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ABSTRACT: A series of steroidal α,β-unsaturated hydrazones is
presented whose behavior and reactivity are governed by various types
of weak C−H hydrogen bonds. Several interesting features in a
representative X-ray crystal structure and 1H NMR spectrum are
examined that provide evidence for a unique bifurcated intramolecular
C−H interaction. Moreover, these steroid derivatives undergo
functionalization in the form of a highly regio- and stereoselective
fluorination; the sulfonyl oxygen atoms are proposed to direct the
fluorinating reagent through C−H hydrogen bonds.

Nonclassical hydrogen bonding, including C−H···n (n =
lone pair) and C−H···π bonds, has been the subject of

increased attention in recent years. Of particular interest is the
ability of such interactions to affect the structure and behavior
of biological molecules, including proteins, lipids, and nucleic
acids.1 For example, steroids, being principally hydrocarbon-
based, may rely on C−H···π hydrogen bonds to form highly
specific interactions with their corresponding receptor binding
domains.2 One well-studied example of this can be seen in the
binding of cholesterol to the β2-adrenergic receptor.3 Our
laboratory, having experience in synthetic steroid chemistry,4

was interested in the potential to borrow this clever
recognition paradigm from nature in order to address the
synthetically challenging topic of stereoselectivity. In this note,
we report steroid hydrazones that engage in putative C−H···
N/ π interactions in the ground state. However, a
complementary set of C−H···O hydrogen bonds dictates a
highly diastereoselective and apparently contrasteric sulfonyl-
directed fluorination in the transition state for the reaction
with Selectfluor.
We began our studies with dehydroepiandrosterone

(DHEA), an essential and abundant human steroid that is
also utilized pharmaceutically under the name Prasterone.5 We
reasoned that the oxidation of DHEA to the medicinally
relevant enone6 would provide a suitable handle to function-
alize the steroid skeleton with an aromatic moiety that had the
proper orientation to stack intramolecularly on either the α- or
β-face of the steroid.7 Thus, a concise synthesis of a
diacetoxyenone derivative of DHEA was carried out according
to our previously published protocol,8 followed by the

formation of the tosylhydrazone 1 (Scheme 1). While the
hydrazone was successfully generated, we observed the partial
solvolysis of the acetoxy esters under these conditions, likely
due to the use of acidic methanol. Accordingly, another cycle
of acylation produced compound 2, resulting from the
unintentional (but serendipitous) acetylation of the sulfona-

Received: November 12, 2020
Published: December 10, 2020

Scheme 1. Synthesis of Steroid Hydrazone 2 from DHEA
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mide to the sulfonimide. The 1H NMR spectrum of 2
contained some peculiar features, which complicated our
identification of the compound; therefore, we obtained single-
crystal X-ray diffraction data that allowed us to assign the
structure unambiguously. Significantly, we observed two
prominent intramolecular C−H interactions involving the
vinylic C−H bond of the B-ring olefin: an apparently weak C−
H···N hydrogen bond involving the hydrazino nitrogen atom
and a C−H···π interaction involving the aromatic ring (Figure
1). This π-interaction occurs on the α-face of the steroid

skeleton; the hydrazino moiety is oriented in such a fashion to
enable both types of interactions, as the aryl ring adopts a
quasi-slip-stacking (parallel-displaced) orientation below the B-
ring of the tetracycle. A short distance of 2.49 Å was measured
from the C6 hydrogen atom to the acceptor nitrogen atom9

along with a C−H···N bond angle of 94°. Furthermore, a
distance of 3.11 Å was measured from the hydrogen atom to
the closest carbon atom in the phenyl ring of the tosyl group
(C−H···C bond angle of ca. 114°); corroborating this
interaction is pyrimidization of the nitrogen atom. Although
these C−H···N/ π bond angles are relatively small,10 this can
be attributed at least in part to the bifurcated and
intramolecular nature of the interaction.
To better understand this unique intramolecular interaction,

we resynthesized the steroidal hydrazone 1, which was the
originally intended target of this study. Performing the
hydrazonation in neutral THF rather than acidic methanol
allowed the straightforward isolation of 1 without the solvolysis
of the acetoxy groups. Significantly, we observed a difference in
the 1H NMR of 1 compared to that of 2; the signal for the
vinylic C−H bond of the B-ring olefin was abnormally broad
and deshielded in steroid 2 (Figure 2). Given the crystal
structure, we associate these spectroscopic features with the
intramolecular C−H interactions in 2. The 1H NMR spectrum
of 1 is analogous to both the starting material DHEA and the
enone derivative in that this signal is a sharp singlet rather than
a broad one11 and is not unusually deshielded as it is in 2.
Next, we shifted focus to search for interesting reactivity.

