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a b s t r a c t

The synthesis of peptide–furostane conjugates from natural steroidal sapogenins is reported. The
approach comprises the introduction of a-oriented amino groups into spirostanic sapogenins followed by
reductive opening of the spiroketal chain, thus producing diamino-furostanic scaffolds suitable for
further functionalization. Solid and solution-phase coupling processes were utilized for the incorporation
of various a-amino acids and peptides into the furostanic skeletons. The attachment position depends on
the steroidal sapogenin originally used, i.e., diosgenin or hecogenin. The resulting furostanic skeletons
feature a trans A/B-ring fusion and hold the peptides in axial disposition. This characteristic ensures
a preorganized alignment of the peptidic motifs, an important structural feature for future applications in
molecular recognition and catalysis. A macrocyclic tripeptide–furostane conjugate was also produced by
a combination of peptide coupling, Staudinger ligation, and a cyclization protocol. This work constitutes
the first report on the use of furostanic sapogenins as scaffolds for positioning natural amino acids and
(cyclo)peptides.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The use of preorganized scaffolds to achieve a specific alignment
of peptide chains has proven to be a success over the years. Such
organizing frameworks have been of great importance either for
studying various types of peptide folding or for recognition studies
of amino acids, peptides, and proteins.1 Among the architectures
used, cyclotriveratrylenes,2 calix[4]arenes,3 trialkylbenzenes,4

Kemp’s triacid,5 and steroidal skeletons6 have found the greatest
applicability due to their ability to align the pedant peptide chains
in a preorganized form. The steroidal nucleus is considered as
a privileged scaffold for this approach, as it combines chirality, high
1-(3-dimethylaminopropyl)-
diimide; DIC, N,N0-diiso-

lamine; DMAP, N,N-dimethyl-
-dimethyl-3,4,5,6-tetrahydro-
yl)-N,N,N0 ,N0-tetramethyluro-
abenzotriazole; HOBt, 1-hy-
hromate; TBHP, tert-butyl
ide; TBDPS, tert-butyldiphe-

þ53 7 8733502.

All rights reserved.
availability, and various fuctionalization patterns that can be
modified in a tunable manner.

The steroidal nucleus of greater relevance on this field is the
cholanic skeleton of bile acids.6,7 The value of this scaffold arises
mainly from its curved, concave-shaped structure that can be
functionalized to achieve an appropriate array of binding elements.
For example, libraries of peptide–steroid conjugates have been
prepared from suitable amino-cholanes functionalized on the
a face.6a–e Some of these properly aligned peptide fragments have
proved to be useful as artificial enzymes (e.g., serine-like protea-
ses),6d for binding studies of specific oligopeptides sequences (e.g.,
opioid peptides),6g,h and for imposing facial amphiphilicity into the
steroidal conjugates.6b Also, hybrid peptide–cholane macrocycles
have been synthesized as a mean to force the peptide chains upon
folded structures.8,6f This approach has demonstrated that the
conjugation of peptides to rigid steroidal scaffolds combined with
cyclization is a promising idea toward the production of novel
structures and properties.9

Whereas the cholanic skeleton of bile acids is naturally endowed
with a cis A/B-ring fusion (i.e., 5b-configuration), this feature has
been eventually modified to achieve different alignments of the
pendant arms.6g,10 In terms of conformational constrain, the ad-
vantage of employing an A/B-trans steroidal nucleus containing all
functionalities with axial orientation has been well documented.10

For this, an alternative to the manipulation of bile acids is the use of
steroids featuring a natural trans A/B-ring fusion and being suitably
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functionalized at various positions. This is the case of some
steroidal sapogenins, which comprise both amenable functionali-
zation patterns and accessible 5a-skeletons.

Herein, we report on the use of furostan sapogenins as scaffolds
for positioning peptides in a preorganized form. Steroidal sapoge-
nins are natural steroids traditionally used in the production of
steroidal hormones11 and the synthesis of bioactive natural prod-
ucts (analogs).12 Several sapogenins are readily available materials
with functionalities that can be easily converted into those required
for peptide synthesis by a sort of standard procedures. Furostan
sapogenins can be obtained straightforwardly from available spi-
rostan sapogenins by reductive opening of the spiroketal moiety,13

a procedure that renders a hydroxy-functionalized side chain suit-
able to attach to a solid support. Thus, the furostanic skeleton can be
considered as an alternative A/B-trans scaffold for positioning axi-
ally-disposed peptide chains. The approach includes the prepara-
tion of diamino-furostanes and their subsequent use on the solid
and solution-phase syntheses of peptide–furostane conjugates.

2. Results and discussion

The use of furostanic sapogenins as organizing scaffolds for
peptides or other recognition motifs has not been described so far.
To our knowledge, only spirostanic sapogenins have been conju-
gated to (cyclo)peptidic moieties,14 albeit this has been accom-
plished by Ugi-type multicomponent approaches that produce
peptoids instead of peptides. The employment of the furostanic
skeleton to prepare conjugates in which the peptide chains are
aligned toward the a face shows promise in the fields of supramo-
lecular and medicinal chemistry. Although we accept that this type
of sapogenin skeleton cannot compete with the bile acids in terms of
availability and low prize, it is indeed an interesting alternative to
the use of the cholanic nucleus. For example, the former provides
a novel topology based on the more extended and flatter shape of its
polycyclic system, which is, e.g., more suitable for achieving facial
amphiphilicity in steroidal conjugates. In addition, a variety of
natural and synthetic furostanic derivatives have been found to be
biologically active, as exemplified by the remarkable antitumoral
activity of some carbohydrate–furostane conjugates (i.e., furostan
saponins)15 and the plant-growth promoting activity of various
polyoxygenated furostanes analogous to the brassinosteroids.16 This
article focuses on illustrating the possibility of using diamino-
furostanes as scaffolds for positioning peptides and cyclopeptides in
an axially-disposed arrangement.

To accomplish our goal, the synthetic planning was directed
toward the introduction of a-oriented amino groups at positions 3,
7, and 12 of furostanic skeletons. To ensure the axial disposition of
the substituent at C-3, it was crucial either to employ sapogenins
featuring a natural trans A/B-ring fusion or to implement
Scheme 1. Synthesis of 3a,7a-diamino-furostanes. (a) Ac2O, Et3N, DMAP, CH2Cl2; (b) TBHP,
NH2OH$HCl, NaOAc, MeOH, reflux; (g) H2, PtO2, HOAc; (h) Zn, AcOH, then aq NaHCO3; (i) LiA
resin, DMAP, CH2Cl2.
approaches that provide this structural feature. This is important to
impose conformational constrain to the conjugated peptide chains,
as the axial substitution guarantees that the amide bond cannot
rotate freely due to the 1,3-diaxial interactions. The preorganization
achieved by this issue is known to be especially useful to enforce
the peptide strands into specific types of folded motifs.

