Research Article

ACS
Combinatonal
ience

pubs.acs.org/acscombsci

Multicomponent Ligation of Steroids: Creating Diversity at the
Linkage Moiety of Bis-spirostanic Conjugates by Ugi Reactions

Karell Pérez-Labrada,*"*® Yanira Méndez, Ignacio Brouard,® and Daniel G. Rivera®"

"Center for Natural Products Study, Faculty of Chemistry, University of Havana, Zapata y G, 10400, La Habana, Cuba
“Institute of Pharmacy and Food, University of Havana, San Léazaro y L, 10400, La Habana, Cuba

SInstituto de Productos Naturales y Agrobiologfa-C.S.L.C., Avda. Astrofisico Francisco Sanchez 3, 38206 La Laguna, Tenerife, Spain

© Supporting Information

ABSTRACT: The diversity-oriented synthesis of novel bis-
spirostanic conjugates utilizing two different Ugi four-
component reactions (Ugi-4CR) is described. Spirostanic
steroids were functionalized with Ugi-reactive groups, that is,
amines, isocyanides, and carboxylic acids, and next were
subjected to multicomponent ligation approaches leading to
bis-steroidal conjugates featuring pseudo-peptidic and hetero-
cyclic linkage moieties. Both the classic Ugi-4CR and its
hydrazoic acid variant were implemented, proving good
efficiency for the ligation of isocyanosteroids to spirostanic
acids and equatorial amines. Axially oriented amines showed
poorer results, although model studies proved that chemical
efficiency could be significantly improved while increasing

reaction times. Overall, the method comprises the rapid generation of molecular diversity at the bis-steroid linkage moiety and,
consequently, shows promise toward the production of combinatorial libraries of bis-spirostanes for biological screening.
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B INTRODUCTION

Bis-steroidal conjugates have attracted considerable attention in
the last two decades in view of their remarkable applications in
biological, medicinal, and supramolecular chemistry. Examples
of naturally occurring bis-steroids are the cephalostatins and
ritterazines, " that is, marine natural products containing either
two spirostanic or spirofuranic units linked by a pyrazine ring
(Figure 1). Other impressively exploited classes of bis-steroidal
conjugates are those composed by two cholanic skeletons,
which, depending on the nature of both the axially disposed
functionalities and the linker, have found important applica-
tions in molecular and ion pair recognition,” in the discovery of
antibacterial agents,* in the encapsulation and transportation of
hydrophilic agents in lipophilic media,” and in the solubilization
of membrane proteins,” among others.”

Despite the immense progress achieved in this field, the
ligation of the two steroidal units usually relies just on a few
types of reactions. Thus, the classical amide and ester bonds
formation reactions using coupling agents have been the
synthetic choice for most bis-steroidal conjugates found in the
literature. More recently, the Cu'-catalyzed 1,3-dipolar cyclo-
addition (click) approach has been also used for this purpose,
with the resulting 1,2,3-triazole-linked bis-steroids showing
interesting medicinal and chemical applications.” '® Never-
theless, despite the great efficiency of both ligation methods, a
relevant drawback is the low level of molecular diversity that
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can be installed in the linkage moiety, which certainly limits
applicability in, for example, the combinatorial generation of
compounds libraries for screening of bioactivity and properties.

In this sense, synthetic approaches that rapidly generate
molecular diversity and complexity in the linkage moiety of bis-
steroidal conjugates may be of great interest for medicinal
chemistry, whereas examples of both antibacterial bis-cholanes®
and anticancer bis-spirostanes are well documented." Consid-
ering the unraveling way by which isocyanide-based multi-
component reactions (I-MCRs) generate structural diversity
with minimized synthetic cost, we envisioned the implementa-
tion of these reactions in the synthesis of structurally diverse
bis-steroidal conjugates. Spirostanic steroids were chosen to
address the efficiency and diversity-oriented character of such a
multicomponent ligation process, as synthetic approaches
toward bis-spirostanes have attracted significant attention in
the last years."'

Herein we report on the utilization of Ugi four-component
reactions (Ugi—4CRs)12 as a general multicomponent ligation
approach toward bis-spirostanic conjugates. The Ugi-4CR is
currently considered one of the most versatile synthetic tools
for the generation of molecular diversity and complexity.>~"
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Figure 1. Structures of natural bis-spirostanic and synthetic bis-
cholanic conjugates.

In the field of steroid chemistry, such a MCR has been used for
the synthesis of steroidal hybrids incorporating sugars,lé
peptidomimetics,'” and B-lactams,"® as well as for the assembly
of steroidal macrocycles."”™>* However, an assessment of its
versatility and efficiency in the construction of a small library of
bis-spirostanic conjugates has not been described so far.

B RESULTS AND DISCUSSION

The simplest version of the Ugi-4CR comprises the one-pot
condensation of an oxo compound (i.e., ketone or aldehyde), a
primary amine, a carboxylic acid, and an isocyanide to give an
N-substituted dipeptide backbone.'* An important variation of
this approach encompasses the utilization of hydrazoic acid as
the acid component, which upon reaction with the amine, the
oxo-compound, and the isocyanide furnishes a 1,5-disubtituted
tetrazole via an electrocyclic ring closure.”> The selection of
these processes relies on their capability to form stable chemical
linkages between two spirostanic units, which is indeed an
alternative to the pyrazine-linkage of the natural bis-spirostanes.
Moreover, a key feature is the high diversity of substitution

patterns at the Ugi-type linkage resulting from the variation of
the functionalities (i.e., Ugi-components) at the reacting
steroidal skeletons. This combinatorial principle derived from
the multicomponent nature of the Ugi-4CR has been
implemented for other families of compounds,"”>~"* but it has
not been exploited in the MCR-based modifications of steroids.
Accordingly, this work attempts to illustrate the many
possibilities derived from the use of two dissimilar Ugi-4CRs
for the ligation of steroids.

Scheme 1 depicts the strategy toward bis-steroidal conjugates
using Ugi-4CRs, which give rise either to peptidic or tetrazole
linking platforms. In this work, the oxo-component will be fixed
to formaldehyde in order to avoid formation of diastereomers,
while the steroids will be functionalized with each the three
remaining Ugi-functionalities. Consequently, three different
combinations may be implemented for the classical Ugi-4CR,
while only one combination is possible for the Ugi-tetrazole
reaction, as hydrazoic acid is also a fixed component.”* As it will
be shown, further skeletal diversity can be generated by
variation of the position and stereochemistry of the Ugi-reactive
functionalities, which shall lead to dissimilar conformations and
topologies of the resulting conjugates.

Scheme 2 shows the synthesis of spirostanes functionalized
with the Ugi-reactive groups. Initially, the focus was posed on
the synthesis of 3-amino-spirostanes having varied stereo-
chemistry and diverse oxygen-functionalities in rings B and C.
Hence, hecogenin (1) was converted to 3a-hecogenyl azide (2)
as previously described,” which was further subjected to
Staudinger azide reduction with PPh; to produce the 3a-
hecogenyl amine (3) in 81% yield after column chromatog-
raphy. In a similar way, Sa-hydroxy-laxogenin (5)*° was
transformed into 3a-amino-spirostane 7 also by the traditional
tosylation/azide displacement and subsequent reduction to
amine. Alternatively, we turned to the synthesis of spirostanic
amines with the 3f configuration, aiming to address the
influence of the stereochemistry in the efficiency of the Ugi-
conjugation. For this, spirostanetriol 9, readily obtained”” from
the highly available diosgenin (13), was subjected to Mitsunobu
reaction using methanesulfonic acid as the acidic/nucleophilic
component, followed by replacement with azide to recover the
original C-3 stereochemistry in the 3f-azido-spirostane 10.

Scheme 1. Combinations of the Multicomponent Ligation Approach Derived from Both the Variation of the Ugi-Reactive

Functional Groups and the Type of Ugi-4CR
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Scheme 2. Synthesis of Spirostanes Functionalized with Amino, Carboxylic, and Isocyano Groups®
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“Reagents and conditions: (a) TsCl, pyridine; (b) NaN;, DMPU, 60 °C; (c) PPh,;, THF/H,0; (d) HCI-H,NOCH,CO,H, pyridine; (e) MsOH,
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Subsequent Staudinger reduction with PPh; produced the 34-
amine 11 in 48% yield over two steps.

We were next engaged in the synthesis of spirostanic acids
having the carboxylic functionality at different positions of the
steroidal skeleton. This was accomplished by condensation of
ketones 1 and § with O-(carboxymethyl)-hydroxylamine to give
rise to 4 and 8 having the oxime-linked carboxylic acids
attached at positions 12 and 6, respectively. Spirostanic acid 12
was similarly prepared from triol 9 in a sequence including
oxidation to the 3-keto intermediate followed by condensation
with O-(carboxymethyl)-hydroxylamine."