Noting that the intramolecular interaction occurs on the α-face
of the steroid, we recognized this as a potential means to

selectively functionalize the less-hindered β-face. Contributing
to this goal, the hydrazone moiety itself is nucleophilic at the
α-position through its enamine tautomer,12 meaning that
potential functionalizations could benefit from being site-
selective in addition to stereoselective. In the case of α,β-
unsaturated hydrazone 2, we anticipated the formation of a
dienamine with a nucleophilic character at the C4 position of
the steroid’s A-ring. Surprisingly, such functionalizations of
steroid imines are scant in the literature, although several
examples have been reported using these precursors to access
steroid lactams or amines by either a Beckman rearrangement
or a reduction, respectively.13

Given our interest in the fluorination of steroids, we
subjected cholesterol hydrazone 4 to a simple reaction with
Selectfluor. A high-yield fluorination occurred that was both
regio- and stereoselective, affording product 8 in a 76% yield
(Scheme 2). The reaction proceeds under mild conditionsit

is nonphotochemical and uncatalyzedand occurs at room
temperature in the dark. In regard to the site-selectivity, the
fluorine atom was established to be at C6 (B-ring, α-position
to the imine) rather than the initially proposed C4 position on
the A-ring. This discrepancy is interesting as we first
anticipated the reaction of the dienamine intermediate at C4
to reestablish the α,β-unsaturated imine rather than the
formation of the allylic ester. The facial selectivity of the
fluorination is also counterintuitive at first glance; the reaction
occurs on the α-face of the steroid rather than the putatively
less-hindered β-face.
Another interesting feature of product 8 is the loss of the

acetamide group, as the typically stable sulfonimide was cloven
to the sulfonamide during fluorination. To gain insight into
this unusual occurrence, we subjected hydrazone 4h (which
lacks the sulfonimide) to a fluorination under the same
conditions. Surprisingly, the reaction did not take place with

Figure 1. X-ray crystal structure of 2.

Figure 2. 1H NMR comparison of vinylic C−H signals.

Scheme 2. Fluorination of Steroid Hydrazone 4
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this derivative, further demonstrating the unique reactivity of
steroid 4. To follow up on this result, we synthesized an N-
methyl analogue, 9, to probe the necessity of the acetimide
group (Figure S21).14 This steroid was subjected to the
fluorination and was found to undergo the reaction in identical
regio- and stereoselectivities to the imide hydrazones, albeit in
a lower yield (ca. 30%).15

To improve the synthetic utility of the fluorination, we
considered methods to remove the hydrazone group under
mild conditions, which would be necessary to make
medicinally relevant fluorosteroids.16 While several options
exist to accomplish this goal,17 including Wolff−Kishner-type
reactions, we stumbled across a simpler solution. We found
that adding a small portion of additional Selectfluor to the
reaction mixture after fluorination resulted in the apparent
hydrolysis of the hydrazone products to the corresponding
ketone in a one-pot fashion.18 Synthetically, this becomes
advantageous as one can toggle between fluorinated hydrazone
or ketone products simply by controlling the stoichiometry of
the Selectfluor.
We next sought to determine whether other steroids could

participate in this unique C−H interaction and fluorination.
Conveniently, the B-ring olefin found in DHEA is conserved
across many naturally occurring steroids (Δ5-steroids),19

enabling synthesis of a variety of derivatives using analogous
methods. A cholesterol hydrazone was prepared20 (compound
4) using the synthesis outlined for steroid 2 (Figure 3). This

steroid engages in both the C−H interactions and the
fluorination, delivering product 5 despite a substantial
difference in the D-ring substituent. Along these lines, the
spiroketal steroid diosgenin21 was employed to synthesize a
hydrazone analogue, 6, that was found to undergo the C−H
interactions and the fluorination, giving fluoride 7.
Originally, we proposed that steric effects should control the

stereoselectivity of the reaction. Given the observed C−H
interactions described above, the tosylhydrazone moiety is
positioned toward the α-face of the steroid, resulting in the β-

face experiencing noticeably less steric hindrance. As noted, we
found that the fluorination exclusively produced the α-fluoride
product. Further complicating our analysis was the literature
precedent for the fluorination of steroids at the same position
(C6). Rozatian et al. reported a 43:57 mixture of diastereomers
for C6 fluorination of a steroid enol ester using Selectfluor
(Figure 4).22 On the other hand, higher β-selectivity was

observed using bulky boron complexing agents.23 Moreover,
the fluorination in these examples occurred distal (γ) to the
enol to regenerate the conjugated enone, in contrast to our
results.
To explain these observations, along with the finding that

fluorination occurred on the more hindered face of the steroid,
we propose that the sulfonylhydrazone moiety acts as a
directing group. Recently, we reported the mechanistic study
of a regioselective radical-based fluorination of steroids and
other complex substrates. To our surprise, the selectivity of this
reaction was driven by the ability of the Selectfluor-based
radical cation to hydrogen bond to a carbonyl group on the
substrate.24 In the present reaction, we propose that the
oxygen atoms of the sulfonyl group may be operating
analogously to those carbonyls (acting as a hydrogen bond
acceptor to the relatively acidic hydrogen atoms found in
Selectfluor).
We turned to computational chemistry to examine the

