cytokines has been shown to prolong certain diseases,
like atherosclerosis, due to reciprocal inhibition which results in no overall change in immunity

(Zhang et al., 2008; Kim et al., 2012).

a-LacCer (71) was also shown to activate iINKT cells and induce the release of Thl and
Tw2 cytokines IFN-y and IL-4, respectively. It was reported from an in vitro murine cytokine assay
that a-LacCer (71) induced a dominant release of IL-4 as effectively as a-GalCer but not IFN-y,
thus indicating a-LacCer’'s (71) bias for secretion of Tu2 cytokines in contrast to sitosteryl 3-
glucoside’s biased Tul response (Bouic et al., 1996; Lee et al., 2007; Zhang et al., 2008). It was
also shown that the cleavage of the terminal galactose unit for lactose was necessary for a-
LacCer’s (71) Tul and T2 cytokine release (Zhang et al., 2008). Continuing on, Lai et al. reported
a-LacCer (71) secreting IFN-y and IL-4 at far lower concentrations compared to a-GalCer (72).
The difference in efficacy of a-LacCer (71) between the two studies was correlated to the shorter
acyl chain length (C18 vs C26) (Lai et al., 2019). From there, it was shown a-LacCer (71) could

act as a competitive antagonist for CD1d receptors with a-GalCer (72) (Lai et al., 2019). ConA-
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induced liver damage and AHR were attenuated in the presence of both a-GalCer (72) and a-
LacCer (71). Conclusively, a-LacCer’s (71) biased release of Tu2 cytokines could potentially be

used as a starting point for the development of anti-inflammatory therapeutics.

Section 4.3: Previously Reported Glycosylceramide Derivatives and Probes
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Figure 4.4 a-GalCer Derivatives. (A) Scaffold 1 (73), (B) Scaffold 2 (74), (C) Scaffold 3 (75)

Various derivatives of a-GalCer (72) were synthesized to monitor changes in Tyl and Tn2
cytokine release compared to a-GalCer (72). The discussion below will focus on a-GalCer
derivatives in which a heterocyclic and/or phenyl group is added to the phytosphingosine base.
Li et al. utilized two scaffolds, one with a phenyl group in the amide chain (73) (see Figure 4.4A)
and the other with a phenyl group in a truncated phytosphingosine backbone (74) (see Figure
4.4B). Guillaume et al. utilized a scaffold in which a terminal phenyl group is attached to a
sphingamide backbone (75) (see Figure 4.4C). For a-GalCer derivatives utilizing scaffold 2 (74),
all analogues produced low to moderate amounts of IFN-y and IL-4 compared to a-GalCer (Li et
al., 2010). For a-GalCer probes utilizing scaffold 3 (75), there was significantly low secretion of
IFN-y and IL-4 (Guillaume et al., 2017). There was no reported bias for Ty1 or Th2 cytokine release
among probes utilizing scaffold 2 (74) or 3 (75) (Li et al., 2010; Guillaume et al., 2017). For a-
GalCer derivatives utilizing scaffold 1 (73), analogues with an acyl chain spacer length of 6-11

were able to induce INKT cells to release significant amounts IFN-y, while analogues with an acyl
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chain spacer length of = 15 displayed low secretion of IFN-y (Li et al., 2010). In regard to IL-4
release, there was no significant difference amongst the a-GalCer derivatives utilizing scaffolds 1

compared to a-GalCer (Li et al., 2010). Overall, a-GalCer derivatives utilizing scaffold 1 (73)

instigated a biased Thl response.
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Figure 4.5 Heterocyclic a-GalCer Derivatives

As seen with the a-GalCer derivatives above, modifications were made at the
phytosphingosine backbone or acyl chain. Kim et al. reported the synthesis and biological
evaluation of heterocyclic a-GalCer derivatives, with a pyrazole moiety and phenyl group
introduced to the phytosphingosine backbone (see Figure 4.5) (Kim et al., 2012; Kim et al., 2013).
The introduction of the pyrazole and phenyl group were based from key interactions between the
phytosphingosine backbone and three essential amino acids located in the CD1d protein: Tyr"3,
Phe’, and Trp32, through docking investigations (Kim et al., 2012). In their first study, Kim et al.
reported 1, (see Figure 4.5), as the analogue with the highest cytokine release. In particular, 1
showed a biased Tn2 response as opposed to the a-GalCer derivatives utilizing scaffold 1 (73)