To complete the preparation of Ugi-functionalized spiro-
stanes, we proceeded to the synthesis of 3-isocyanospirostanes
having either o or f stereochemistry at C-3. Hence, the 3f-
isocyanide 14 and the 3a-isocyanide 16 were grepared from
diosgenin (13) and the 3f-spirostanol 15,>° respectively,
according to a reported procedure'® including amination at
C-3, formylation using mixed formic-acetic anhydride and
subsequent phosphorylchloride mediated dehydration of the
corresponding formamides. With the set of both equatorially
and axially oriented amino and isocyano groups attached at the
A/B-trans steroidal nucleus, we should be able not only to
evaluate the efficiency of the different Ugi-combinations in the
conjugation of such sterically crowed building blocks but also to
access to a more diverse conformational space derived either
from the flat (ie., using equatorial functionalities) or the
perpendicular (i.e., using axial functionalities) topologies of the
resulting conjugates.

Table 1 illustrates the implementation of the amine/acid
combination for the Ugi-4CR-based conjugation of two
spirostanic steroids, always using commercially available
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isocyanides. Initially, hecogenyl amine 3, endowed with an
axially oriented amino group, was combined with the
spirostanic acids 4 and 12 to furnish the bis-spirostanes 17
and 18 in 63% and 68% yield, respectively. Similarly, the axially
oriented amine 7 was reacted with acids 8 and 4 to produce the
conjugates 19 and 20 in 60% and 61% yield, respectively. It
must be noticed that despite amine 7 features and 1,3-diaxial
interaction with the Sa-hydroxyl group, its reactivity was not
significantly hampered with regard to hecogenyl amine 3.
Alternatively, the reaction of the equatorially oriented amine
11, also having a Sa-hydroxyl group, with spirostanic acid 8
afforded conjugate 21 in 87% yield, almost a 30% more than
the combination of the same acid with the axial amine 7. Two
different conclusions may arise from analysis of Table 1: (i) the
position of the oxime-linked carboxylic functionality does not
have significant influence in the efliciency of the Ugi-4CR-based
conjugation and (i) the stereochemistry of the amine
functionality plays a crucial role in the reaction outcome.
That equatorial amines show higher reactivity than axial ones is
in agreement with the classic reactivity of steroid functionalities,
albeit in the case of the Ugi-4CR there might be several factors
influencing such a behavior. As known from the mechanism of
the Ugi-4CR,'>** crucial steps are the imine formation and the
intramolecular acylation step that requires the migration of the
amine nitrogen atom once the a-adduct has been formed (ie.,
Mumm rearrangement). Indeed, both processes are more
favorable for equatorially oriented amines than for axial ones.
Another factor likely affecting the yield of the Ugi-conjugation
with axial amines may be the fact that the resulting sterically
crowded tertiary amide is less stable with an axial disposition
than with an equatorial one.
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Table 1. Synthesis of Amide-Linked Bis-spirostanes by the Amine/Acid Combination of the Ugi-4CR"

Amine Acid

Isocyanide

Bis-spirostanic Conjugates

j\NC

(o)
-0 e

[}

NH

17, 63%

NH
-CeHy

18, 68%

/NH 21,87%
H c-CgH14

“All reactions were conducted in MeOH at room temperature for 24 h using paraformaldehyde as the oxo component.

With the aim to install molecular diversity not only derived
from the variation of the stereochemistry and positions of the
functionalities, we turned to ligation approaches based on the
two remaining combinations of Ugi-functionalities. Thus, Table
2 illustrates the implementation of the amine/isocyanide and
the acid/isocyanide combinations of the Ugi-conjugation
process,”® in all cases using highly reactive aliphatic amines
and carboxylic acids as the other two components. Accordingly,
the goal was also to assess the efficiency of the ligation process
while using axially- and equatorially oriented spirostanic
isocyanides. To this end, amine 3 was reacted with the
equatorial isocyanosteroid 14 and the axial one 16 in the
presence of acetic acid to furnish bis-spirostanes 22 and 23 in
62% and 64% vyield, respectively. In a parallel manner,
isocyanosteroid 16 was conjugated to spirostanic acids 4 and
8 in the presence of iso-propylamine to produce the bis-
spirostanes 24 and 25 in 84% and 85% yield, respectively,
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~20% more than the reaction of the same sterically hindered
isocyanide with the steroidal amine 3.

Results of Table 2 confirm our hypothesis that the efficiency
of this ligation process mostly depends on the reactivity of the
steroidal amine (i.e., herein addressed by its equatorial or axial
disposition) and not much on that of the isocyanosteroid.
These results also suggest that both equatorial and axial
steroidal isocyanides are as reactive as other aliphatic
isocyanides (i, tert-butyl and cyclohexyl) typically employed
in MCR chemistry. To gain more information about the
reactivity of axial aminosteroids, we decided to address the
factor time in the reaction of amine 3 with different substrates.
Thus, parallel experiments showed that conjugate 18, resulting
of reaction of amine 3 with spirostanic acid 12, could be
obtained in 79% and 91% vyield after 3 and S days of reaction,
respectively. Similarly, reaction of amine 3 with isocyanide 14
afforded conjugate 22 in 83% and 94% yield after 3 and 5 days
of reaction, respectively. This confirms that upon reaction of
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Table 2. Synthesis of Amide-Linked Bis-spirostanes by the Amine/Isocyanide and Acid/Isocyanide Combinations of the Ugi-

4CR”

Amine Acid

Isocyanide

Bis-spirostanic Conjugates

CH3COH

CH3COH

Ac
24, 84%

Ac

25, 85%

“All reactions were conducted in MeOH at room temperature for 24 h using paraformaldehyde as the oxo component.

axial amines with bulky steroidal substrates, long times are
needed to achieve yields suitable, for example, combinatorial
chemistry or automated synthesis.

As shown in Table 3, the multicomponent ligation process
based on the hydrazoic acid variant of the Ugi-4CR enables
accessing a structurally different type of bis-spirostanes bearing
a tetrazole linkage. In this case, reaction times were fixed to 72
h as a result of the known slower kinetic of this process
compared to the classic Ugi-4CR.>* As before, spirostanic
amine 3 was initially reacted with isocyanosteroids 14 and 16 in
the presence of paraformaldehyde and hydrazoic acid to furnish
the tetrazole-linked bis-spirostanes 26 and 27 in 63% and 66%
yield, respectively. Alternatively, both the axial amine 7 and the
equatorial one 11 were subjected to conjugation to
isocyanosteroid 14 to produce bis-spirostanes 28 and 29 in
58% and 84% yield, respectively. As noticed, the same tendency
of the higher reactivity of equatorial amines was found in the
implementation of the hydrazoic acid variant of the Ugi-4CR.
This shows that steroidal amines likely present a general
behavior in their reactivity in isocyanide-based MCRs, although
other archetypal MCRs should be studied to achieve more
concluding elements. To gain deeper insights into this field,
steroids bearing the amino functionality at other positions of
the polycyclic skeleton and even being subjected to dissimilar
steric constrains (e.g, amines in the B face having steric
interaction with the axial methyl groups) should be also studied
for their behavior in diverse Ugi-4CRs. Nevertheless, this issue
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lies away from the goal of the present report, which is more
focused on the scope of Ugi-4CRs as general approaches for the
synthesis of pseudo-peptide and tetrazole-linked bis-spiro-
stanes.

B CONCLUSIONS

We have demonstrated that structurally diverse bis-spirostanes
can be easily synthesized by the utilization of the Ugi-4CR and
its hydrazoic acid variant as multicomponent ligation processes.
The process proved good efficiency considering the bulky and
complex nature of the steroidal building blocks, as well as the
fact that four covalent bonds are formed in one pot.
Additionally, it was proven that yields can be significantly
improved with the increment of the reaction time, especially for
less reactive axially oriented amines. We believe that a feature of
great potential of this method is its diversity-oriented character
upon the construction of the linkage moiety between the two
steroidal scaffolds. In this report, we have addressed the
creation of structural diversity varying the stereochemistry,
nature, and position of the Ugi-functionalities, as well as the
type of isocyanide-based MCR employed. Whereas this rapid
generation of molecular diversity is an intrinsic characteristic of
Ugi-4CRs, other types of MCRs can be equally utilized because
of the easy functionalization and manipulation of steroidal
substrates. As the method shows great promise toward the
combinatorial production of compounds for biological screen-
ing, we envisioned further applications in the synthesis of
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Table 3. Synthesis of Tetrazole-Linked Bis-spirostanes by the Hydrazoic Acid Variant of the Ugi-4CR"

Amine Isocyanide

Bis-spirostanic conjugates

H N

27,66%

o)

28, 58%

“All reactions were conducted in MeOH for 72 h using paraformaldehyde and HNj as the oxo and acid components, respectively. HN; was formed

in situ from TMSN,;/MeOH.

interesting conjugates and hybrids derived not only from
steroids, but also from other families of natural products like

terpenes, alkaloids, lipids, etc.

B EXPERIMENTAL PROCEDURES

General. Melting points are uncorrected. 'H NMR and *C
NMR spectra were recorded at 400 and 500 MHz for 'H and
100 and 125 MHz for *C, respectively. Chemical shifts (§) are
reported in parts per million relative to the residual solvent
signals, and coupling constants (J) are reported in hertz. High
resolution ESI mass spectra were obtained from a Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrom-
eter, an RF-only hexapole ion guide and an external
electrospray ion source. Flash column chromatography was
carried out using silica gel 60 (230—400 mesh), and analytical
thin layer chromatography (TLC) was performed using silica
gel aluminum sheets. Hecogenin (1) and diosgenin (13) are
commercially available sapogenins, while spirostanols 9 and 15
were obtained as described in refs 27 and 28, respectively.