As depicted in Scheme 1, the synthetic route toward protected
3a,7a-diamino-furostane 6 commenced with functionalization of
C-7 on the spirostan sapogenin diosgenin (1). This required the
protection of the 3b-hydroxyl group and allylic oxidation of the D5-
olefin with tert-butyl hydroperoxide and copper iodide according
to a reported procedure.17 Further cleavage of the acetate and re-
duction of the a,b-unsaturated ketone furnished the 3b,7b-spiro-
stanediol 3 in 58% yield after column chromatography. A minor
amount of the untransformed enone was recovered from the col-
umn and used in further experiments. The reductive system Li/NH3/
t-BuOH was chosen to ensure the 5a-configuration of the resulting
steroidal nucleus, as previously described in the literature.10 Al-
though several approaches are viable to prepare a-oriented amino
A/B-trans steroids, oximation and reduction were chosen as it has
previously proven successful in delivering the 3a,7a-diamino sys-
tem in a reliable manner.6,10 This procedure requires the use of the
Adam’s catalyst (i.e., platinum (IV) oxide hydrate) for the catalytic
hydrogenation of the dioxime to the corresponding bis-hydroxyl-
amine, which upon further reduction with zinc powder in acetic
acid furnishes the desired stereochemical outcome. Accordingly,
PCC oxidation of diol 3 to the corresponding diketone followed by
oximation and reduction as described above afforded the 3a,7a-
diamino-spirostane 5 in 71% yield. Minor amounts of the 3 and 7-
epimers were detected, although difficult to isolate by column
chromatography. The stereochemistry of the amino groups in 5 was
confirmed by revealing the equatorial disposition of protons at C-3
and C-7 by 1H NMR.

Once the 3a,7a-diamino system was introduced into the spiro-
stanic skeleton, reductive opening of the spiroketal chain with
LiAlH4/AlCl3 followed by amine protection with di-tert-butyl
dicarbonate gave rise to the furostanic dicarbamate 6 in 67% yield. It
must be noticed that the current reductive opening approach re-
quires a larger amount of AlCl3 than the one traditionally employed
to reduce diosgenin to dihydrodiosgenin.13e This is a consequence
of the presence of the amino groups, which inactivate a portion of
the Lewis acid. Finally, compound 6 was coupled to acid chloride
polystyrene resin18 to give the solid-phase bound furostanic scaf-
fold 7. The remaining reactive sites of the resin were capped as
methyl esters.18

It has been reported that the reductive opening of the spiroketal
chain proceeds with complete retention of the configuration at
C-22.13,16 This has been proved for the two most commonly used
protocols for producing furostanic derivatives, i.e., reduction with
CuI, TBAB, CH2Cl2–H2O; (c) NaOH, MeOH; (d) Li, NH3, THF, t-BuOH; (e) PCC, CH2Cl2; (f)
lH4/AlCl3, THF, 0 �C/reflux; (j) Boc2O, NaHCO3, THF–H2O; (k) acid chloride polystyrene



Scheme 2. Solid-phase synthesis of a peptide–furostane conjugate.
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AlCl3–LiAlH4 and PtO2-catalyzed hydrogenation under acidic con-
ditions.13b,e,16 The NMR data of the furostanes herein obtained are
in agreement with that previously reported, thus confirming the R
configuration at C-22 (b-orientation of the side chain). In our
hands, the a-orientation of H-22 was confirmed through NOE
difference experiments (irradiation of methyl-21) that showed the
syn disposition between H-22 and methyl-21. This fact corroborates
that the stereochemical outcome of the reductive opening pro-
cedure (AlCl3–LiAlH4) is independent on the functionalities at
the steroidal nucleus; even if amino groups, that are likely to co-
ordinate the Lewis acid, are nearby (ring C in compound 11) the
spiroketal chain.

The solid-phase assembly of both dipeptide chains at positions 3
and 7 was accomplished by using Boc-protected a-amino acids and
the DIC/HOBt methodology. This procedure involved the successive
incorporation of valine and phenylalanine to yield the peptidic
arms aligned by the furostanic skeleton. As previously demon-
strated with other steroidal scaffolds, larger peptide fragments can
be grown by this standard methodology with the focus posed on
specific applications (e.g., enzyme mimicry). Final release from the
solid support provided the peptidofurostane 9 in 54% yield (based
on 6) after column chromatography (Scheme 2).
Scheme 3. Synthesis of (cylco)peptide–furostane conjugates from 3a,12a-diamino-furosta
NaHCO3; (d) LiAlH4/AlCl3, THF, 0 �C/reflux; (e) Boc2O, NaHCO3, THF–H2O; (f) TBDPSCl, imi
then BzCl, Py; (j) 40% TFA, CH2Cl2; (k) EDC, HOBt, DIPEA, CH2Cl2–DMF; (l) Me3P, THF, then
Besides the high availability of spirostan sapogenins, this family
of natural products shares with the bile acids the advantage of
appearing in nature functionalized at various positions. Accordingly,
we turned to look for other fuctionalization patterns, thus focusing
on the synthesis of a 3a,12a-diamino-5a-furostanic scaffold from a
natural spirostan sapogenin. For this, the highly available hecogenin
(10) was chosen as it already possesses the 5a-configuration and is
naturally functionalized at C-3 and C-12. However, the goal of this
next approach is not only to introduce the amino groups, but also to
provide differentiation between the two positions for assembling
dissimilar peptide chains via solution-phase synthesis.