transition state for fluorination. The literature precedent for
electronically similar enol esters suggests that a two-electron
process may be occuring.25 Couple this with our stereo-
chemical data, which is difficult to reconcile with outer-sphere
one-electron chemistry, and we chose to focus on the
possibility of a concerted transition state, bearing in mind
that the synchronicity of electron transfer could vary. Emerging
from these calculations was a preferred α-fluorination
transition state α-TS1α with a Gibbs free-energy activation
barrier of 16.0 kcal/mol relative to the reacting components
(Figure 5, calculated at ωb97xd/6-31G(d,p)//ωB97Xd/6-
311+G(d,p) (MeCN)). Structurally, a hydrogen bond network
defines the transition state, steering the fluorination to the α-
face of the steroid substrate. Crucial to this network is a two-
point hydrogen bond interaction with distances of 2.15 and
2.29 Å acting as a directing group tether between both sulfonyl
oxygen atoms and two Selectfluor hydrogen atoms adjacent to
the bridgehead nitrogen engaged in fluorine transfer. In
addition, a pair of stabilizing hydrogen bonds with distances of
2.20 and 2.36 Å bridges the acetoxy carbonyl oxygen to the
two hydrogen atoms of Selectfluor. A carbon−fluorine bond-
forming distance of 2.20 Å and a nitrogen−fluoride bond-
breaking distance of 1.59 Å were measured. Lastly, the role of

Figure 3. Product examples for hydrazone fluorination.

Figure 4. Literature precedent for fluorination at C6.
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Coulombic charge stabilization is notable as seen in the
molecular electrostatic potential map (MEP) surface (Figure
S29, left-hand side), wherein the electronegative sulfonyl and
acetoxy group (red) reach out like guiding hands to direct
Selectfluor (blue).
In contrast, the β-fluorination transition state α-TS1β, with

an activation barrier of 17.5 kcal/mol, was disfavored despite
having bond-making and bond-breaking distances similar to
those of α-TS1α as well as a hydrogen bond network (Figure
S29). Diving deeper into this structure nevertheless reveals the
slippage of the anchoring and strongly directing sulfonyl group
two-point hydrogen bond of α-TS1α.

26 Furthering the
stereoselective preference, the sulfonyl groups are inherently
oriented toward the α-face given the C−H···N/ π interaction,
and this fact explains the apparent paradox of contrasteric
reactivity.
On the other hand, γ-fluorination of the enamine is

uncompetitive, with relative Gibbs free activation barriers in
excess of 24 kcal/mol. In this case, disrupting the stabilizing
sulfonyl hydrogen bonding resulted in γ-fluorination being
disfavored (see the Supporting Information for α- and β-face γ-
fluorination transition states γ-TS1α and γ-TS1β, respectively).
Given the unique role of Selectfluor in this particular

fluorination, we became interested in testing an alternative
electrophilic fluorinating reagent in the reaction. We proposed
that structurally distinct fluorinating reagents might deliver the
same fluoride product, albeit without the stereoselectivity that
is observed with Selectfluor. Steroid 2 was subjected to a
reaction with N-fluorobenzenesulfonimide (NFSI); however,
no fluorination occurred at room temperature, and NFSI only
reacted upon heating. Several trace fluorinated products were
formed, although none resembled the products obtained with
Selectfluor. As NFSI is often interchangeable with Selectfluor
in simple electrophilic fluorinations,27 this experiment high-
lights the unique reactivity of Selectfluor in certain cases.
In conclusion, we have developed a diastereoselective

fluorination of steroid α,β-unsaturated hydrazones. Sulfonyl
directing groups are shown to hydrogen bond to C−H atoms
on the fluorination reagent in the transition state. In the
ground state, however, these steroids experience an intra-
molecular bifurcated C−H···N/π interaction. This work
demonstrates once again the powerful cumulative effects of

relatively weak interactions, such as C−H hydrogen bonds, on
stereoselectivity.

■ EXPERIMENTAL SECTION
General Information. Unless otherwise stated, all reactions were

carried out under strictly anhydrous conditions and a N2 atmosphere.
All solvents were dried and distilled by standard methods. All 1H
spectra were acquired on a 400 MHz NMR spectrometer in CDCl3,
19F spectra were acquired on a 300 MHz NMR spectrometer in
CD3CN or CDCl3, and

13C NMR spectra were acquired on a 400
MHz NMR spectrometer in CDCl3. The

1H, 13C, and 19F NMR
chemical shifts are given in parts per million (δ) with respect to an
internal tetramethylsilane (TMS, δ = 0.00 ppm) standard or 3-
chlorobenzotrifluoride (δ= −64.2 ppm relative to CFCl3). NMR data
are reported in the following format: chemical shift (integration,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet), coupling constants (Hertz)).