(25R)-3a-Amino-5a-spirostan-12-one (3). Azide 2 (500 mg,
1.10 mmol) was dissolved in THF (10 mL) and treated with
PPh; (430 mg, 1.65 mmol) and H,0 (0.3 mL). The reaction
mixture was stirred at room temperature until completion as
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indicated by TLC. The reaction mixture was concentrated
under reduced pressure and the residue was dissolved in CHCl,
(20 mL) and washed with 1 M aqueous solution of NaOH (3 X
10 mL). The organic phase was dried over anhydrous Na,SO,
and concentrated under reduced pressure to dryness. The crude
product was purified by flash column chromatography (EtOAc/
MeOH 3:1) to furnish the amine 3 (383 mg, 81%) as a white
solid. mp: 182—184 °C. [a]y: —94.7 (¢ 0.95, CHCL). 'H
NMR (400 MHz, CDCL): & = 0.78 (d, 3H, J = 6.5 Hz, CH,);
0.87 (s, 3H, CH5); 1.03 (s, 3H, CH3); 1.06 (d, 3H, J = 7.0 H,
CH,); 221 (dd, 1H, J = 5.0/14.1 Hz); 2.35 (t, 1H, J = 14.1
Hz); 334 (t, 1H, J = 11.1 Hz, H-26ax); 3.36 (m, 1H, H-38);
3.48 (m, 1H, H-26eq); 4.39 (m, 1H, H-16a). 3C NMR (100
MHz, CDCL,): 6 = 10.8, 13.2, 15.6, 17.1 (CH,); 26.4, 27.8, 28.7
(CH,); 302 (CH); 31.1, 314, 31.6, 31.8 (CH,); 34.3 (CH);
35.6 (CH,); 36.7 (C); 37.4 (CH,); 38.9, 42.2, 44.2, 53.6 (CH);
55.1 (C); $5.5, 55.8 (CH); 66.9 (CH,); 79.2 (CH); 109.2 (C);
213.6 (C=0). HRMS (ESLI-FT-ICR) m/z: 430.3319 [M +
H]". Caled for C,;H,,0;N: 430.3321.
(25R)-12E-[O-(carboxymethyl)oximino]-5a-spirostan-3f-
ol (4). O-(carboxymethyl)hydroxylamine hydrochloride (157
mg, 1.44 mmol) was added at room temperature to a stirred
solution of hecogenin (1) (500 mg, 1.21 mmol) in dry pyridine
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(3 mL). The reaction mixture was stirred at room temperature
overnight and then poured into a cold solution of aqueous 5%
HCI (15 mL). The resulting precipitate was filtered, washed
twice with cold water and dried to give the acid 4 (510 mg,
84%) as a white solid. mp: 257—258 °C. [a]}: —32.1 (c 0.50,
CHCL,). '"H NMR (400 MHz, CDCl,/CD,0D/DMSO): § =
0.65 (d, 3H, J = 6.0 Hz, CH,); 0.74 (s, 3H, CH,); 0.82 (s, 3H,
CH,); 0.88 (d, 3H, ] = 6.8 Hz, CH,); 3.11 (dd, 1H, J = 5.0/15.2
Hz); 3.22 (t, 1H, ] = 11.1 Hz, H-26ax); 3.35 (m, 1H, H-26eq);
342 (m, 1H, H-3a); 440 (m, 1H, H-16a); 4.48 (m, 2H,
OCH,CO,H). 3C NMR (100 MHz, CDCl,/CD;0D/
DMSO): 6 = 11.9, 13.0, 15.8, 17.1 (CH,); 282, 284, 312,
31.5, 31.6, 31.8 (CH,); 34.3, 35.4 (CH); 36.1 (C); 36.5, 37.7,
37.8 (CH,); 41.6, 44.6 (CH); 55.5 (C); 55.6, 55.9, 62.2 (CH);
65.7 (CH,); 70.8 (CH); 71.9 (CH,); 81.7 (CH); 109.8 (C);
1649 (C=N); 1741 (C=0). HRMS (ESL-FT-ICR) m/z:
502.3169 [M — H]". Calcd for C,oH,,ON: 502.3169.

(25R)-3a-Amino-5-hydroxy-5a-spirostan-6-one (7). Azide
6 (500 mg, 1.12 mmol), PPh; (440 mg, 1.69 mmol), and H,O
(0.3 mL) in THF (10 mL) were reacted in a manner similar to
that described in the synthesis of 3. Flash column
chromatography purification (EtOAc/MeOH 2:1) afforded
the amine 7 (387 mg, 79%) as a white solid. mp: 178—179 °C.
[a]®: —116.2 (¢ 1.05, CHCL;). '"H NMR (400 MHz, CDCL): 6
=0.78 (m, 9H, 3 X CH,); 0.96 (d, 3H, J = 6.7 Hz, CH,); 2.74
(t, 1H, J = 12.4 Hz); 3.36 (t, 1H, ] = 10.9 Hz, H-26ax); 3.45—
3.48 (m, 1H, H-26eq); 3.40 (m, 1H, H-38); 441 (m, 1H, H-
16a). 3°C NMR (100 MHz, CDCL,): § = 13.7, 14.4, 16.4, 17.1
(CH,); 20.8, 24.4, 25.5 (CH,); 28.7 (CH); 29.5, 30.2, 31.3,
31.5, 36.9 (CH,); 39.6 (C); 41.0 (CH); 41.5 (CH,); 43.3, 44.2,
44.6, 54.7 (CH); 56.1, 62.0 (CH); 66.8 (CH,); 79.3 (C); 80.5
(CH); 109.2 (C); 210.6 (C=0). HRMS (ESI-FT-ICR) m/z:
4463276 [M + H]". Calcd for C,,H,,O,N: 446.3270.

(25R)-6E-[O-(Carboxymethyl)oximino]-5-hydroxy-5a-spi-
rostan-3f-ol (8). Sa-Hydroxy-laxogenin (5) (500 mg, 1.12
mmol) and O-(carboxymethyl)hydroxylamine hydrochloride
(147 mg, 1.35 mmol) were reacted in dry pyridine (3 mL) in a
similar way as described in the synthesis of 4 to afford the acid
8 (510 mg, 88%). mp: 224—225 °C. [a]y: —17.9 (c 0.65,
CHCL,). '"H NMR (400 MHz, CDCly, MeOD): & = 0.77 (s,
3H, CH,); 0.80 (d, 3H, J = 6.3 Hz, CH,); 0.86 (s, 3H, CH,);
0.97 (d, 3H, ] = 6.8 Hz, CH,); 3.34 (t, 1H, ] = 11.0 Hz, H-
26ax); 3.48 (m, 1H, H-26eq); 3.72 (m, 1H, H-3a); 4.41 (m,
1H, H-16a); 4.50 (m, 2H, OCH,CO,H). *C NMR (100 MHz,
CDCl, MeOD): § = 13.8, 16.0, 16.5, 20.8 (CH,); 25.5, 28.2,
29.2, 29.3 (CH,); 29.5 (CH); 29.6, 29.8, 30.9 (CH,); 31.1
(CH); 33.9 (CH,); 40.2 (C); 40.5 (CH); 40.6 (CH,); 41.2 (C);
44.3, 55.7, 61.6, 66.5 (CH); 69.4, 76.0 (CH,); 77.2 (C); 80.6
(CH); 109.2 (C); 162.3 (C=N); 173.0 (C=0). HRMS (ESI-
FT-ICR) m/z: 5423072 [M + Nal*. Calcd. for C,oH,sO,NNa:
542.3094.