Scheme 3 shows the preparation of the bifunctionalized furo-
stanic scaffold and the stepwise synthesis of two dipeptide frag-
ments at positions 3 and 12. This process required the individual
incorporation of each amino group and the use of orthogonal
protection in a protocol similar to other ones previously employed
for cholanic substrates.6 Thus, hecogenin (10) was subjected to
oximation, followed by PtO2-catalyzed hydrogenation and sub-
sequent treatment with Zn/AcOH to complete the reduction to the
amine. The amino-sapogenin 11 was obtained in 76% yield after
basification and purification by column chromatography. Reductive
opening of the spiroketal chain as described above followed by
nes. (a) NH2OH$HCl, NaOAc, MeOH, reflux; (b) H2, PtO2, HOAc; (c) Zn, AcOH, then aq
dazole, CH2Cl2, 0 �C; (g) MsCl, Et3N, CH2Cl2, 0 �C; (h) NaN3, DMPU, 40 �C; (i) TBAF, THF,
H2O; (m) DCC, HOBt, CH3CN, then Bu3P; (n) HATU, 2,6-collidine, CH2Cl2.
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amine protection as tert-butyl carbamate furnished compound 12
in 85% yield. To accomplish the selective incorporation of an amino
group at C-3 without affecting the functionalized furostanic side
chain, we turned to implement a selective protection procedure for
the primary hydroxy group at C-26. This was accomplished by
employing TBDPSCl under standard silylation conditions, albeit
utilizing low temperature and a very short reaction time. In-
corporation of the axial 3a-azido group was completed in overall
77% yield by mesylation of the equatorial 3b-OH followed by
nucleophilic displacement with sodium azide. Finally, the TBDPS
group was changed by benzoyloxy using standard deprotection/
protection techniques, as the former protecting group showed to be
partially cleaved during the peptide coupling sequence.

The differentially functionalized scaffold 14 proved to be suit-
able for the introduction of two different peptide fragments in
a sequential manner. The peptidofurostane 15 was firstly produced
in 72% yield by deprotection of the 12a-amino group followed by
solution-phase coupling with EDC/HOBt-activated N-Boc–Gly–L-
Val. Introduction of the second peptide chain (i.e., N-Boc–L-Ala–L-
Ala) was accomplished by Staudinger reduction of the azido group
followed by peptide coupling as described before to afford the
conjugate 16 in overall 76% yield. The success of this route dem-
onstrates that furostanic scaffolds can be readily functionalized in
a differential manner for positioning not only dissimilar peptidic
arms, but also other recognition and catalytic motifs. As it might be
noticed, the possibility of locating different peptides into a furo-
stanic skeleton is independent of the use of solid or solution-phase
peptide synthesis.

Having established the methodology for incorporating amino
acids and peptides into furostanic scaffolds, we envisaged the
application of these latter also to impose conformational pre-
organization into cyclopeptide derivatives. Macrocyclic peptides
comprise one of the most important classes of target compounds
for drug discovery and biological chemistry.19 Not only macrocycles
composed of oligomeric sequences (e.g., cyclopeptides and dep-
sipeptides), but also especially other types of biologically active,
amino acid-derived macrocycles are of utmost importance as they
are usually considered as lead compounds in medicinal chemistry.19

The latter are featured by natural or synthetic hybrid skeletons that
include rigid (aromatic) endocyclic motifs alternating with short
peptide sequences.19 Combined with cyclization, these character-
istics allow introducing conformational restrictions into specific
peptide sequences of biological relevance (e.g., RGD-containing
peptides).20,21 Cyclization is also widely employed with the aim to
improve pharmacological properties (e.g., bioavailability and
enzymatic stability)22 and to decrease the entropy loss upon
binding.23 Encouraged by the great applicability of cyclopeptides
and analogous macrocycles composed of peptidic hybrid scaffolds,
we focused on addressing the potential of the extended and rigid
furostanic skeleton for positioning a macrocyclic tripeptide in a
preorganized form.

As shown in Scheme 3, the preparation of the cyclopeptide–
furostane conjugate 18 was conducted by firstly incorporating an
asparagine moiety at C-3 in conjugate 15, followed by deprotection
of the N- and C-terminus and consecutive cyclization by a standard
ring-closing coupling protocol. For the incorporation of the side
chain carboxylate of aspartic acid, an efficient, recently reported
procedure based on the Staudinger methodology was employed.24

This method was originally developed for the convergent synthesis
of glycopeptides and shows promise for the selective ligation of
azido building blocks to carboxylate-functionalized peptides. In our
hands, it also proved to be suitable for the orthogonal incorporation
of the asparagine moiety into the furostanic skeletons. The ap-
proach comprises the nucleophilic attack of the aza-ylide in-
termediate (generated by reaction of the steroidal azide with
tributylphosphine) to N-protected L-aspartic acid a-tert-butyl ester
suitably activated (DCC/HOBt) at the side chain carboxylate. Despite
the axial character of the azido group, the reaction proceeded
readily to produce the conjugate 17 in 74% yield and without af-
fecting the carbamate and ester functionalities.

For the cyclization step, removal of the Boc group and the
tert-butyl ester at the N- and C-terminus, respectively, of the hybrid
peptide–steroid skeleton was previously required. This was
accomplished in one step by treatment with TFA followed by
conversion to the corresponding hydrochloride salt (HCl–EtOAc).
This latter intermediate was submitted as crude product to cycli-
zation by treatment with HATU in CH2Cl2 and employing 2,6-
collidine as base. Thus, the ring closure proceeded smoothly within
36 h to afford the cyclopeptide–furostane conjugate 18 in 61% yield
and without substantial racemization. Interestingly, neither larger
excess of coupling reagents nor longer reaction times improved
significantly the cyclization yield. Other peptide coupling reagents
amenable for cyclization, such as: PyBroP (3 equiv, 6 equiv of
DIPEA, CH2Cl2), BOP–Cl (3 equiv, 6 equiv of DMAP, CH3CN), and
EDC–HOAt (3 equiv, 6 equiv of NaHCO3, DMF), were also probed for
this goal. However, none of them was found to be more successful
than HATU in terms of efficiency and feasibility of the workup.
Although not examined in detail, the choice of the solvent also
influenced the cyclization result. For example, the use of CH2Cl2 as
solvent in the cyclization with HATU was more effective than DMF
(NaHCO3) and CH3CN. On the other hand, DMF was superior to
CH2Cl2 or a mixture of CH2Cl2–DMF in the alternative EDC–HOAt
protocol.

As mentioned before, both the incorporation of rigid endocyclic
motifs and cyclization are common approaches to impose confor-
mational constrains into oligopeptide sequences. As these features
influence the overall conformation of the cavity, they can be used
(together or separately) to achieve specific types of peptide folding
(e.g., b-turn mimic)25 or to reduce the conformational flexibility of
peptide fragments that are known to be recognized by biological
receptors.20–22 With the synthesis of macrocycle 18, we illustrate
the possibility of using steroidal sapogenins to restrict conforma-
tionally short peptide sequences. It is well-known that the recog-
nition of various peptides and proteins is highly influenced by the
‘active conformation’ of specific sequences, which can be as short as
3 amino acid residues.20,21 Therefore, we believe that the use of the
rigid and extended furostanic skeleton can be extended to pursue
the active conformation of biologically relevant peptide fragments.
As previously shown, either 3,7- or 3,12-diamino-furostanes can be
readily used as scaffolds for positioning peptidic arms. The same
applies for attaching cyclopeptides to A/B- and A/C-bifunctional
furostanic scaffolds, thus offering a great prospect for varying the
cavity size, shape, and conformational flexibility of cyclic oligo-
peptide sequences.