General Fluorination Procedure. The substrate (1.0 mmol) was
added to an oven-dried round-bottom flask equipped with a stir bar
and then dissolved in anhydrous acetonitrile (20 mL). Selectfluor (2.0
mmol, 2.0 equiv) was added, and the reaction mixture stirred at room
temperature overnight (12−24 h) and was monitored by 19F NMR.
For the ketone products, an additional 1.0 equiv of Selectfluor was
added after the fluorination transpired, and the reaction mixture was
stirred for 2−4 h. The reaction was quenched with 1 M HCl (50 mL),
and the reaction mixture was transferred to a separatory funnel,
diluted with H2O, and extracted into CH2Cl2 (3×). The combined
organic layers were washed with brine, dried with Na2SO4, and
concentrated to dryness. The crude reaction mixture was purified via
gradient column chromatography on silica gel with EtOAc/hexanes.

Fluorinated Product Characterization Data. Compound 3.
Fluorination was run according to the general procedure, and the
product was isolated via gradient column chromatography on silica gel
with EtOAc/hexanes: white solid (236 mg, 58%); 19F NMR (282
MHz, CDCl3) δ −203.70 (d, J = 48.2 Hz); 1H NMR (400 MHz,
CDCl3) δ 5.73−5.69 (1H, m), 5.51−5.33 (1H, m), 5.30−5.22 (1H,
m), 4.65 (1H, t, J = 8.7 Hz), 2.47 (1H, t, J = 11.6 Hz), 2.28−2.18
(2H, m), 2.06 (3H, s), 2.05−2.02 (4H, m), 1.89−1.73 (2H, m),
1.59−1.42 (4H, m), 1.34 (3H, s), 1.28−1.09 (4H, m), 0.94−0.76
(4H, m); 13C{1H}NMR (100 MHz, CDCl3) δ 202.6 (d, 2JC−F = 13.9
Hz), 171.0, 170.5, 143.0 (d, 3JC−F = 11.4 Hz), 119.6 (d, 2JC−F = 13.9
Hz), 91.6 (C−F, d, 1JC−F = 199.9 Hz), 81.7, 69.7 (d, 4JC−F = 1.5 Hz),
53.3, 47.2, 43.3 (d, 4JC−F = 1.8 Hz), 42.4, 37.7 (d, 4JC−F = 2.9 Hz),
35.5, 35.1 (d, 4JC−F = 1.1 Hz), 27.5, 24.7, 24.0, 21.2, 21.1, 20.8, 19.0,
12.1; HRMS (ESI-Orbitrap) m/z [M + H]+ calcd for C23H32O5F

+

407.2235, found 407.2224.
Compound 5. Fluorination was run according to the general

procedure, and the product was isolated via gradient column
chromatography on silica gel with EtOAc/hexanes: white solid (331
mg, 72%); 19F NMR (282 MHz, CDCl3) δ −203.44 (d, J = 48.8 Hz);
1H NMR (400 MHz, CDCl3) δ 5.71−5.68 (1H, m), 5.49−5.33 (1H,
m), 5.30−5.23 (1H, m), 2.41 (1H, t, J = 11.7 Hz), 2.24−2.14 (1H,
m), 2.09−2.00 (5H, m), 1.96−1.89 (1H, m), 1.87−1.80 (1H, m),
1.56−1.40 (5H, m), 1.36−1.31 (5H, m), 1.21−1.07 (7H, m), 1.05−
0.89 (6H, m), 0.88−0.85 (7H, m), 0.68 (3H, s); 13C{1H}NMR (100
MHz, CDCl3) δ 203.3 (d, 2JC−F = 13.9 Hz), 170.6, 143.5 (d, 3JC−F =
11.4 Hz), 119.2 (d, 2JC−F = 14.3 Hz), 91.7 (C−F, d, 1JC−F = 198.8
Hz), 69.9 (d, 4JC−F = 1.1 Hz), 54.9, 53.4, 48.2 (d, 4JC−F = 1.5 Hz),
47.5, 42.4, 39.4, 38.3, 37.7 (d, 4JC−F = 2.9 Hz), 36.1, 35.6, 35.1 (d,
4JC−F = 1.1 Hz), 28.3, 28.0, 24.7, 24.5, 23.7, 22.8, 22.5, 21.3, 21.2,
19.0, 18.7, 12.0; HRMS (ESI-Orbitrap) m/z [M + H]+ calcd for
C29H46O3F

+ 461.3432, found 461.3421.
Compound 7. Fluorination was run according to the general

procedure, and the product was isolated via gradient column
chromatography on silica gel with EtOAc/hexanes: white solid (298
mg, 61%); 19F NMR (282 MHz, CDCl3) δ −203.53 (d, J = 48.8 Hz);
1H NMR (400 MHz, CDCl3) δ 5.73−5.68 (1H, m), 5.52−5.35 (1H,
m), 5.29−5.22 (1H, m), 4.54−4.45 (1H, m), 3.50−3.44 (1H, m),
3.37 (1H, t, J = 10.9 Hz), 2.63−2.54 (2H, m), 2.09−2.03 (4H, m),