(25R)-3p-Azido-5a-spirostan-5,6-diol (10). Methanesul-
fonic acid (0.15 mL, 2.33 mmol) was added to a stirred
solution of triol 9 (500 mg, 1.11 mmol), Ph;P (873 mg, 3.33
mmol), and DMAP (285 mg, 2.33 mmol) in dry THF (4 mL)
under nitrogen atmosphere. DIAD (0.65 mL, 3.33 mmol) was
then added dropwise over a 15 min period at 0 °C, and the
reaction mixture was stirred vigorously for 48 h at room
temperature. The solvent was evaporated under reduced
pressure and the resulting residue was chromatographed (n-
hexane/EtOAc 3:1) to yield the partially impure 3a-
methanesulfonate as a white solid (590 mg, Ry = 0.68, n-
hexane/EtOAc 1:1). This intermediate was dissolved in DMPU
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(10 mL) and treated with NaN; (110 mg, 1.70 mmol). The
resulting mixture was stirred vigorously under nitrogen
atmosphere at room temperature for 48 h and then diluted
with Et,0 (S0 mL). The organic phase was washed with
aqueous 10% HCI (2 X 20 mL) and brine (20 mL), dried over
anhydrous Na,SO, and evaporated under reduced pressure to
dryness. The crude product was purified by flash column
chromatography (n-hexane/EtOAc 8:1) to give the correspond-
ing 3f-azide 10 (352 mg, 67%) as a white solid. mp: 224—225
°C. [a]¥: — 62.7 (c 0.60, CHCL,). '"H NMR (400 MHz,
CDCL,): § = 0.79 (s, 3H, CH,); 0.79 (d, 3H, ] = 6.2 Hz, CH,);
0.96 (d, 3H, ] = 6.9 Hz, CH;); 1.18 (s, 3H, CH;); 3.36 (t, 1H, |
= 10.9 Hz, H-26ax); 3.47 (dd, 1H, J = 4.3/10.7 Hz, H-26eq);
3.54 (m, 1H, H-6a); 3.78 (m, 1H, H-3a); 440 (m, 1H, H-
16a). *C NMR (100 MHz, CDCL): § = 144, 16.5, 16.7, 17.1
(CH,); 20.8, 26.7, 28.7 (CH,); 29.7, 30.2 (CH); 31.2, 31.6,
322, 35.0, 37.1 (CH,); 384 (C); 39.9 (CH,); 40.6 (C); 41.6
(CH); 55.7, 55.8, 60.4, 61.9 (CH); 66.8 (CH,); 75.3 (CH);
75.5 (C); 80.7 (CH); 109.4 (C). HRMS (ESLFT-ICR) m/z:
496.3157 [M + Na]*. Calcd. for C,;H,;0,N;Na: 496.3151.

(25R)-3p-Amino-5a-spirostan-5,6-diol (11). Azide 10 (325
mg, 0.69 mmol) was dissolved in THF (6 mL) and treated with
PPh, (267 mg, 1.04 mmol) and H,O (0.2 mL) in a similar way
as described in the synthesis of 3. Flash column chromatog-
raphy purification (CHCl;/MeOH 5:1) afforded the 3/-amine
11 (237 mg, 77%). mp: 201-202 °C. [a]f: —155 (¢ 1.0,
CHCI;). 'H NMR (400 MHz, CDCL,): 6 = 0.76 (s, 3H, CH,);
0.79 (d, 3H, J = 6.2 Hz, CH,); 0.96 (d, 3H, J = 6.6 Hz, CH,);
1.17 (s, 3H, CH,); 3.38 (t, 1H, J = 10.8 Hz, H-26ax); 3.48 (dd,
1H, J = 3.5/10.7 Hz, H-26eq); 3.88 (m, 1H, H-6a); 3.97 (m,
1H, H-3a); 440 (m, 1H, H-16a). *C NMR (100 MHz,
CDCL): & = 142, 16.3, 164, 169 (CH,); 20.8, 28.8 (CH,);
29.8, 30.3 (CH); 30.6, 31.1, 31.4, 32.1, 34.1, 39.9 (CH,); 40.5
(C); 41.4 (CH); 42.6 (C); 44.6, 45.3 (CH); 45.5 (CH,); 55.7,
619 (CH); 67.0 (CH,); 752 (CH); 75.5 (C); 80.8 (CH);
109.4 (C). HRMS (ESLFT-ICR) m/z: 448.3423 [M + HJ".
Caled for C,;H sO,N: 448.3427.

General Procedure for the Ugi-4CR-Based Conjuga-
tion Approach. A solution of paraformaldehyde (0.5 mmol)
and the amine (0.5 mmol) in MeOH (30 mL) is stirred for 2 h
at room temperature. The carboxylic or hydrazoic acid (0.5
mmol) and the isonitrile (0.5 mmol) are then added, and the
reaction mixture is stirred at room temperature. The mixture is
concentrated under reduced pressure, and the crude product is
purified by flash column chromatography to afford the
corresponding bis-steroid conjugate.

Bis-spirostanic Conjugate 17. The spirostanic amine 3 (100
mg, 0.23 mmol), paraformaldehyde (6.9 mg, 0.23 mmol), the
spirostanic acid 4 (116 mg, 0.23 mmol), and tert-butylisocya-
nide (26 uL, 0.23 mmol) were reacted for 24 h according to the
general procedure for the Ugi-4CR-based conjugation
approach. Flash column chromatography purification (n-
hexane/EtOAc 1:4) afforded the pure bis-spirostanic conjugate
17 (159 mg, 67%) as a white solid. mp: 205—206 °C. [a]y
—15.1 (¢ 1.0, CHCL,). 'H NMR (400 MHz, CDCL,): § = 0.76
(d, 6H, ] = 6.3 Hz, 2 X CH,); 0.84 (s, 3H, CH,); 0.85 (s, 3H,
CH,); 0.92 (s, 3H, CH,); 0.98 (d, 3H, J = 6.9 Hz, CH,); 1.02
(s, 3H, CH,); 1.04 (d, 3H, J = 69 Hz, CH,); 1.30 (s, 9H,
(CH,),C); 328-3.32 (m, 2H, 2 X H-26ax); 3.44—3.48 (m,
2H, 2 X H-26eq); 3.54 (m, 1H, H-3a); 394 (s, 2H,
NCH,CO); 4.28—4.36 (m, 2H, 2 X H-16a); 4.58—4.65 (m,
2H, OCH,CO); 6.80 (m, 1H, NH). *C NMR (100 MHz,
CDCL): § = 11.0, 11.9, 13.0, 132, 15.6, 15.8, 17.1 (CH,); 264,
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27.8, 282, 28.4, 287 (CH,); 28.9 (CH,); 302 (CH); 31.1,
31.2, 31.4, 31.5, 31.6, 31.8 (CH,); 32.9 (C); 34.3, 35.4 (CH);
35.6 (CH,); 36.1 (C); 36.5 (CH,); 36.7 (C); 37.4, 37.7, 37.8
(CH,); 389, 41.6, 42.2, 442, 44.6 (CH); 52.7 (CH,); 53.6
(CH); 55.1, 55.5 (C); 55.6, 55.9, 62.2 (CH); 65.7, 66.9 (CH,);
70.8, 71.6 (CH); 719 (CH,); 79.2, 81.7 (CH); 109.2, 109.8
(C); 164.9 (C=N); 168.5, 170.6, 213.1 (C=0). HRMS (ESI-
FT-ICR) m/z: 1050.7119 [M + Na]*. Calcd. for
Ce,Ho;0,N;Na: 1050.7123.

Bis-spirostanic Conjugate 18. The spirostanic amine 11 (98
mg, 0.22 mmol), paraformaldehyde (6.7 mg, 0.22 mmol), the
spirostanic acid 12 (123 mg, 0.22 mmol), and cyclo-
hexylisocyanide (27 pL, 0.22 mmol) were reacted for 24 h
according to the general procedure for the Ugi-4CR-based
conjugation approach. Flash column chromatography purifica-
tion (n-hexane/EtOAc 1:5) afforded the pure bis-spirostanic
conjugate 18 (156 mg, 68%) as a white solid. mp: 227—229 °C.
[a]¥: —98.7 (¢ 1.1, CHCL,). '"H NMR (500 MHz, CDCL,): 6 =
0.79 (d, 6H, ] = 6.6 Hz, 2 x CH,); 0.88 (s, 3H, CH,); 0.96 (d,
3H, ] = 7.0 Hz, CH,); 1.04 (s, 3H, CH,); 1.06 (d, 3H, J = 7.0
Hz, CH,); 1.24 (m, 3H, CH,); 1.25 (m, 3H, CH,); 2.08 (s, 3H,
CH,); 3.32—3.40 (m, 2H, 2 X H-26ax); 3.45—3.51 (m, 2H, 2 X
H-26ec); 3.70 (m, 1H); 3.82 (m, 1H); 3.97—4.12 (m, 2H,
CH,); 4.36 (m, 2H, 2 X H-16a); 4.59 (m, 1H, H-6a); 4.64—
4.90 (m, 2H, CH,). *C NMR (CDCl;) § = 12.7; 13.2; 14.1;
14.5; 15.6; 16.0; 16.5; 17.1; 20.7 (CHs); 21.5; 22.9; 23.7; 23.8;
24.6; 24.7; 25.5; 25.9; 27.4; 28.2; 28.7; 29.0; 29.6; 30.1; 30.3;
31.0; 31.3; 31.6 (CH,); 31.7; 31.8; 31.9 (CH); 32.7; 33.0; 33.6;
34.0; 34.3 (CH,); 35.2 (CH); 37.3 (CH,); 38.7; 39.8 (C); 40.5;
41.6; 42.1 (CH); 44.9 (C); 47.9; 48.3; 49.6; 53.4; 54.9; 55.0;
55.1 (CH); 55.2 (C); 55.3 (CH); 55.4; 62.0; 66.8 (CH,); 66.9
(CH); 74.9 (C); 79.1; 80.7 (CH); 109.1; 109.2 (C); 163.5
(C=N); 168.6; 170.0; 171.3; 213.0 (C=0). HRMS (ESL-FT-
ICR) m/z: 1134.7329 [M + Na]*. Calcd for C¢H,o;0;;N;Na:
1134.7334.