3. Conclusions

It has been shown that furostanic sapogenins are amenable
scaffolds for positioning (cyclo)peptides in a preorganized form.
The approach comprises the introduction of a-oriented amino
groups into spirostanic sapogenins and the subsequent reductive
opening of the spiroketal chain to afford diamino-furostanic skel-
etons. These latter were then coupled to short peptide sequences by
both solid and solution-phase syntheses. The functionalization of
the furostanic skeleton proved to be a tunable process either for
growing simultaneously two peptide chains or for assembling
different peptide fragments in a consecutive manner. The peptide–
furostane conjugates thus produced feature a trans A/B-ring fusion
and hold the peptidic arms in axial disposition. This characteristic
provides a preorganized array of peptidic motifs with potential
applicability in molecular recognition and catalysis. A cyclo-
peptide–furostane conjugate was also produced with the aim to
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illustrate the potential of the furostanic skeleton to impose con-
formational restrictions into short cyclopeptide sequences.

4. Experimental

4.1. General

Melting points were determined on a Stuart Scientific apparatus
and are uncorrected. 1H NMR and 13C NMR spectra were recorded
on a Varian Mercury 400 spectrometer at 399.94 MHz and
100.57 MHz, respectively. Chemical shifts (d) are reported in parts
per million relative to TMS (1H NMR) and to the solvent signal (13C
NMR). The high resolution ESI mass spectra were obtained from
a Bruker Apex 70e Fourier transform ion cyclotron resonance
(FT-ICR) mass spectrometer equipped with an Infinity� cell, a 7.0 T
superconducting magnet. Reactions were monitored by thin-layer
chromatography on pre-coated plates with silica gel (Merck) and
spots were visualized with a 1% w/v spray of vanillin in perchloric
acid and subsequent heating. The solid compounds were recrys-
tallized from selected solvents for the melting point measurements.
Flash column chromatography was performed on silica gel 60
(Merck, >230 mesh). DMF, CH2Cl2, and DIPEA were dried by
distillation from CaH2. Boc-amino acids, HOBt, and peptides were
purchased from Fluka. The carboxypolystyrene resin was
purchased from NovaBiochem.

4.1.1. (25R)-3b-Acetoxy-spirost-5-en-7-one (2)
A solution of diosgenin (1, 2.48 g, 6.0 mmol) in 150 mL of CH2Cl2

was treated with Et3N (20 mL), Ac2O (6 mL), and DMAP (72 mg,
0.3 mmol). The reaction mixture was stirred at room temperature
for 8 h and then poured into 300 mL of cold water and extracted
with CH2Cl2 (2�100 mL). The organic layer was washed with aq 2 N
HCl (2�80 mL) and brine (100 mL), dried over anhyd Na2SO4, and
concentrated under reduced pressure to dryness. The resulting
crude product was dissolved in 40 mL of CH2Cl2 and treated with
CuI (775 mg, 4.0 mmol) and tetra-n-butyl ammonium bromide
(232 mg, 0.72 mmol). tert-Butyl hydroperoxide (70% in H2O, 5.7 mL,
60 mmol) was added and the reaction mixture was stirred at reflux.
Further TBHP (5.7 mL, 60 mmol) was added after 1.5 h and 3 h. The
reaction mixture was refluxed for additional 2 h, then poured into
100 mL of cold water and extracted with CH2Cl2 (2�100 mL). The
organic layer was washed sequentially with aq 2 N HCl (50 mL), aq
10% NaHSO3 (2�50 mL), and brine (50 mL), dried over anhyd
Na2SO4, and concentrated under reduced pressure to dryness. Flash
column chromatography purification (n-hexane/EtOAc 8:1) fur-
nished the a,b-unsaturated ketone 2 (1.95 g, 69%) as a white solid.
Diosgenin acetate (300 mg, 11%) was recovered from the column.
Mp (from n-hexane/CH2Cl2): 194–195 �C. 1H NMR (CDCl3): d¼0.79
(d, 3H, J¼6.2 Hz, H-27); 0.82 (s, 3H, H-18); 0.97 (d, 3H, J¼6.2 Hz,
H-21); 1.21 (s, 3H, H-19); 2.06 (s, 3H, CH3CO); 3.37 (t, 1H, J¼10.6 Hz,
H-26ax); 3.45 (dd, 1H, J¼4.1/10.8 Hz, H-26eq); 4.44 (m, 1H, H-16a);
4.72 (br m, 1H, H-3a); 5.72 (d, 1H, J¼1.5 Hz, H-6). 13C NMR (CDCl3):
d¼14.5, 15.9, 16.5, 17.1, 20.9, 207.9, 21.4, 24.7, 28.7, 30.2, 31.3, 31.4,
35.5, 35.6, 39.8, 40.4, 40.5, 41.6, 41.8, 51.3, 55.4, 62.0, 66.8, 72.5, 80.6,
109.2, 128.5, 146.6, 170.1. HRMS (ESI-FT-ICR) m/z: 493.2937
[MþNa]þ; calcd for C29H42NaO5: 493.2932.

4.1.2. (25R)-5a-Spirostane-3b,7b-diol (3)
Enone 2 (1.8 g, 3.8 mmol) was dissolved in a 5% solution of NaOH

in MeOH (100 mL). The reaction mixture was stirred at 40 �C for 1 h,
then concentrated under reduced pressure to half the volume and
acidified with aq 2 N HCl to pH 3. The aqueous suspension was
extracted with Et2O (2�100 mL), and the combined organic
extracts were dried over anhyd Na2SO4 and concentrated under
reduced pressure to dryness. The resulting crude product was
suspended in a mixture of 30 mL of dry THF and 3 mL of t-BuOH.
The suspension was added dropwise to a freshly prepared solution
of lithium wire (620 mg, 88 mmol) in 150 mL of liquid ammonia
maintained at �20 �C. The reaction mixture was stirred for 1 h at
�20 �C and then quenched by addition of NH4Cl in excess and
vigorous stirring. After evaporation of the ammonia, the mixture
was poured into water and extracted with EtOAc (2�200 mL). The
combined organic phase was washed with satd aq NH4Cl, dried
over anhyd Na2SO4, and concentrated under reduced pressure to
dryness. The crude product was purified by flash column chroma-
tography (CH2Cl2/MeOH 20:1) to afford the diol 3 (953 mg, 58%) as
a white solid. Mp (from EtOAc): 244–246 �C. 1H NMR (CDCl3):
d¼0.79 (d, 3H, J¼6.2 Hz, H-27); 0.81 (s, 3H, H-18); 0.97 (d, 3H,
J¼6.3 Hz, H-21); 1.08 (s, 3H, H-19); 3.36 (t, 1H, J¼10.8 Hz, H-26ax);
3.47 (dd, 1H, J¼10.9/4.0 Hz, H-26eq); 3.64 (m, 1H, H-3a); 3.71 (td,
1H, J¼10.6/4.2 Hz, H-7a); 4.43 (m, 1H, H-16a). 13C NMR (CDCl3):
d¼14.5, 15.6, 16.6, 17.1, 21.0, 28.8, 30.0, 30.1, 31.2, 31.4, 31.7, 35.0,
35.6, 38.6, 39.6, 40.1, 40.7, 41.7, 47.6, 54.4, 56.0, 62.2, 66.8, 71.4, 71.6,
81.0, 109.4. HRMS (ESI-FT-ICR) m/z: 433.3319 [MþH]þ; calcd for
C27H45O4: 433.3316.