(see Figure 4.5) (Li et al., 2010; Kim et al., 2012).
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Continuing, Kim et al. reported on the optimal position of the phenyl group within the
phytosphingosine backbone to induce a strong Tu2 response. Among analogues 1-7, 3 produced
the highest amount of IL-4, similar to that of a-GalCer (72) (see Figure 4.5) (Kim et al., 2013).
Simultaneously, 3 also showed significant reduction of IFN-y and IL-17 (see Figure 4.5) (Kim et
al., 2013). Therefore, 3 is the best analogue to induce a dominant Tn2 response (see Figure 4.5).
In addition to measuring cytokine secretion levels, 3 attenuated the pathogenicity of an
inflammatory demyelinating disease of the central nervous system (CNS) (see Figure 4.5) (Kim

etal., 2013). Allin all, 3 shows high potential as an anti-inflammatory therapeutic (see Figure 4.5).
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Figure 4.6 Sphingomonas spp. GSL Antigens. (A) GSL-4A (76), (B) GSL-4Au (77), (C) GSL-
4Bu (78), (D) GSL-1 (79), (E) GalGSL-C21cycl (C21, 80), (F) aGal(1-2)aGalCer (GGC, 81)

In addition to the a-GalCer derivatives shown above, glycosphingolipids (GSLs) from
Sphingomonas spp. bacteria were shown to induce cytokine response (see Figure 4.6). In
comparison to a-GalCer (72), Sphingomonas spp. GSLs share the a-linkage between the sugar
and lipid component like a-GalCer (72). Also, both glycolipids seem to be derived from microbial
sources thereby presenting a correlation between microbes and a-linked GSLs. Sphingolipids are
a class of eukaryotic lipids that include ceramides (N-acyl-sphingosine) and sphingomyelin
(MacEyka & Spiegel, 2014). Thus, adding the prefix “glyco” indicates the attachment of a sugar
moiety to the sphingolipid i.e., ceramide. In particular, the cytokine response of Sphingomonas
spp. GSLs with tetrasaccharides: GSL-4A (76), GSL-4Au (77), and GSL-4Bu (78) (see Figure
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4.6A-C) were compared to GSL-1 (79) (see Figure 4.6D), which had the highest stimulation of IL-
2 (Kinjo et al., 2009). GSL-4A (76) and GSL-4Au (77) both contain a N-glucosamine unit while
GSL-4Bu (78) does not. Both GSL-4A (76) and GSL-4Au (77) were are to stimulate the secretion
of IL-2 (Twl cytokine) from Va14i NKT cell hybridomas at lower levels compared to GSL-1 (79)
(Kinjo et al., 2009). Moreover, the addition of a double bond in the sphingosine-like backbone had
little effect on IL-2 production. However, GSL-4Bu (78) was observed to have no secretion of IL-
2 from Va14i NKT cell hybridomas (Kinjo et al., 2009). Therefore, the presence of an N-

glucosamine seems to have played a role in IL-2 release.

In previous studies, aGal(1-2)aGalCer (GGC, 81) (see Figure 4.6F) was required to
participate in lysosomal processing to remove of the terminal galactose and become aGalCer (72)
in order to be recognized by Va14i NKT cells (Kinjo et al., 2009). Therefore, GSL-4A (76), GSL-
4Au (77), and GSL-4Bu (78) were assayed to determine if lysosomal cleavage of the
tetrasaccharide was responsible for the low IL-2 production (Kinjo et al., 2009). Overall, lysosomal
processing was not required for the low secretion of IL-2 for GSL-4A (76) and GSL-4Au (77) as

GSL-4Bu (78) showed no IL-2 production.

In regard to Sphingomonas spp. GSLs with tetrasaccharides, a Sphingomonas spp. GSL
with a cyclopropyl-C21:0 chain, GalGSL-C21cycl (C21, 80) (see Figure 4.6E), was analyzed to
determine its antigenic properties. C21 (80) was able to induce moderate amounts of IL-2 from
Va14i NKT cell hybridomas (Kinjo et al., 2009). The amount secreted was lower than that of
aGalCer (72), but higher than GSL-1 (79) (Kinjo et al., 2009). It was also determined that
lysosomal processing was not required for C21 (80) as predicted, analogous to aGalCer (72) and
GSL-1 (79) (Kinjo et al., 2009). C21 (80) was also able to stimulate Va14i NKT cells in vivo as
seen by moderate secretion of IFN-y and IL-4 with no bias, albeit lower than that of aGalCer (72)
(Kinjo et al., 2009). It was noted that various GSLs, including GSL-4A (76), lacked stimulation of

cytokine production in vivo (Kinjo et al., 2009). In comparison to a-GalCer (72), most of the
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Sphingomonas spp. GSLs induced a biased Tyl response while a-GalCer (72) displayed no bias
which could be attributed to the sugar component. Given the limitations of these Sphingomonas

spp. GSLs, these antigens could potentially serve as pro-inflammatory therapeutics.