Bis-spirostanic Conjugate 19. The spirostanic amine 7 (100
mg, 0.22 mmol), paraformaldehyde (6.7 mg, 0.22 mmol), the
spirostanic acid 8 (116 mg, 0.22 mmol), and tert-butylisocya-
nide (25 uL, 0.22 mmol) were reacted for 24 h according to the
general procedure for the Ugi-4CR-based conjugation
approach. Flash column chromatography purification (n-
hexane/EtOAc 1:6) afforded the pure bis-spirostanic conjugate
19 (145 mg, 60%) as a white solid. mp: 235—237 °C. [a]}:
—134 (¢ 0.95, CHCL;). '"H NMR (500 MHz, CDCL,): § = 0.76
(s, 3H, CH,); 0.79 (s, 3H, CH;); 0.80 (d, 6H, ] = 6.3 Hz, 2 X
CH,); 0.86 (s, 3H, 2 X CH,); 0.96 (d, 3H, J = 6.8 Hz, CH,);
0.98 (d, 3H, ] = 6.8 Hz, CH,); 1.29 (s, 9H, (CH,);C); 3.16 (m,
1H, H-3q); 3.30—3.40 (m, 2H, 2 X H-26ax); 3.44—3.47 (m,
2H, 2 X H-26eq); 3.84 (m, 1H, H-34); 4.00—4.08 (m, 2H,
NCH,CO); 4.32—4.40 (m, 2H, 2 x H-16a); 4.60—4.72 (m,
2H, OCH,CO); 6.78 (m, 1H, NH). *C NMR (125 MHz,
CDClLy): 6 = 13.7, 14.1, 144, 16.1, 16.4, 17.1 (CH,); 20.8, 21.4,
24.4,25.5 (CH,); 28.3 (CH); 28.5 (CH;); 29.2, 29.5, 30.0, 30.2
(CH,); 30.3 (CH); 31.3, 31.4, 31.5, 31.6 (CH,); 32.3 (C); 36.9
(CH,); 37.1 (CH); 39.6 (C); 39.7 (CH,); 41.0 (CH); 41.2 (C);
41.5 (CH,); 41.6, 41.7 (CH); 42.0 (CH,); 42.6 (C); 43.3, 44.2,
44.5, 44.6 (CH); 52.1 (CH,); 56.1 (C); 56.2 (CH); 62.0 (C);
62.1 (CH); 66.8 (CH,); 66.9 (CH); 67.0, 72.4 (CH,); 73.1
(CH); 80.1 (C); 80.5, 80.8 (CH); 109.2, 109.5 (C); 165.1 (C=
N); 169.2, 172.3, 2122 (C=0). HRMS (ESLFT-ICR) m/z:
10827026 [M + Na]*. Caled for C,Hy;0,,N;Na: 1082.7021.

Bis-spirostanic Conjugate 20. The spirostanic amine 7 (100
mg, 0.22 mmol), paraformaldehyde (6.7 mg, 0.22 mmol), the
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spirostanic acid 4 (113 mg, 0.22 mmol), and tert-butylisocya-
nide (25 uL, 0.22 mmol) were reacted for 24 h according to the
general procedure for the Ugi-4CR-based conjugation
approach. Flash column chromatography purification (n-
hexane/EtOAc 1:4) afforded the pure bis-spirostanic conjugate
20 (150 mg, 61%) as a white solid. mp: 221-222 °C. [a]}*
—972 (¢ 1.0, CHCL). "H NMR (500 MHz, CDCL,): § = 0.71
(s, 3H, CH,); 0.74 (s, 3H, CH,); 0.77 (d, 3H, ] = 6.3 Hz,
CH,); 0.78 (d, 3H, ] = 6.3 Hz, CH,); 0.87 (s, 3H, CH,); 0.94
(s, 3H, CH,); 0.9 (d, 3H, ] = 6.9 Hz, CH,); 0.99 (d, 3H, J =
6.9 Hz, CH,); 1.28 (s, 9H, (CH,),C); 3.31—3.37 (m, 2H, 2 X
H-26ax); 3.44—3.46 (m, 2H, 2 X H-26eq); 3.56 (m, 1H, H-
3a); 3.93—4.02 (m, 2H, NCH,CO); 4.31—4.41 (m, 3H, 2 X H-
160, H-3f); 4.57—4.64 (m, 2H, OCH,CO); 6.78 (m, 1H, NH).
3C NMR (125 MHz, CDCL,): § = 11.9, 13.4, 14.4, 164, 17.1,
17.2 (CH;); 21.0, 21.2, 28.3 (CH,); 28.5 (CH,); 28.7, 28.8
(CH,); 30.1, 302 (CH); 30.8, 312, 31.3, 315, 31.6 (CH,);
34.7 (CH); 36.0 (C); 36.7 (CH,); 36.9 (CH); 37.0 (C); 37.9,
39.6 (CH,); 409 (C); 41.6 (CH); 41.7 (CH,); 42.1, 44.7
(CH); 47.2, 51.4 (C); 53.6, 56.1, 56.3, 62.0 (CH); 66.8 (CH,);
70.9 (CH); 72.4 (CH,); 79.8, 80.5 (CH); 109.2 (C); 165.8
(C=N); 169.6, 170.8, 212.2 (C=0). HRMS (ESL-FT-ICR)
m/z: 1066.7068 [M + Na]*. Calcd for Cg,Hg,0,0N;Na:
1066.7072.

Bis-spirostanic Conjugate 21. The spirostanic amine 12
(100 mg, 0.22 mmol), paraformaldehyde (6.7 mg, 0.22 mmol),
the spirostanic acid 8 (116 mg, 0.22 mmol), and cyclo-
hexylisocyanide (27 pL, 0.22 mmol) were reacted for 24 h
according to the general procedure for the Ugi-4CR-based
conjugation approach. Flash column chromatography purifica-
tion (n-hexane/EtOAc 1:8) afforded the pure bis-spirostanic
conjugate 21 (212 mg, 87%) as a white solid. mp: 243—245 °C.
[a]®: —156.1 (c 0.80, CHCL,). "H NMR (500 MHz, CDCL): 6
=0.77 (d, 6H, J = 6.0 Hz, 2 X CH,); 0.78 (s, 6H, 2 X CH,);
0.85 (s, 3H, CH,); 0.93 (s, 3H, CH,); 0.95 (d, 3H, J = 6.9 Hz,
CH,); 099 (d, 3H, J = 7.2 Hz, CH,); 3.33-3.38 (m, 2H, 2 X
H-26ax); 3.41—-3.46 (m, 2H, 2 X H-26eq); 3.54—3.59 (m, 1H,
H-30); 3.95-4.01 (m, 2H, NCH,CO); 422—4.27 (m, 1H, H-
3a); 4.36—4.42 (m, 3H, 2 X H-16a); 4.63—4.67 (m, 2H,
OCH,CO0); 6.61 (m, 1H, NH). *C NMR (125 MHz, CDCl,):
§ = 12.1, 132, 13.6, 14.5, 16.0, 164, 17.0 (CH,); 212, 21.5,
24.8,25.9, 28.7, 28.9 (CH,); 29.7 (CH); 30.3, 30.6 (CH,); 30.8
(CH); 31.4, 31.6, 31.7, 32.3, 34.8, 35.5 (CH,); 37.1 (CH); 37.8
(CH,); 39.6 (C); 39.7, 39.8 (CH,); 40.6, 412 (C); 41.7 (CH);
42,0 (CH,); 42.6 (C); 44.5, 45.4 (CH); 45.6 (CH,); 45.9, 49.7,
52.9, 55.0, 56.2, 62.1, 64.8 (CH); 66.7, 66.9, 72.8 (CH,); 75.4
(CH); 75.8, 80.4 (C); 80.5, 80.9 (CH); 109.3, 109.7 (C); 164.8
(C=N); 169.7, 173.1 (C=0). HRMS (ESI-FT-ICR) m/z:
1110.7337 [M + Na]*. Caled for CgH,y,0,;N;3Na: 1110.7334.

Bis-spirostanic Conjugate 22. The spirostanic amine 3 (100
mg, 0.23 mmol), paraformaldehyde (7.0 mg, 0.23 mmol), acetic
acid (13 pL, 0.23 mmol), and the spirostanic isocyanide 14
(98.7 mg, 0.23 mmol) were reacted for 24 h according to the
general procedure for the Ugi-4CR-based conjugation
approach. Flash column chromatography purification (n-
hexane/EtOAc 1:4) afforded the pure bis-spirostanic conjugate
22 (134 mg, 62%) as a white solid. mp: 196—198 °C. [a]}:
—264 (c 0.45, CHCL). '"H NMR (500 MHz, CDCL,): 5 = 0.79
(d, 3H, J = 64 Hz, CH,); 0.80 (s, 3H, CH,); 0.87 (s, 3H,
CH,); 0.96 (d, 3H, ] = 6.8 Hz, CH,); 1.03 (s, 6H, 2 X CH,);
1.06 (d, 6H, J = 6.6 Hz, 2 x CH,); 1.98 (s, 3H, CH,CO);
3.33-3.37 (m, 2H, 2 X H-26ax); 3.45—3.49 (m, 2H, 2 X H-
26eq); 3.70-3.74 (m, 1H, H-3a); 4.01-4.05 (m, 2H,
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NCH,CO); 422—4.27 (m, 1H, H-38); 4.32—4.40 (m, 2H, 2 X
H-16a); 5.33 (m, 1H, H-6); 6.89 (m, 1H, NH). *C NMR (100
MHz, CDCL): & = 13.2, 14.2, 14.8, 14.9, 16.7, 16.8, 17.5, 20.8
(CH,); 213, 214, 26.0, 26.8, 28.7, 29.2, 29.7 (CH,); 30.7
(CH); 317, 31.8 (CH,); 31.9 (CH); 32.0, 32.2, 32.5 (CH,);
37.4 (C); 37.5 (CH); 37.6, 39.4, 40.0, 40.2 (CH,); 40.7, 41.5
(C); 41.9 (CH,); 42.0 (CH); 43.7 (C); 44.6, 50.5, 55.1, 56.5,
56.9 (CH); 62.0 (CH,); 62.4, 62.5 (CH); 67.3 (CH,); 77.2
(C); 77.6,79.5, 80.9, 81.2 (CH); 109.6, 109.7 (C); 122.0 (CH);
141.0 (C); 169.1, 173.4, 212.9 (C=0). HRMS (ESL-FT-ICR)
m/z: 947.6484 [M + Na]*. Calcd for CygHggO-N,Na:
947.6489.