4.1.3. (25R)-3a,7a-Diamino-5a-spirostane (5)
A solution of diol 3 (2.0 g, 4.7 mmol) in 100 mL of CH2Cl2 was

added to a stirred suspension of pyridinium chlorochromate (PCC,
1.5 g, 7.0 mmol) in 60 mL of CH2Cl2 at 0 �C. The reaction mixture
was stirred at room temperature for 5 h and then filtered through
a pad of alumina. The solution was evaporated under reduced
pressure to dryness and the resulting crude diketone was dissolved
in 100 mL of MeOH. Sodium acetate (1.91 g, 23.3 mmol) and
hydroxylamine hydrochloride (0.97, 14.0 mmol) were added and
the reaction mixture was stirred at reflux for 8 h. The resulting
suspension was cooled to room temperature, poured into 200 mL of
cold water, and the precipitate was filtered under reduced pressure
to afford the dioxime 4. This product was dried at 60 �C and
dissolved in glacial HOAc (40 mL). Platinum (IV) oxide hydrate
(Adams’s catalyst, 200 mg) was added and the reaction mixture
was treated successively with vacuum and hydrogen and finally
stirred under hydrogen atmosphere for 6 days. The suspension was
filtered under reduced pressure and the catalyst was washed with
glacial HOAc (2�20 mL). Zinc powder was added to the combined
filtrates and the suspension was stirred at room temperature for
24 h and filtered to remove the zinc. The solvent was evaporated
under reduced pressure and the resulting crude product was dis-
solved in 200 mL CH2Cl2. The organic phase was washed with satd
aq NaHCO3 (2�80 mL), dried over anhyd Na2SO4, and concentrated
under reduced pressure to dryness. Flash column chromatography
purification (n-hexane/EtOAc/Et3N 3:1:0.1) yielded the pure
diamine 5 (1.43 g, 71%) as a white foam. Mp (from MeOH): 221–
223 �C. 1H NMR (CDCl3): d¼0.78 (d, 3H, J¼6.5 Hz, H-27); 0.79 (s, 3H,
H-18); 0.94 (s, 3H, H-19); 1.08 (d, 3H, J¼6.4 Hz, H-21); 3.04 (br s, 1H,
H-7b); 3.18 (br s, 1H, H-3b); 3.36 (t, 1H, J¼11.0 Hz, H-26ax); 3.47 (dd,
1H, J¼10.9/4.0 Hz, H-26eq); 4.43 (m, 1H, H-16a). 13C NMR (CDCl3):
d¼11.6, 12.1, 14.6, 17.3, 27.2, 27.7, 29.2, 29.8, 30.4, 31.1, 31.3, 31.7, 32.4,
33.3, 34.2, 36.2, 40.0, 41.7, 47.4, 47.9, 51.2, 52.8, 60.6, 61.2, 62.1, 66.6,
80.1, 109.3. HRMS (ESI-FT-ICR) m/z: 431.3634 [MþH]þ; calcd for
C27H47O2N2: 431.3639.

4.1.4. (25R)-3a,7a-Di-[N-(tert-butoxycarbonyl)amino]-
5a-furostan-26-ol (6)

LiAlH4 (1.44 g, 37.5 mmol) was carefully added to a stirred
suspension of AlCl3 (21.0 g, 0.15 mol) in dry Et2O (150 mL) at 0 �C. A
solution of amine 5 (1.08 g, 2.5 mmol) in dry Et2O (50 mL) was
added dropwise over a period of 15 min. Stirring was continued for
15 min at 0 �C, then for 1 h at room temperature and finally for 1 h
at reflux. The mixture was treated cautiously with aq 10% NaOH
(80 mL) and the resulting white powder was filtered off and
washed several times with EtOAc. The combined organic phase was
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washed with aq 10% NaHCO3 and concentrated under reduced
pressure to dryness. The resulting crude product was dissolved in
a stirred mixture of THF (60 mL) and satd aq NaHCO3 (30 mL) and
treated with di-tert-butyl dicarbonate (Boc2O, 1.3 g, 7.0 mmol). The
reaction mixture was stirred for 30 h at room temperature, and
then the layers were separated and the aqueous phase was
extracted with EtOAc (2�100 mL). The organic extracts were
combined, washed with brine (50 mL), dried over anhyd Na2SO4,
and evaporated under reduced pressure to dryness. Flash column
chromatography purification (n-hexane/EtOAc 3:1) afforded the
dicarbamate 6 (1.06 g, 67%) as a white powder. Mp (from n-hexane/
CH2Cl2): 227–230 �C. 1H NMR (CDCl3): d¼0.80 (s, 3H, H-18); 0.84 (s,
3H, H-19); 0.92 (d, 3H, J¼6.6 Hz, H-27); 0.98 (d, 3H, J¼6.8 Hz, H-21);
1.44 (s, 9H, (CH3)3C); 1.45 (s, 9H, (CH3)3C); 3.32 (m, 1H, H-22a);
3.44–3.52 (m, 2H, H-26); 3.73 (m, 1H, H-7b); 3.92 (m, 1H, H-3b);
4.31 (br m, 1H, H-16a); 5.23 (br s, 1H, NH); 5.36 (br s, 1H, NH). 13C
NMR (CDCl3): d¼16.4, 16.5, 18.3, 18.8, 20.6, 28.3, 28.45, 28.5, 28.6,
30.2, 30.4, 31.5, 32.0, 32.2, 35.7, 37.0, 38.1, 39.1, 39.4, 42.2, 46.8, 47.9,
50.0, 54.5, 56.7, 56.5, 67.8, 78.8, 78.9, 83.3, 90.4, 155.4, 155.5. HRMS
(ESI-FT-ICR) m/z: 655.4770 [MþNa]þ; calcd for C37H64N2NaO6:
655.4765.