Figure 5. Computed transition state for the fluorination of 2.
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1.86−1.72 (4H, m), 1.64−1.59 (3H, m), 1.56 (3H, s), 1.51−1.38
(3H, m), 1.35 (3H, s), 1.24−1.11 (4H, m), 0.98 (3H, d, J = 6.9 Hz),
0.81−0.76 (6H, m); 13C{1H}NMR (100 MHz, CDCl3) δ 202.7 (d,
2JC−F = 13.9 Hz), 170.6, 143.1 (d, 3JC−F = 11.4 Hz), 119.5 (d, 2JC−F =
13.9 Hz), 109.3, 91.7 (C−F, d, 1JC−F = 199.2 Hz), 80.6, 69.8 (d, 4JC−F
= 1.1 Hz), 66.8, 61.1, 53.3, 47.8 (d, 4JC−F = 1.5 Hz), 46.8, 41.5, 40.2,
38.3, 37.7 (d, 4JC−F = 2.9 Hz), 35.1, 31.8, 31.4, 30.3, 28.8, 24.7, 21.2,
21.0, 19.0, 17.1, 16.4, 14.5; HRMS (ESI-Orbitrap) m/z [M + H]+

calcd for C29H42O5F
+ 489.3017, found 489.3008.

Compound 8. Fluorination was run according to the general
procedure (quenched with saturated aq. NaHCO3 instead of HCl and
using 1.5−2.0 equiv Selectfluor), and the product was isolated via
gradient column chromatography on silica gel with EtOAc/hexanes:
white solid (478 mg, 76%); 19F NMR (282 MHz, CDCl3) δ −189.28
(d, J = 47.6 Hz); 1H NMR (400 MHz, CDCl3) δ 7.87−7.83 (2H, m),
7.33−7.29 (2H, m), 5.73−5.45 (2H, m), 5.35−5.27 (1H, m), 2.48−
2.39 (4H, m), 2.29−2.19 (2H, m), 2.11−2.00 (6H, m), 1.87−1.74
(2H, m), 1.67−1.48 (5H, m), 1.40−1.24 (6H, m), 1.21 (3H, s),
1.18−1.08 (5H, m), 0.93 (3H, d, J = 6.5 Hz), 0.89−0.86 (6H, m),
0.71 (3H, s); 13C{1H}NMR (100 MHz, CDCl3) δ 170.5, 167.7,
144.8, 142.9 (d, 3JC−F = 12.8 Hz), 135.3, 129.4, 128.5, 121.7 (d, 2JC−F
= 15.8 Hz), 90.7 (C−F, d, 1JC−F = 201.0 Hz), 70.0, 55.1, 50.0, 43.8,
42.7, 39.5, 38.3, 37.4 (d, 4JC−F = 2.6 Hz), 36.1, 35.6, 35.1, 28.1, 28.0,
24.9, 24.6, 24.3, 23.7, 22.8, 22.5, 21.6, 21.2, 21.0, 19.1, 18.8, 12.0;
HRMS (ESI-Orbitrap) m/z [M + H]+ calcd for C36H54O4N2FS

+

629.3789, found 629.3806.
Syntheses and Characterization of Starting Materials.

Compound 2. Dehydroepiandrosterone (2.5 g, 8.67 mmol) was
dissolved in MeOH (55 mL), and the mixture was cooled to 0 °C in
an ice bath. Sodium borohydride (410 mg, 10.84 mmol, 1.25 equiv)
was added in three portions. The mixture was stirred at 0 °C for an
additional 30 min and then slowly warmed to room temperature,
where it continued to stir for 4 h. The reaction was quenched with 1
M HCl (25 mL), and then most of the MeOH was removed in vacuo.
The precipitate was filtered, washed with water, and dried overnight
under vacuum.
The crude solid was suspended in pyridine (10 mL); cat. DMAP

was added (50 mg), then acetic anhydride (7 mL) was added
dropwise. The mixture was heated at 95 °C for 24 h with a heating
mantle. After cooling to room temperature, the reaction was
quenched with water (150 mL), and the resulting precipitate was
filtered and washed with water. This solid was then dissolved with
DCM (100 mL) and washed in a separatory funnel with 1 M HCl,
followed by brine. The solvent was dried over Na2SO4 and then
concentrated to dryness.
The crude material from the previous step (8.5 mmol) was

dissolved in acetone (140 mL). N-Hydroxysuccinimide (2.93 g, 25.5
mmol, 3.0 equiv) was added, followed by K2Cr2O7 (10.0 g, 34 mmol,
4.0 equiv) and glacial acetic acid (14 mL). The mixture was stirred at
50 °C for 48 h with a heating mantle and then cooled to room
temperature. The mixture was diluted with Et2O and filtered through
Celite (washed with Et2O). Most of the acetone was removed in
vacuo, and the mixture was diluted with more Et2O and washed with
water, then saturated sodium bicarbonate, and finally brine. The
organic layer was dried over Na2SO4, concentrated to dryness, and
then purified via column chromatography on silica gel (EtOAc/
hexanes), providing the diacetoxy enone of DHEA as a white solid
(2.1 g, 62% from DHEA).
The product from the previous step (2.1 g, 5.4 mmol) was