In summary, the a-GalCer derivatives described above with variations in the sphingosine
backbone displayed various levels of Thl and Tu2 secretion compared to aGalCer (72). In
addition, Sphingomonas spp. GSLs with tetrasaccharides displayed lower secretion of IL-2
compared to GSL-1 (79). Therefore, it can be observed that the ceramide and sugar components
of glycosylated sphingolipids are critical for the control of Tyl and Tn2 secretion in the hopes of

designing potent therapeutics.
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Figure 4.7 Cs-BODIPY-B-LacCer Probes. (A) (2S,3R) (82), (B) (2R,3R) (83), (C) (2R,3S) (84),
(D) (2S,3S) (85)

As seen with a-GalCer probes’ role in assaying cytokine release, B-LacCer probes were
identified as a potential tool in assaying various biological events and imaging. For example, a
BODIPY fluorophore attached to Cs of a five-carbon fatty acid was added to four different (-
LacCer backbones, synthesizing fluorescent LacCer probes: (2S,3R)-Cs-BODIPY-B-LacCer (82),
(2R,3R)-Cs-BODIPY-B-LacCer (83), (2R,3S)-Cs-BODIPY-B-LacCer (84), and (2S,3S)-Cs-
BODIPY-B-LacCer (85) (see Figure 4.7A-D). Having the BODIPY group terminally attached to the
five-carbon acyl chain was reported to be ideally suited for biological applications (Pagano et al.,
2000). In regard to the four Cs-BODIPY-LacCer probes synthesized by Liu et al., they were used

to study intracellular trafficking of various GSLs in normal and diseased cells, in particular the role
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of stereochemistry of the sphingosine backbone in uptake through endocytosis (Liu & Bittman,
2006; (Pagano et al., 2000). The mechanism for endocytosis is dependent on how well the
sphingosine backbone interacts with other lipids in the membrane microdomains (Adar & llan,
2008). Among the four analogues, it was reported that only (2S,3R)-Cs-BODIPY-3-LacCer (82)
displayed interactions with the microdomains (Adar & llan, 2008). In previous studies, it was
reported that (2S,3R)-Cs-BODIPY-B-LacCer (82) was primarily located in lysosomes of diseased
cells but localized at the Golgi apparatus in normal fibroblasts (Liu & Bittman, 2006). Additionally,
engulfed Cs-BODIPY-LacCer were observed to transport to endosomes and lysosomes in cells

at moderate temperatures (37°C) (Pagano et al., 2000).
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Figure 4.8 B-lactosyl ceramide click probes. (A) [2S,3R]-Alkyne-B-lactosyl ceramide (86),
(B) [2S,3R]-Ns-B-lactosyl ceramide (87-89)

Dauner et al. reported the synthesis of four B-LacCer probes able to utilize click chemistry
to study trafficking of glycosphingolipids. One included the addition of an alkyne moiety to the w-
carbon of an acyl chain (86) and the remaining three with various acyl chain lengths had an azide
group substituting the 6’-OH of lactose (87-89) (see Figure 4.8A-B). For [2S,3R]-alkyne-#-lactosyl
ceramide (86), only plasma membrane staining was observed, but at low fluorescence intensity
(Dauner et al., 2016). 1t was hypothesized that the alkyne probe became very hydrophilic after

the click reaction and was washed away, thus resulting in low fluorescence (Dauner et al., 2016).
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For [2S,3R]-Ns-B-lactosyl ceramide probes, the two derivatives with an acyl chain of four (87) or
eight (88) carbons showed bright staining in plasma membranes of HEK 293T cells while the
derivative with an acyl chain of 20 (89) carbons showed no staining in plasma membranes of HEK

293T cells (Dauner et al., 2016).

Currently, there are very few studies utilizing LacCer derivatives to observe whether there
is a change in cytokine release and CD1d binding. As seen with the LacCer probes described
above, they were primarily used to monitor trafficking and uptake of GSLs in vivo, but not for
changes in immune response. In addition, they are all in the 3-configuration, thus highlighting the
need to develop synthetic schemes for a-LacCer derivatives. Next, there are few methods for
determining any structural changes for glycosylceramide antigens that may occur after
administration of the compound. Therefore, future studies are needed to observe the effect of a/[3-
LacCer derivatives on Tul and Tn2 cytokine secretion and also identify metabolic changes to the

antigens, which inspired the current project.