4.1.5. Preparation of the resin-bound furostanic dicarbamate 7
Acid polystyrene resin (1.05 g, theoretical loading of 1.18 mmol

of acid/g), 2.10 mL of freshly distilled thionyl chloride and 20 mL of
dry benzene were stirred at reflux under nitrogen atmosphere for
12 h. The beads were filtered, washed with dry benzene (20 mL),
then with dry Et2O (2�20 mL), and dried under high vacuum.
Furostanol 6 (520 mg, 0.82 mmol) was shaken with the acid chlo-
ride resin (695 mg), DMAP (10.0 mg, 0.082 mmol), and Et3N
(0.11 mL, 0.82 mmol) in dry DMF (5 mL) for 6 h. The beads were
filtered and washed subsequently with DMF (3�30 mL), MeOH
(3�30 mL), and CH2Cl2 (3�30 mL). In order to cap the reacting sites,
the resin was shaken for 3 h in a solution of CH2N2 (2.5 mmol) in
20 mL of Et2O, then filtered and washed subsequently with DMF
(3�30 mL), MeOH (3�30 mL), and CH2Cl2 (3�30 mL) and dried in
vacuum.

4.1.6. Synthesis of the peptide chains and cleavage to obtain the
peptidofurostane 9

The Boc-protecting groups on 7 were removed by adding 50%
TFA in CH2Cl2 (30 mL) to the loaded beads (700 mg) and shaking
the suspension for 2 h. The beads were subsequently washed with
CH2Cl2 (3�30 mL), 10% DIPEA in DMF (3�30 mL), MeOH (3�30 mL),
and CH2Cl2 (3�30 mL). N-Boc–L-valine (709 mg, 3.28 mmol,
4 equiv) was activated by treatment with HOBt (442 mg, 3.3 mmol)
and DIC (0.52 mL, 3.28 mmol) in CH2Cl2–DMF (15 mL, 4:1, v/v)
under nitrogen atmosphere for 1 h. The resulting solution was
added to the above resin and the suspension was shaken for 12 h.
The beads were subsequently washed with DMF (3�30 mL), MeOH
(3�30 mL), and CH2Cl2 (3�30 mL). The coupling reaction was
repeated twice to ensure complete coupling. Deprotection of
the Boc groups on 8 and neutralization of the resin was accom-
plished as before and the beads were dried under vacuum. A small
amount of the resin was separated and the furostanic scaffold was
cleaved and analyzed by ESI-MS to monitor the coupling success.
The subsequent coupling with 4-fold excess of activated (HOBt
and DIC under nitrogen for 1 h) N-Boc–L-phenylalanine (709 mg,
3.28 mmol) was repeated twice as described before. Finally, the
resin was washed subsequently with MeOH (3�30 mL) and CH2Cl2
(3�30 mL) and the beads were dried in vacuum. To cleave the
peptidofurostane, the resin was shaken in 8 mL of 1 M solution of
NaOMe in MeOH for 3 h. The beads were filtered and washed
subsequently with DMF (2�30 mL), MeOH (2�30 mL), and CH2Cl2
(2�30 mL) and the combined filtrate was concentrated under
reduced pressure to dryness. The crude product was purified by
flash column chromatography purification (CH2Cl2/MeOH/Et3N
25:1:0.1) to afford the peptidofurostane 9 (495 mg, 54%) as a white
powder. Mp (from MeOH): 269–270 �C. 1H NMR (CDCl3): d¼0.83 (s,
3H, H-18); 0.90 (s, 3H, H-19); 0.91, 0.93, 0.95 (3�d, 9H, 2�CH3þ3H-
27); 0.98 (d, 3H, J¼6.8 Hz, H-21); 1.43 (s, 9H, (CH3)3C); 1.45 (s, 9H,
(CH3)3C); 3.03–3.24 (m, 4H, 2�CH2); 3.33 (m, 1H, H-22a); 3.46–3.52
(m, 2H, H-26); 3.98–4.51 (m, 7H, 4�CHþH-3bþH-12bþH-16a);
5.28 (br s, 1H, NH); 5.37 (br s, 1H, NH); 5.86 (br s, 1H, NH); 5.99 (br s,
1H, NH); 7.17–7.29 (m, 10H, Ph). 13C NMR (CDCl3): d¼16.4, 16.5, 17.4,
17.5, 18.3, 18.8, 19.1, 19.5, 20.6, 28.3, 28.45, 28.6, 30.3, 30.4, 31.4, 32.1,
32.3, 35.7, 36.2, 36.8, 37.1, 37.4, 38.3, 39.4, 42.3, 44.1, 44.5, 44.9, 45.3,
46.8, 50.0, 55.8, 56.5, 56.9, 64.8, 67.9, 79.2, 79.6, 83.3, 90.3, 126.8,
127.0, 128.4, 128.5, 129.1, 135.7, 136.1, 136.3, 136.5, 156.9, 156.6, 171.0,
171.4, 172.8, 173.2. HRMS (ESI-FT-ICR) m/z: 1147.7437 [MþNa]þ;
calcd for C65H100N6NaO10: 1147.7400.

4.1.7. (25R)-12a-Amino-5a-spirostan-3b-ol (11)
Hecogenin (10, 2.0 g, 4.65 mmol) was subjected to oxime for-

mation and PtO2-catalyzed reduction in a similar way as described
in Section 4.1.3. Flash column chromatography purification (CH2Cl2/
MeOH/Et3N 30:1:1) afforded the amine 11 (1.52 g, 76%) as a white
foam. Mp (from EtOAc): 232–233 �C. 1H NMR (CDCl3): d¼0.76 (s,
3H, H-18); 1.17 (s, 3H, H-19); 0.78 (d, 3H, J¼6.5 Hz, H-27); 0.94 (d,
3H, J¼6.5 Hz, H-21); 3.36 (t, 1H, J¼10.9 Hz, H-26ax); 3.49 (dd, 1H,
J¼10.8/3.9 Hz, H-26eq); 3.56 (br m, 1H, H-3a); 3.19 (br s, 1H,
H-12b); 4.40 (m, 1H, H-16a). 13C NMR (CDCl3): d¼11.9, 13.2, 16.1, 17.1,
27.2, 28.1, 28.8, 30.2, 31.2, 31.4, 33.8, 34.3, 36.1, 36.2, 37.7, 42.2, 44.4,
53.5, 55.0, 55.4, 55.6, 59.6, 61.2, 66.8, 71.1, 79.2, 109.3. HRMS (ESI-
FT-ICR) m/z: 432.3479 [MþH]þ; calcd for C27H46NO3: 432.3476.