dissolved in anhydrous THF (60 mL). Tosyl hydrazide (2.51 g, 13.5
mmol, 2.5 equiv) was added, and the mixture was refluxed for 24 h
with a heating mantle. After cooling to room temperature, the
reaction mixture was diluted with EtOAc and washed with saturated
sodium bicarbonate, followed by brine. The organic layer was dried
over Na2SO4, concentrated to dryness, and purified via column
chromatography on silica gel (EtOAc/hexanes), providing the
hydrazone of DHEA as a white solid (2.3 g, 78%).
The hydrazone from the previous step (2.3 g, 4.2 mmol) was

dissolved in CH2Cl2. Et3N (1.2 mL, 8.4 mmol, 2.0 equiv) and cat.
DMAP (0.1 equiv) were added, followed by acetic anhydride

dropwise (0.8 mL, 8.4 mmol, 2.0 equiv). The reaction mixture was
stirred overnight at room temperature, then was diluted with more
DCM and transferred to a separatory funnel. The solution was washed
with saturated sodium bicarbonate, followed by brine. The organic
layer was then dried over Na2SO4 and concentrated to dryness.
Purification via column chromatography on silica gel (EtOAc/
hexanes) provided compound 2 as a white solid (2.1 g, 86%): 1H
NMR (400 MHz, CDCl3) δ 7.88−7.84 (2H, m), 7.35−7.31 (2H, m),
6.34 (1H, br. s), 4.76−4.59 (2H, m), 2.67−2.47 (3H, m), 2.44 (3H,
s), 2.42−2.33 (1H, m), 2.22−2.11 (1H, m), 2.06 (3H, s), 2.05 (3H,
s), 2.04 (3H, s), 2.02−1.91 (2H, m), 1.83−1.75 (1H, m), 1.71−1.40
(8H, m), 1.30−1.23 (1H, m), 1.21 (3H, s), 0.86 (3H, s); 13C{1H}-
NMR (100 MHz, CDCl3) δ 180.0, 171.2, 170.1, 169.4, 160.0, 144.9,
135.2, 129.4, 128.7, 116.7, 81.9, 72.3, 48.9, 44.9, 42.7, 40.4, 39.0, 38.2,
36.1, 35.3, 27.3, 27.2, 27.0, 24.4, 21.7, 21.2, 21.1, 20.3, 17.6, 12.2;
HRMS (ESI-Orbitrap) m/z [M + H]+ calcd for C32H43O7N2S

+

599.2792, found 599.2782.
Compound 4. Cholesterol (2.5 g, 6.47 mmol) was dissolved in

CH2Cl2. Et3N (1.8 mL, 12.94 mmol, 2.0 equiv) and cat. DMAP (0.1
equiv) were added, followed by acetic anhydride dropwise (1.22 mL,
12.94 mmol, 2.0 equiv). The reaction mixture was stirred overnight at
room temperature, then diluted with more DCM and transferred to a
separatory funnel. The solution was washed with 1 M HCl, then
saturated sodium bicarbonate, and finally brine. The organic layer was
then dried over Na2SO4 and concentrated to dryness.

The crude material from the previous step (6.4 mmol) was
dissolved in acetone (105 mL). N-Hydroxysuccinimide (2.21 g, 19.2
mmol, 3.0 equiv) was added, followed by K2Cr2O7 (7.53 g, 25.6
mmol, 4.0 equiv) and glacial acetic acid (10.5 mL). The mixture was
stirred at 50 °C for 48 h with a heating mantle, then cooled to room
temperature. The mixture was diluted with Et2O and filtered through
Celite (washed with Et2O). Most of the acetone was removed in
vacuo, and the mixture was diluted with more Et2O and washed with
water, then saturated sodium bicarbonate, and finally brine. The
organic layer was dried over Na2SO4, concentrated to dryness, and
purified via column chromatography on silica gel (EtOAc/hexanes),
providing the acetoxy enone of cholesterol as a white solid (2.03 g,
71% from cholesterol).

The product from the previous step (2.03 g, 4.59 mmol) was
dissolved in anhydrous THF (51 mL). Tosyl hydrazide (2.14 g,
11.475 mmol, 2.5 equiv) was added, and the mixture was refluxed for
24 h with a heating mantle. After cooling to room temperature, the
reaction was diluted with EtOAc and washed with saturated sodium
bicarbonate, followed by brine. The organic layer was dried over
Na2SO4, concentrated to dryness, and purified via column
chromatography on silica gel (EtOAc/hexanes), providing the
hydrazone of DHEA as a white solid (1.91 g, 68%).