Bis-spirostanic Conjugate 23. The spirostanic amine 3 (100
mg, 0.23 mmol), paraformaldehyde (7.0 mg, 0.23 mmol), acetic
acid (13 pL, 0.23 mmol), and the spirostanic isocyanide 16
(113 mg, 0.23 mmol) were reacted for 24 h according to the
general procedure for the Ugi-4CR-based conjugation
approach. Flash column chromatography purification (n-
hexane/EtOAc 1:4) afforded the pure bis-spirostanic conjugate
23 (174 mg, 64%) as a white solid. mp: 202—204 °C. [a]}*
—37.1 (¢ 0.90, CHCL,). "H NMR (500 MHz, CDCL): 6 = 0.76
(d, 6H, J = 6.4 Hz, 2 X CH,); 0.80 (s, 3H, CH,); 0.87 (s, 3H,
CH,); 0.96 (d, 3H, J = 6.8 Hz, CH;); 0.99 (s, 3H, CH,); 1.04
(m, 6H, 2 X CH;); 2.00, 2.06 (s, 6H, 2 X CH,CO); 3.35—3.38
(m, 2H, 2 X H-26ax); 3.43—3.48 (m, 2H, 2 X H-26eq); 3.84—
3.87 (m, 1H, H-38); 4.02—4.07 (m, 2H, NCH,CO); 4.20—4.25
(m, 1H, H-35); 4.34—4.42 (m, 2H, 2 X H-16a); 4.90 (m, 1H,
H-6a); 691 (m, 1H, NH). 3C NMR (100 MHz, CDCL,): § =
11.8, 132, 14.5, 16.1, 16.4, 17.0, 20.6 (CH,); 20.8 (CH,); 21.5
(CH,); 28.0, 28.3, 28.8 (CH,); 28.9 (C); 29.0 (CH,); 30.2, 30.3
(CH); 31.1, 31.3, 314, 31.5 (CH,); 31.6 (CH); 318, 32.1
(CH,); 34.3 (CH); 352 (CH,); 362 (C); 36.8 (CH,); 37.0
(C); 37.1, 37.6, 39.0; 39.8 (CH,); 402 (C); 422, 45.0, 45.4,
50.1, 53.5 (CH); 55.1 (C); 55.2, 55.8, 569, 60.2 (CH); 61.8
(CH,), 62.1 (CH); 66.8, 66.9 (CH,); 76.7, 77.0, 77.3 (C); 79.3,
80.8 (CH); 109.2, 109.3 (C); 169.9, 171.1, 172.6, 213.4 (C=
0). HRMS (ESI-FT-ICR) m/z: 1007.6708 [M + Nal*. Calcd
for CgyHy,OoN,Na: 1007.6701.

Bis-spirostanic Conjugate 24. iso-Propylamine (26 uL, 0.30
mmol), paraformaldehyde (9.0 mg, 0.30 mmol), the spirostanic
acid 4 (151 mg, 0.30 mmol), and the spirostanic isocyanide 16
(145 mg, 0.30 mmol) were reacted for 72 h according to the
general procedure for the Ugi-4CR-based conjugation
approach. Flash column chromatography purification (n-
hexane/EtOAc 1:5) afforded the pure conjugate 24 (317 mg,
84%) as a white solid. mp: 207—208 °C. [a]}: —33.4 (c 1.0,
CHCL,). 'H NMR (400 MHz, CDCL,): 5 = 0.78 (s, 3H, CH,);
0.83 (d, 6H, J = 6.4 Hz, 2 X CH,); 0.87 (m, 9H, 3 X CH,);
096 (s, 3H, CH,); 1.01 (m, 3H, CH;); 1.19 (m, 6H,
(CH;),CH); 2.06 (s, 3H, CH,CO); 3.29—3.38 (m, 2H, 2 X H-
26ax); 3.43—3.47 (m, 2H, 2 X H-26eq); 3.58—3.62 (m, 1H, H-
3a); 3.72 (m, 1H, H-3a); 3.95 (s, 2H, NCH,CO); 4.01 (m,
1H, (CH,),CH); 4.36—4.41 (m, 2H, 2 X H-16a); 4.61—4.65
(m, 2H, OCH,CO); 4.88 (m, 1H, H-6a); 6.93 (m, 1H, NH).
13C NMR (100 MHz, CDCL,): § = 11.8, 13.0, 14.5, 15.1, 15.8,
164, 17.1, 19.8 (CH,); 20.4 (CH,); 21.4 (CH,); 25.7, 28.2,
28.4,28.8, 29.8 (CH,); 30.2, 30.6 (CH); 31.2, 31.3, 31.5, 31.6,
317, 31.8, 34.4 (CH,); 34.6, 354 (CH); 36.1 (C); 36.4, 36.5,
37.7, 37.8, 39.7 (CH,); 40.6 (C); 41.6, 41.7, 41.9, 44.6 (CH);
52.7 (CH,); 55.5 (C); 55.6, 55.8, 55.9, 56.7, 62.0, 62.2 (CH);
65.7, 66.8 (CH,); 70.8, 71.8 (CH); 71.9 (CH,); 73.4, 80.5, 81.7
(CH); 109.3, 109.8 (C); 1649 (C=N); 169.1, 170.5, 173.9
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(C=0). HRMS (ESI-FT-ICR) m/z: 10947389 [M + Na]*.
Calcd for CgH,0;0,(N;Na: 1094.738S5.

Bis-spirostanic Conjugate 25. iso-Propylamine (26 uL, 0.30
mmol), paraformaldehyde (9.0 mg, 0.30 mmol), the spirostanic
acid 8 (156 mg, 0.30 mmol), and the spirostanic isocyanide 16
(145 mg, 0.30 mmol) were reacted for 72 h according to the
general procedure for the Ugi-4CR-based conjugation
approach. Flash column chromatography purification (n-
hexane/EtOAc 1:6) afforded the pure conjugate 25 (324 mg,
85%) as a white solid. mp: 215—217 °C. [a]f: —42.1 (c 0.85,
CHCL;). 'H NMR (400 MHz, CDCl,): § = 0.76 (s, 6H, 2 X
CH,); 0.85 (m, 6H, 2 X CH,); 0.87 (m, 3H, CH;); 0.96 (s, 3H,
CH;); 101 (d, 6H, | = 6.6 Hz, 2 x CH;); 1.22 (m, 6H,
(CH,),CH); 2.04 (s, 3H, CH,CO); 3.30—3.39 (m, 2H, 2 X H-
26ax); 3.41—3.47 (m, 2H, 2 X H-26eq); 3.57—3.63 (m, 1H, H-
3a); 3.76 (m, 1H, H-3&); 3.98 (s, 2H, NCH,CO); 4.03 (m,
1H, (CH,),CH); 4.36—4.41 (m, 2H, 2 X H-16a); 4.63—4.66
(m, 2H, OCH,CO); 491 (m, 1H, H-6a); 6.95 (m, 1H, NH).
3C NMR (100 MHz, CDCL,): § = 14.1, 14.4, 14.5, 15.1, 16.1,
164, 17.1, 19.9 (CH;); 204 (CH,); 21.4 (CH;); 25.7, 28.8,
29.8, 30.0, 30.2 (CH,); 30.4, 30.6, 30.7 (CH); 31.3, 31.4, 31.6,
31.7, 344, 35.5 (CH,); 36.1 (C); 36.4 (CH,); 37.1 (CH); 39.7
(CH,); 40.6, 41.2 (C); 41.7, 41.9 (CH); 42.2 (CH,); 42.6 (C);
44.5 (CH); 52.7 (CH,); 55.8, 562, 56.7, 62.0, 62.1, 64.8 (CH);
66.7, 66.9 (CH,); 71.2 (CH); 72.3 (CH,); 73.4 (CH); 80.1
(C); 80.5, 80.8 (CH); 109.2, 109.7 (C); 165.1 (C=N); 168.9,
170.5, 172.4 (C=0). HRMS (ESL-FT-ICR) m/z: 1110.7329
[M + Na]*. Calcd for CgH,y;0;;N;Na: 1110.7334.