4.1.8. (25R)-12a-[N-(tert-Butoxycarbonyl)amino]-5a-furostane-
3b,26-diol (12)

Amine 11 (1.08 g, 2.5 mmol) was subjected to reductive opening
of the spiroketal chain followed by amine protection with Boc2O in
a similar way as described in Section 4.1.4. Flash column chroma-
tography purification (n-hexane/EtOAc 2:1) afforded the carbamate
12 (1.01 g, 76%) as a white powder. Mp (from n-hexane/CH2Cl2):
240–241 �C. 1H NMR (CDCl3): d¼0.80 (s, 3H, H-18); 0.84 (s, 3H,
H-19); 0.92 (d, 3H, J¼6.7 Hz, H-27); 0.97 (d, 3H, J¼6.8 Hz, H-21);
1.45 (s, 9H, (CH3)3C); 3.31 (m, 1H, H-22a); 3.53 (br m, 1H, H-3a);
3.44–3.52 (m, 2H, H-26); 3.98 (br s, 1H, H-12b); 4.31 (br m, 1H,
H-16a); 5.35 (br s, 1H, NH). 13C NMR (CDCl3): d¼16.4, 16.5, 18.3, 18.8,
20.6, 28.4, 28.5, 30.2, 30.4, 31.5, 32.0, 32.2, 35.7, 37.0, 37.2, 38.1,
39.4, 42.2, 46.8, 50.0, 54.1, 56.7, 56.5, 64.8, 67.9, 79.2, 83.3,
90.4, 155.4. HRMS (ESI-FT-ICR) m/z: 556.3981 [MþNa]þ; calcd for
C32H55NNaO5: 556.3976.

4.1.9. (25R)-3a-Azido-26-(tert-butyldiphenylsilyloxy)-12a-
[N-(tert-butoxycarbonyl)amino]-5a-furostane (13)

TBDPSCl (0.5 mL, 1.98 mmol) was added dropwise to a stirred
mixture of diol 12 (880 mg, 1.65 mmol), imidazole (275 mg,
1.8 mmol), and DMAP (catalytic amount) in CH2Cl2 (50 mL) at 0 �C.
The mixture was allowed to reach room temperature, stirred for
30 min, and then diluted with 200 mL of CH2Cl2. The organic phase
was washed with aq 10% HCl (2�50 mL), aq 10% NaHCO3 (50 mL),
and brine (50 mL), dried over anhyd Na2SO4, and evaporated under
reduced pressure. The crude produce was dissolved in dry CH2Cl2
(80 mL) and treated with Et3N (1.0 mL, 7.4 mmol), and mesyl
chloride (0.29 mL, 2.45 mmol) at 0 �C. The reaction mixture was
stirred at 0 �C for 1 h, then diluted with 100 mL of CH2Cl2 and
washed with brine (2�50 mL). The organic phase was dried over
anhyd Na2SO4 and concentrated under reduce pressure to dryness.
The resulting crude product was dissolved in DMPU (50 mL) and
the solution was treated with NaN3 (185 mg, 3.3 mmol). The re-
action mixture was stirred vigorously under nitrogen atmosphere
at 50 �C for 24 h and then diluted with 200 mL of Et2O. The organic
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phase was washed with aq 10% HCl (2�60 mL) and brine (100 mL),
dried over anhyd Na2SO4, and evaporated under reduced pressure
to dryness. The crude product was purified by flash column chro-
matography (n-hexane/EtOAc 5:1) to give the pure azide 13 (1.01 g,
77%) as a colorless syrup. 1H NMR (CDCl3): d¼0.81 (s, 3H, H-18);
0.82 (s, 3H, H-19); 0.91 (d, 3H, J¼6.8 Hz, H-27); 0.97 (d, 3H,
J¼6.8 Hz, H-21); 1.00 (s, 9H, (CH3)3CSi); 1.43 (s, 9H, (CH3)3C); 3.33
(m, 1H, H-22a); 3.47–3.54 (m, 2H, H-26); 3.67 (m, 1H, H-3b); 3.98
(br s, 1H, H-12b); 4.32 (br m, 1H, H-16a); 5.36 (br s, 1H, NH); 7.62–
7.59 (m, 4H, Ar); 7.47–7.42 (m, 6H, Ar). 13C NMR (CDCl3): d¼16.4,
16.6, 18.4, 18.9, 20.8, 26.8, 28.45, 28.5, 30.1, 30.3, 31.5, 32.0, 32.4,
35.9, 37.2, 37.4, 37.9, 40.8, 42.4, 45.4, 50.1, 53.8, 56.7, 58.9, 64.8, 68.5,
78.3, 83.2, 90.3, 127.8, 129.7, 132.9, 135.3, 155.4. HRMS (ESI-FT-ICR)
m/z: 819.5229 [MþNa]þ; calcd for C48H72N4NaO4Si: 819.5224.

4.1.10. (25R)-3a-Azido-12a-[N-(tert-butoxycarbonyl)amino]-5a-
furostan-26-yl benzoate (14)

Tetra-n-butylammonium fluoride trihydrate (0.59 g, 1.9 mmol)
was added to a solution of compound 13 (1.0 g, 1.25 mmol) in THF
(30 mL) and the reaction mixture was stirred for 12 h. The solution
was diluted with 100 mL of Et2O, washed with aq 10% NaHCO3

(2�50 mL), and brine (50 mL), dried over anhyd Na2SO4, and
evaporated under reduced pressure to dryness. The crude product
was dissolved in 50 mL of dry pyridine and treated with benzoyl
chloride (215 mg, 1.5 mmol) at 0 �C. The reaction mixture was
stirred at room temperature for 5 h and then poured into 100 mL of
water. The precipitate was filtered under reduced pressure, washed
several times with water and dried at 60 �C to afford the benzoate
14 (761 mg, 92%) as a crude product. A small sample was recrys-
tallized from EtOH–H2O (4:1, v/v) for characterization. Mp: 233–
234 �C. 1H NMR (CDCl3): d¼0.80 (s, 3H, H-18); 0.83 (s, 3H, H-19);
0.91 (d, 3H, J¼6.6 Hz, H-27); 0.95 (d, 3H, J¼6.7 Hz, H-21); 3.32 (m,
1H, H-22a); 3.68 (m, 1H, H-3b); 3.97 (br s, 1H, H-12b); 4.29–4.40 (m,
3H, H-16aþ2H-26); 5.39 (br s, 1H, NH); 7.39–7.74 (m, 5H, Bz). 13C
NMR (CDCl3): d¼16.4, 16.6, 18.4, 20.3, 28.1, 28.3, 28.4, 30.1, 30.4,
31.6, 32.1, 32.3, 36.1, 37.2, 37.8, 38.3, 39.7, 40.2, 42.3, 44.7, 50.3, 53.4,
55.6, 58.8, 66.3, 70.4, 78.2, 83.1, 90.2, 125.4, 128.7, 129.5, 130.2,
130.5, 133.4, 155.4, 168.4. HRMS (ESI-FT-ICR) m/z: 685.4350
[MþNa]þ; calcd for C39H58N4NaO5: 685.4306.