Section 4.4: Current Project Glycosylceramide Probes

A
HO _OH
\% oA
HO Ho\éﬁ
X C13H27
B 22 OH

HO _OH
\% o
HO HO\&/ X C13H27

24 OH

Figure 4.9 Lactosyl-Ns-sphingosine Probes. (A) [2S,3R]-a-lactosyl-N3-sphingosine (22), (B)
[2S,3R]-B-lactosyl-Ns-sphingosine (24)
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In order to study the immunological effect of LacCer derivatives on cytokine release, two
LacCer probes were proposed. The purpose of the lactosyl-Ns-sphingosine probes: [2S,3R]-o-
lactosyl-N3-Sphingosine (22) and [2S,3R]-B-lactosyl-Ns-Sphingosine (24), is to observe the effect
of LacCers on CD1d binding and Tn1l/Tu2 cytokine release (see Figure 4.9A-B). Previously
reported by Li et al., a-GalCer derivatives were synthesized to monitor changes in Ty1l/Tw2
cytokine release, CD1d binding, and TCR affinity compared to a-GalCer (72). However, there
seems to be a lack of studies discussing the use of LacCer derivatives in measuring Ty1/Tw2
cytokine release and CD1d binding. It was shown that a-LacCer (71) had stronger affinity for
CD1d molecules than a-GalCer (72) (Lai et al., 2019). In addition, the a-GalCer derivatives utilized
by Li et al. (73-74) were not screened for structural changes as there was no extraction method
to isolate the derivative. Therefore, the lactosyl-Ns-sphingosine probes (22 and 24) will be used
to monitor changes in Tyl/Tw2 cytokine release and CD1d binding. These changes will be
compared to a-LacCer (71) and a-GalCer (72). Specifically, the effect of a/f linkage between
lactose and Ns-sphingosine in addition to the loss of an acyl chain on will be monitored for the
latter bioactive responses. These lactosyl-Ns-sphingosine probes (22 and 24) could potentially be
extracted using CuAAC and monitored for metabolic changes. In particular, the lactosyl-Ns-
sphingosine probes (22 and 24) will be observed to see how lactose is exchanged with DHEA Ca7
N3 probes (5 and 8) as seen previously between cholesterol and ceramides (see Figure 1.5).
Specifically, the lactosyl-Ns-sphingosine probes (22 and 24) will be examined to see if the lactose
group is cleaved of its terminal galactose subunit or substituted entirely with a glucose group as
this change was crucial for cytokine release (Zhang et al., 2008). The synthesis of the lactosyl-
Ns-sphingosine probes (22 and 24) will utilize methods previously reported (Du & Gervay-Hague,
2005; Davis et al., 2015; Hsieh et al., 2014). A sphingosine was chosen to be the base of the
ceramide based on its synthetic efficiency (less protecting groups required), simpler NMR

characterization, and its minimal effect on Th1/Th2 cytokine release compared to a-GalCer (72)
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in murine INKT cells (Dangerfield et al., 2012). Details regarding the synthesis will be described

thoroughly below in Section 4.5.

Section 4.5: Lactosyl C,7 azido-sphingosine probes (22 and 24)

1) HMDS, cat. TMSOTf, DCM Ns

N
NH; TNz, K,CO3 -3 0°Ctort,2h -
HO H N T B e . HO\/Y\/CHHN ******************** - HO X C13Hzr
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° © MW, 110 °C, 30 min § C|3H27 X 013Hz7
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Scheme 4.6 Synthetic scheme of lactosyl Ci7 azido-sphingosine probes (22 and 24)

They synthesis of 22 and 24 will utilize previous synthetic methods developed in the
Gervay-Hague research group to study the metabolism of glycosylceramides in Tyl and Twu2
cytokine response in addition to sugar exchange with sterols (Hsieh et al., 2014), (Davis et al.,
2015), (Du & Gervay-Hague, 2005) (see Scheme 4.6). In addition, full characterization of 18, 19,
20, 21, 22, 23, and 24 will be achieved via H, *C, COSY, HSQC, HMBC, and NOESY NMR
experiments. After full characterization via NMR, 22 and 24 will undergo a CuAAC reaction with
MAN using the optimized Blanco et al. procedure developed for 5 and 8 to determine how well
they “click” together before subjection to biological studies. Upon in vitro subjection, 22 and 24

will be extracted with MAN and characterized via NMR and mass spectrometry for metabolites.
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Section 4.6: Supplementary Information
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