Bis-spirostanic Conjugate 26. The spirostanic amine 3 (100
mg, 0.23 mmol), paraformaldehyde (7.0 mg, 0.23 mmol),
azidotrimethylsilane (30 L, 0.23 mmol), and the spirostanic
isocyanide 14 (98.7 mg, 0.23 mmol) were reacted for 72 h
according to the general procedure for the Ugi-4CR-based
conjugation approach. Flash column chromatography purifica-
tion (n-hexane/EtOAc 2:3) afforded the pure conjugate 26
(135 mg, 63%) as a white solid. mp: 193—195 °C. [a]}: —56.2
(¢ 1.2, CHCL,). "H NMR (400 MHz, CDCL,): 6 = 0.75 (s, 3H,
CH,); 0.78 (m, 9H, 3 X CH,); 0.8 (s, 3H, CH,); 0.96 (m, 6H,
2 x CH,); 1.01 (s, 3H, CH,); 3.25—3.40 (m, 3H, 2 X H-26ax,
H-3a); 3.42—3.49 (m, 2H, 2 X H-26eq); 3.97 (s, 2H, NCH,);
4.32 (m, 1H, H-16a); 4.35 (m, 1H, H-164); 4.65 (m, 1H, H-3
B); 5.35 (m, 1H, H-6). *C NMR (100 MHz, CDCL): 6 = 14.2,
14.8, 14.9, 16.7, 16.8, 17.5 (CH,); 21.3, 21.4, 26.0, 26.8, 28.7,
29.2, 29.7 (CH,); 30.7 (CH); 31.7, 31.8 (CH,); 31.9 (CH);
32,0, 322, 32.5 (CH,); 37.4 (C); 37.5 (CH); 37.6, 39.4, 40.0,
40.2 (CH,); 40.7, 41.5 (C); 41.9 (CH,); 42.0 (CH); 43.7 (C);
44.6, 50.5, 55.1, 56.5, 56.9 (CH); 62.0 (CH,); 62.4, 62.5 (CH);
67.3 (CH,); 77.2 (C); 77.6, 79.5, 80.9, 81.2 (CH); 109.6, 109.7
(C); 1212 (CH); 141.0, 155.1 (C); 212.1 (C=0). HRMS
(ESI-FT-ICR) m/z: 945.6687 [M + Na]*. Calcd for
Co;HeN;OsNa: 945.6683.

Bis-spirostanic Conjugate 27. The spirostanic amine 3 (100
mg, 0.23 mmol), paraformaldehyde (7.0 mg, 0.23 mmol),
azidotrimethylsilane (30 L, 0.23 mmol), and the spirostanic
isocyanide 16 (113 mg, 0.23 mmol) were reacted for 72 h
according to the general procedure for the Ugi-4CR-based
conjugation approach. Flash column chromatography purifica-
tion (n-hexane/EtOAc 2:3) afforded the pure conjugate 27
(151 mg, 66%) as a white solid. mp: 195—197 °C. [a]}: —88.4
(¢ 1.0, CHCl,). "H NMR (400 MHz, CDCL,): 5 = 0.77—0.79
(m, 12H, 4 X CH,); 0.93 (d, 3H, J = 6.6 Hz, CH,); 1.24 (d,
3H, J = 5.4 Hz, CH,); 127 (s, 3H, CH,); 129 (s, 3H, CH,);
2.05 (s, 3H, CH,CO); 3.36 (t, 2H, J = 10.9 Hz, 2 X H-26ax);
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3.39-3.43 (m, 1H, H-3f); 3.44—3.48 (m, 2H, 2 x H-26eq);
397 (s, 2H, NCH,); 4.38—4.42 (m, 2H, 2 X H-16a); 4.60—
4.66 (m, 1H, H-3f3); 4.90—4.93 (m, 1H, H-6a). *C NMR (100
MHz, CDCL): 6 = 14.3, 14.6, 15.0, 164, 16.6, 17.2 (CH,;);
20.4, 20.9 (CH,); 21.5 (CH,); 22.8, 25.5, 28.4, 28.8, 294
(CH,); 29.7, 29.8, 30.0, 30.3 (CH); 30.5, 31.4, 31.5, 31.6, 31.8,
31.9, 32.1, 347 (CH,); 359, 363 (C); 37.0, 37.2, 39.1, 39.8
(CH,); 40.3, 40.6 (C); 41.6, 41.7, 41.9, 50.1, 53.6, 55.8, 56.0,
56.5, 61.9, 62.0 (CH); 66.8 (CH,); 72.9, 77.2, 78.9, 80.6, 80.8
(CH); 109.1, 109.2 (C); 1554 (C); 1704, 213.0 (C=O0).
HRMS (ESI-FT-ICR) m/z: 1005.6889 [M + Na]*. Calcd for
CyoHy,O,NNa: 1005.6894.

Bis-spirostanic Conjugate 28. The spirostanic amine 7 (100
mg, 0.22 mmol), paraformaldehyde (6.7 mg, 0.22 mmol),
azidotrimethylsilane (30 L, 0.22 mmol), and the spirostanic
isocyanide 14 (94 mg, 022 mmol) were reacted for 72 h
according to the general procedure for the Ugi-4CR-based
conjugation approach. Flash column chromatography purifica-
tion (n-hexane/EtOAc 2:3) afforded the pure conjugate 28
(122 mg, 58%) as a white solid. mp: 198—200 °C. [a]}:
—163.1 (¢ 0.85, CHCL,). 'H NMR (400 MHz, CDCl,): § =
0.78 (m, 9H, 3 x CH,); 0.96 (d, 3H, ] = 6.9 Hz, CH,); 0.97 (d,
3H, ] = 6.9 Hz, CH,); 1.01 (s, 3H, CH;); 1.09 (s, 3H, CH,);
1.12 (s, 3H, CH,); 3.26—3.40 (m, 3H, 2 X H-26ax, H-3a);
3.44-3.50 (m, 2H, 2 X H-26eq); 3.98 (s, 2H, NCH,); 4.40 (m,
2H, 2 X H-16a); 4.78 (m, 1H, H-3/3); 5.34 (m, 1H, H-6). 1*C
NMR (100 MHz, CDCLy): 6 = 14.1, 14.4, 14.5, 16.3, 16.4, 17.1,
172 (CH,); 21.0, 283, 28.5, 28.9 (CH,); 29.8, 30.4 (CH);
313, 314 (CH,); 31.5 (CH); 318, 319, 322, 32.5, 35.0
(CH,); 37.0 (C); 37.1, 38.5, 38.6, 39.0, 39.8, 40.2 (CH,); 40.4,
40.8 (C); 41.6, 41.7, 45.7, 50.1, 55.8, 56.5, 56.9 (CH); 61.6
(CH,); 622 (CH); 66.8 (CH,); 75.5, 77.2, 79.1 (CH); 80.1
(C); 80.7, 80.8 (CH); 109.4, 109.5 (C); 121.8 (CH); 140.8,
1549 (C); 2122 (C=0). HRMS (ESI-FT-ICR) m/z:
961.6639 [M + Na]*. Calcd for Cy;HggO¢NNa: 961.6632.

Bis-spirostanic Conjugate 29. The spirostanic amine 11
(100 mg, 0.22 mmol), paraformaldehyde (6.7 mg, 0.22 mmol),
azidotrimethylsilane (30 L, 0.22 mmol), and the spirostanic
isocyanide 14 (94 mg, 0.22 mmol) were reacted for 72 h
according to the general procedure for the Ugi-4CR-based
conjugation approach. Flash column chromatography purifica-
tion (n-hexane/EtOAc 1:2) afforded the pure conjugate 29
(172 mg, 84%) as a white solid. mp: 203—205 °C. [a]}:
—168.7 (c 0.90, CHCL,). 'H NMR (400 MHz, CDCL): & =
0.78 (m, 9H, 3 X CH,); 0.96 (s, 3H, CH,); 0.97 (d, 3H, ] = 6.7
Hz, CH,); 1.01 (s, 3H, CH,); 1.27 (s, 6H, 2 X CH,); 3.24—
3.36 (m, 2H, 2 X H-26ax); 3.40—3.48 (m, 3H, 2 X H-26eq, H-
3a); 3.60 (m, 1H, H-6a); 3.98 (s, 2H, NCH,); 4.39 (m, 2H, 2
X H-16a); 5.00 (m, 1H, H-3a); 5.35 (m, 1H, H-6). *C NMR
(100 MHz, CDCLy): 6 = 14.5, 14.6, 16.3, 16.6, 16.7, 17.1, 19.4
(CH,); 20.9, 283, 28.5, 28.8 (CH,); 29.9, 30.3 (CH); 313,
31.4 (CH,); 31.5 (CH); 31.7, 31.8, 32.1, 32.4, 35.0 (CH,); 37.0
(C); 37.1, 38.4, 38.5, 39.0, 39.8, 40.0 (CH,); 40.2, 40.7 (C);
41.6, 41.7, 45.7, 50.1, 55.8, 56.5, 56.9 (CH); 61.6 (CH,); 62.1
(CH); 66.8 (CH,); 75.0 (C); 75.5, 77.2, 79.1, 80.7, 80.8 (CH);
109.2, 109.3 (C); 121.9 (CH); 140.8, 155.3 (C). HRMS (ESI-
FT-ICR) m/z: 963.6785 [M + Na]*. Calcd. for
Cq;HgyO¢N;Na: 963.6789.