The hydrazone from the previous step (1.91 g, 3.12 mmol) was
dissolved in CH2Cl2. Et3N (0.87 mL, 6.24 mmol, 2.0 equiv) and cat.
DMAP (0.1 equiv) were added, followed by acetic anhydride
dropwise (0.6 mL, 6.24 mmol, 2.0 equiv). The reaction mixture
stirred overnight at room temperature, then diluted with more DCM
and transferred to a separatory funnel. The solution was washed with
saturated sodium bicarbonate and brine. The organic layer was dried
over Na2SO4 and concentrated to dryness. Purification via column
chromatography on silica gel (EtOAc/hexanes) provided compound
4 as a white solid (1.67 g, 82%): 1H NMR (400 MHz, CDCl3) δ
7.88−7.85 (2H, m), 7.32−7.29 (2H, m), 6.32 (1H, br. s), 4.74−4.64
(1H, m), 2.59−2.44 (3H, m), 2.41 (3H, s), 2.40−2.33 (1H, m), 2.03
(3H, s), 2.00 (3H, s), 1.99−1.88 (2H, m), 1.86−1.77 (1H, m), 1.70−
1.46 (6H, m), 1.39−1.21 (5H, m), 1.19−1.07 (9H, m), 0.95−0.91
(3H, m), 0.87−0.84 (6H, m), 0.83−0.74 (2H, m), 0.71 (3H, s);
13C{1H}NMR (100 MHz, CDCl3) δ 180.6, 170.0, 169.5, 159.5, 144.7,
135.3, 129.2, 128.7, 116.8, 72.4, 54.6, 50.0, 42.8, 40.7, 39.4, 38.9, 38.1,
38.0, 36.1, 35.5, 28.2, 27.9, 27.3, 27.2, 26.8, 24.3, 23.7, 22.7, 22.5,
21.6, 21.1, 20.7, 18.9, 17.4, 12.0; HRMS (ESI-Orbitrap) m/z [M +
H]+ calcd for C38H57O5N2S

+ 653.3989, found 653.3974.
Compound 6. Diosgenin (2.5 g, 6.03 mmol) was dissolved in

CH2Cl2. Et3N (1.7 mL, 12.06 mmol, 2.0 equiv) and cat. DMAP (0.1
equiv) were added, followed by acetic anhydride dropwise (1.14 mL,
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12.06 mmol, 2.0 equiv). The reaction mixture was stirred overnight at
room temperature, then was diluted with more DCM and transferred
to a separatory funnel. The solution was washed with saturated
sodium bicarbonate and then brine. The organic layer was then dried
over Na2SO4 and concentrated to dryness.
The crude material from the previous step (6.0 mmol) was

dissolved in EtOAc (50 mL), and 3 Å activated molecular sieves were
added (2.0 g). tert-Butyl hydroperoxide in decane (5.48 mL, 5.0
equiv) was added. After stirring for 5−10 min, Mn(OAc)3 was added
(186 mg, 0.1 equiv), and the reaction mixture was stirred for 24 h at
room temperature. The mixture was filtered through Celite and
concentrated to dryness. Purification via column chromatography on
silica gel (EtOAc/hexanes) provided the enone as a white solid (2.07
g, 73% from diosgenin).
The product from the previous step (2.07 g, 4.4 mmol) was

dissolved in anhydrous THF (50 mL). Tosyl hydrazide (2.05 g, 11.0
mmol, 2.5 equiv) was added, and the mixture was refluxed for 24 h
with a heating mantle. After cooling to room temperature, the
reaction was diluted with EtOAc and washed with saturated sodium
bicarbonate, followed by brine. The organic layer was dried over
Na2SO4, concentrated to dryness, and purified via column
chromatography on silica gel (EtOAc/hexanes), providing the
hydrazone of diosgenin as a white solid (1.80 g, 64%).
The hydrazone from the previous step (1.80 g, 2.82 mmol) was

dissolved in CH2Cl2. Et3N (0.79 mL, 5.64 mmol, 2.0 equiv) and cat.
DMAP (0.1 equiv) were added, followed by acetic anhydride
dropwise (0.53 mL, 5.64 mmol, 2.0 equiv). The reaction mixture
was stirred overnight at room temperature, then was diluted with
more DCM and transferred to a separatory funnel. The solution was
washed with saturated sodium bicarbonate and then brine. The
organic layer was dried over Na2SO4 and concentrated to dryness.
Purification via column chromatography on silica gel (EtOAc/
hexanes) provided compound 6 as a white solid (1.69 g, 88%): 1H
NMR (400 MHz, CDCl3) δ 7.88−7.84 (2H, m), 7.35−7.31 (2H, m),
6.32 (1H, br. s), 4.76−4.66 (1H, m), 4.43 (1H, q, J = 7.6 Hz), 3.52−
3.45 (1H, m), 3.38 (1H, t, J = 11.0 Hz), 2.85−2.78 (1H, m), 2.75−
2.64 (1H, m), 2.59−2.53 (1H, m), 2.51−2.46 (1H, m), 2.43 (3H, s),
2.04 (3H, s), 1.99 (3H, s), 1.91−1.86 (1H, m), 1.80−1.55 (11 H, m),
1.52−1.36 (3H, m), 1.31−1.12 (6H, m), 1.00 (3H, d, J = 7.0 Hz),
0.83 (3H, s), 0.79 (3H, d, J = 6.3 Hz); 13C{1H}NMR (100 MHz,
CDCl3) δ 180.2, 170.1, 159.6, 144.8, 135.3, 129.4, 128.7, 116.9, 109.2,
80.5, 77.2, 72.4, 66.8, 61.1, 49.7, 48.7, 41.5, 40.8, 40.1, 39.1, 38.2,
38.1, 36.0, 34.7, 31.4, 30.2, 28.8, 27.2, 24.3, 21.7, 21.2, 20.5, 17.5,
17.1, 16.6, 14.7; HRMS (ESI-Orbitrap) m/z [M + H]+ calcd for
C38H53O7N2S