329

B ASSOCIATED CONTENT

© Supporting Information

'H and C NMR spectra of selected building blocks and final
products. This material is available free of charge via the
Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*Tel: (537) 8792331. Fax: (537) 8702102. E-mail: dgr@fq.uh.
cu (D.G.R.); karel@ifal.uh.cu (K.P.-L.).

Funding
K.P.-L. gratefully acknowledges MAEC-AECID for a doctoral
scholarship.

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Moser, B. R. Review of Cytotoxic Cephalostatins and
Ritterazines: Isolation and Synthesis. J. Nat. Prod. 2008, 71, 487—491.

(2) Ganesan, A. The Dimeric Steroid—Pyrazine Marine Alkaloids:
Challenges for Isolation, Synthesis, and Biological Studies. Angew.
Chem., Int. Ed. Engl. 1996, 35, 611—615.

(3) Virtanen, E.; Kolehmainen, E. Use of Bile Acids in
Pharmacological and Supramolecular Applications. Eur. J. Org. Chem.
2004, 3385—3399.

(4) Vatmurge, N. S.; Hazra, B. G.; Pore, V. S.; Shirazi, F.; Deshpande,
M. V,; Kadreppa, S.; Chattopadhyay, S.; Gonnade, R. G. Synthesis and
Biological Evaluation of Bile Acid Dimers Linked with 1,2,3-Triazole
and Bis-f-lactam. Org. Biomol. Chem. 2008, 6, 3823—3830.

(5) Janout, V.; Regen, S. L. Bioconjugate-Based Molecular Umbrellas.
Bioconjugate Chem. 2009, 20, 183—192 and references therein.

(6) Chae, P. S.; Gotfryd, K.; Pacyna, J.; Miercke, L. J. W.; Rasmussen,
S. G. F; Robbins, R. A; Rana, R. R;; Loland, C. J.; Kobilka, B.; Stroud,
R; Byrne, B.; Gether, U,; Gellman, S. H. Tandem Facial Amphiphiles
for Membrane Protein Stabilization. J. Am. Chem. Soc. 2010, 132,
16750—16752.

(7) Salunke, D. B.; Hazra, B. G; Pore, V. S. Steroidal Conjugates and
Their Pharmacological Applications. Curr. Med. Chem. 2006, 13, 813—
847.

(8) Pérez-Labrada, K.; Morera, C.; Brouard, L; Llerena, R.; Rivera, D.
G. Synthesis and Conformational Study of Triazole-Linked Bis-
spirostanic Conjugates. Tetrahedron Lett. 2013, 54, 1602—1606.

(9) Pospieszny, T.; Malecka, L; Paryzek, Z. Synthesis and
Spectroscopic Studies of New Bile Acid Derivatives Linked by a
1,2,3-Triazole Ring. Tetrahedron Lett. 2012, 53, 301—305.

(10) Aher, N. G; Pore, V. S,; Patil, S. P. Design, Synthesis, and
Micellar Properties of Bile Acid Dimers and Oligomers Linked with a
1,2,3-Triazole Ring. Tetrahedron 2007, 63, 12927—12934.

(11) Lee, S.; LaCour, T. G.; Fuchs, P. L. Chemistry of Trisdecacyclic
Pyrazine Antineoplastics: The Cephalostatins and Ritterazines. Chem.
Rev. 2009, 109, 2275-2314.

(12) Démling, A.,; Ugi, I. Multicomponent Reactions with
Isocyanides. Angew. Chem., Int. Ed. 2000, 39, 3168—3210.

(13) Démling, A;; Wang, W.; Wang, K. Chemistry and Biology of
Multicomponent Reactions. Chem. Rev. 2012, 112, 3083—3135.

(14) Ruijter, E; Scheffelaar, R; Orru, R. V. A. Multicomponent
Reaction Design in the Quest for Molecular Complexity and Diversity.
Angew. Chem., Int. Ed. 2011, 50, 6234—6246.

(15) Wessjohann, L. A; Rivera, D. G; Vercillo, O. E. Multiple
Multicomponent Macrocyclizations (MiBs): A Strategic Development
towards Macrocycle Diversity. Chem. Rev. 2009, 109, 796—814.

(16) Rivera, D. G.; Pérez-Labrada, K,; Lambert, L.; Dorner, S.;
Westermann, B.; Wessjohann, L. A. Carbohydrate—Steroid Con-
jugation by Ugi Reaction: One-Pot Synthesis of Triple Sugar/Pseudo-
Peptide/Spirostane Hybrids. Carbohydr. Res. 2012, 359, 102—110.

dx.doi.org/10.1021/c0400028e | ACS Comb. Sci. 2013, 15, 320—-330


http://pubs.acs.org
mailto:dgr@fq.uh.cu
mailto:dgr@fq.uh.cu
mailto:karel@ifal.uh.cu

ACS Combinatorial Science

Research Article

(17) Rivera, D. G.; Pando, O.; Coll, F. Synthesis of Peptidomimetic-
Spirostane Hybrids via Ugi Reaction: A Versatile Approach for the
Formation of Peptide—Steroid Conjugates. Tetrahedron 2006, 62,
8327—-8334.

(18) Démling, A.; Kehagia, K;; Ugi, I. Employment of a Steroidal
Aldehyde in a New Synthesis of f-Lactam Derivatives. Tetrahedron
199§, 51, 9519—9522.

(19) Rivera, D. G.; Wessjohann, L. A. Architectural Chemistry:
Synthesis of Topologically Diverse Macromulticycles by Sequential
Multiple Multicomponent Macrocyclizations. J. Am. Chem. Soc. 2009,
131, 3721-3732.

(20) Rivera, D. G,; Pando, O.; Bosch, R; Wessjohann, L. A. A
Biomimetic Approach for Polyfunctional Secocholanes: Tuning
Flexibility and Functionality on Peptidic and Macrocyclic Scaffolds
Derived from Bile Acids. J. Org. Chem. 2008, 73, 6229—6238.

(21) Rivera, D. G.; Wessjohann, L. A. Supramolecular Compounds
from Multiple Ugi Multicomponent Macrocyclizations: Peptoid-based
Cryptands, Cages, and Cryptophanes. J. Am. Chem. Soc. 2006, 128,
7122-7123.

(22) Wessjohann, L. A; Rivera, D. G.; Coll, F. Synthesis of Steroid-
Biaryl Ether Hybrid Macrocycles with High Skeletal and Side Chain
Variability by Multiple Multicomponent Macrocyclization Including
Bifunctional Building Blocks. J. Org. Chem. 2006, 71, 7521—7526.

(23) Ugi, L; Bodesheim, F. Umsetzung von Isonitrilen mit
Hydrazonen und Stickstoffwasserstoffsaure. Chem. Ber. 1961, 94,
2797-2801.

(24) Marcaccini, S; Torroba, T. The Use of the Ugi Four-
Component Condensation. Nat. Protoc. 2007, 2, 632—639.

(25) Pérez-Labrada, K.; Brouard, L; Morera, C.; Estévez, F.; Bermejo,
J.; Rivera, D. G. “Click” Synthesis of Triazole-Based Spirostan Saponin
Analogs. Tetrahedron 2011, 67, 7713—7727.

(26) Rivera, D. G.; Leén, F,; Coll, F,; Davison, G. P. Novel 5p-
Hydroxyspirostan-6-ones Ecdysteroid Antagonists: Synthesis and
Biological Testing. Steroids 2006, 71, 1—11.

(27) Dawidar, A. W. Z. Hydroxylation of A%-Steroids with N-
Bromosuccinimide to Sa,6-Diols. Z. Naturforsch. 1980, 35, 102—106.

(28) Pando, O.; Rivera, D. G.; Coll, F.; Leliebre-Lara, V,;
Concepcidn, O.; Pérez, C. S. Synthesis and Biological Evaluation of
Spirostanes Including Butyrolactone Moieties. Lett. Org. Chem. 2006,
3, 519-522.

(29) For an example, see: Rivera, D. G.; Leén, F.; Concepcién, O.;
Morales, F. E; Wessjohann, L. A. The Multiple Multicomponent
Approach to Chimeric Peptide-Peptoid Podands. Chem.—Eur. J. 2013,
DOLI: 10.1002/chem.2012.01.591.

(30) Wessjohann, L. A;; Voigt, B.; Rivera, D. G. Diversity Oriented
One-Pot Synthesis of Complex Macrocycles: Very Large Steroid-
Peptoid-Hybrids from Multiple Multicomponent Reactions Including
Bifunctional Building Blocks. Angew. Chem., Int. Ed. 2005, 44, 4785—
4790.

330

dx.doi.org/10.1021/c0400028e | ACS Comb. Sci. 2013, 15, 320—-330