+ 681.3574, found 681.3565.
Compound 9. Steps 1−3 were performed identically to those for

the synthesis for compound 4. The hydrazone of cholesterol (0.83 g,
1.36 mmol) was then dissolved in anhydrous THF (20 mL), and to
the solution were added K2CO3 (0.3 g, 2.17 mmol, 1.6 equiv) and
PPh3 (96 mg, 0.36 mmol, 0.27 equiv). Methyl iodide (0.17 mL, 2.72
mmol, 2.0 equiv) was added dropwise, and the mixture was stirred at
room temperature for 36 h. The reaction was quenched with water,
transferred to a separatory funnel, and extracted with Et2O (3×). The
combined organic layers were washed with brine, dried over Na2SO4,
and concentrated to dryness. Purification via column chromatography
on silica gel (EtOAc/hexanes) provided compound 9 as a white solid
(0.67 g, 79%): 1H NMR (400 MHz, CDCl3) δ 7.76−7.73 (2H, m),
7.32−7.29 (2H, m), 6.61 (1H, d, J = 1.6 Hz), 4.73−4.64 (1H, m),
2.67 (3H, s), 2.59−2.52 (1H, m), 2.50−2.35 (5H, m), 2.32−2.23
(1H, m), 2.05 (3H, s), 2.03−1.87 (3H, m), 1.77−1.68 (1H, m),
1.59−1.49 (3H, m), 1.39−1.25 (6H, m), 1.18−1.04 (10H, m), 0.92
(3H, d, J = 6.6 Hz), 0.89−0.87 (6H, m), 0.86−0.76 (2H, m), 0.68
(3H, s); 13C{1H}NMR (100 MHz, CDCl3) δ 174.7, 170.3, 156.5,
143.7, 131.2, 129.7, 128.9, 117.0, 72.7, 54.7, 50.0, 49.1, 42.8, 40.0,
39.5, 39.4, 38.7, 38.3, 38.0, 36.2, 36.2, 35.6, 28.2, 28.0, 27.4, 26.9,
23.7, 22.8, 22.6, 21.6, 21.3, 20.7, 18.9, 17.5, 12.2; HRMS (ESI-
Orbitrap) m/z [M + H]+ calcd for C37H57O4N2S

+ 625.4040, found
625.4033.

■ COMPUTATIONAL METHODS
Density functional theory calculations were performed using the
software package Gaussian 09, rev. E.01.28 All geometry optimizations
were performed applying the ωB97X-D29 functional with the 6-
31G(d,p) basis set. The optimized geometries were verified as
transition state structures (one imaginary frequency) or minima by
frequency calculations. Intrinsic reaction coordinate (IRC) calcu-
lations30 were performed to confirm that all transition state structures
were linked to the relevant minima. The energies of the ωB97X-D/6-
31G(d,p)-optimized structures were further refined by single-point
calculations performed at the ωB97X-D/6-311+G(d,p) level of theory
using the integral equation formalism polarizable continuum model
(IEFPCM) with the default parameters of acetonitrile (ε = 37.5) to
account for solvent.31 The final reported Gibbs free energies were the
summed thermal corrections to the Gibbs free energies (T = 298.15
K) computed at the lower (ωB97X-D/6-31G(d,p)) level of theory
and electronic energies from the single-point ωB97X-D/6-311+G-
(d,p) calculations. The keyword (integral = grid = ultrafine) was used
for all calculations. The 3D images of all optimized geometries were
generated with CYLview,32 and GaussView33 was used to construct all
structures prior to optimization as well as visualize the output from
the Gaussian 09 calculations. Monte Carlo conformational searches
(MCCS) with an OPLS3 force field were performed using the
MacroModel program of the Schrödinger software package.34 The
reported molecular electrostatic potential (MEP) surfaces (isovalue =
0.001, min = 50.0, and max = 110.0) were computed using the
B3LYP-D3 functional with a 6-311+G(d,p) basis set using the Jaguar
program in the Schrödinger software package.35
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