4.1.11. Peptidofurostane 15
Compound 14 (662 mg, 1.0 mmol) was dissolved in CH2Cl2

(15 mL) and treated with trifluoracetic acid (TFA, 10 mL) at 0 �C. The
reaction mixture was allowed to reach room temperature and stir-
red for 2 h. The solvent was evaporated under reduced pressure and
the resulting product was dissolved in CH2Cl2 (50 mL), washed with
satd aq Na2CO3 (2�10 mL), and dried over anhyd Na2SO4. Evapora-
tion under reduced pressure gave the free amine as pale yellow
foam. This compound was added to a solution of N-Boc–Gly–L-Val
(411 mg, 1.5 mmol) and DIPEA (0.2 mL, 1.2 mmol) in CH2Cl2–DMF
(10 mL, 4:1, v/v). The mixture was treated with EDC (286 mg,
1.5 mmol) and HOBt (203 mg, 1.5 mmol) and stirred at room tem-
perature under nitrogen atmosphere for 24 h. The mixture was
diluted with CH2Cl2 (100 mL) and washed with aq 10% NaHCO3

(2�50 mL), aq 10% HCl (50 mL), and brine (50 mL), and then dried
over anhyd Na2SO4 and evaporated under reduced pressure to
dryness. The crude product was purified by flash column chroma-
tography (CH2Cl2/MeOH 15:1) to give the conjugate 15 (589 mg,
72%) as a white solid. Mp (from acetone): 238–239 �C. 1H NMR
(CDCl3): d¼0.80 (s, 3H, H-18); 0.84 (s, 3H, H-19); 0.88, 0.90, 0.92
(3�d, 9H, 2�CH3þ3H-27); 0.96 (d, 3H, J¼6.8 Hz, H-21); 1.44 (s, 9H,
(CH3)3C); 3.31 (m, 1H, H-22a); 3.66 (m, 1H, H-3b); 3.79 (m, 1H);
4.00–4.58 (m, 6H); 4.99 (br s, 1H, NH); 5.19 (br s, 1H, NH); 7.34–7.71
(m, 5H, Bz). 13C NMR (CDCl3): d¼16.5, 16.8, 17.5, 18.3, 18.6, 20.5, 28.3,
28.4, 28.5, 30.3, 30.4, 31.6, 32.0, 32.4, 35.7, 36.8, 37.2, 38.2, 39.1, 39.4,
42.2, 44.5, 46.4, 50.6, 55.9, 56.4, 64.8, 67.9, 77.8, 83.3, 90.2, 125.2,
128.6, 129.7, 130.5, 130.6, 133.7, 155.6, 167.1, 170.8, 172.6. HRMS (ESI-
FT-ICR) m/z: 841.5210 [MþNa]þ; calcd for C46H70N6NaO7: 841.5206.

4.1.12. Peptidofurostane 16
Azide 15 (305 mg, 0.4 mmol) was dissolved in dry THF (5 mL) and

treated with trimethylphosphine (1 M in THF, 0.48 mL, 0.48 mmol).
The reaction mixture was stirred at room temperature for 5 h, then
water (0.15 mL) was added and stirring was continued for 6 h. The
volatiles were evaporated under reduced pressure and the crude
product was dried by repeated addition of toluene and evaporation.
The resulting amine was added to a solution of N-Boc–L-Ala–L-Ala
(156 mg, 0.6 mmol) and DIPEA (0.1 mL, 0.6 mmol) in CH2Cl2–DMF
(8 mL, 4:1, v/v). The mixture was treated with EDC (114 mg,
1.5 mmol) and HOBt (203 mg, 1.5 mmol) and stirred at room tem-
perature under nitrogen atmosphere for 48 h. The mixture was di-
luted with CH2Cl2 (80 mL) and washed with aq 10% NaHCO3

(2�20 mL), aq 10% HCl (20 mL), and brine (20 mL), and then dried
over anhyd Na2SO4 and evaporated under reduced pressure to
dryness. The crude product was purified by flash column chroma-
tography (CH2Cl2/MeOH 12:1) to give the conjugate 16 (314 mg, 76%)
as a white foam. Mp (from EtOAc): 247–248 �C. 1H NMR (CDCl3):
d¼0.81 (s, 3H, CH3); 0.83 (s, 3H, CH3); 0.87–0.94 (9H, 3�CH3); 0.96 (d,
3H, J¼6.6 Hz, H-21); 1.44 (s, 9H, (CH3)3C); 1.46 (s, 9H, (CH3)3C); 1.53
(d, J¼6.6 Hz, 3H, CH3); 1.53 (d, J¼7.2 Hz, CH3); 1.56 (d, J¼7.0 Hz, CH3);
3.32 (m, 1H, H-22a); 4.00–4.59 (m, 10H, 3�CHþCH2þH-3bþH-
12bþ2H-26þH-16a); 5.09 (br s,1H, NH); 5.22 (br s,1H, NH); 5.29 (br
s, 1H, NH); 5.38 (br s, 1H, NH); 5.92 (br s, 1H, NH); 7.36–7.76 (m, 5H,
Bz).13C NMR (CDCl3): d¼16.5,16.8,17.5,17.7,17.9,18.3,18.6, 20.5, 28.3,
28.4, 28.5, 28.6, 30.2, 30.3, 31.5, 32.5, 32.8, 35.2, 37.1, 37.7, 38.4, 39.1,
40.8, 42.6, 44.1, 46.9, 48.9, 49.3, 50.2, 54.9, 62.8, 64.9, 67.9, 78.2, 78.4,
83.6, 90.3, 125.2, 128.5, 129.8, 130.3, 130.7, 133.5, 156.0, 156.3, 167.8,
170.3, 171.8, 173.3, 173.6. HRMS (ESI-FT-ICR) m/z: 1057.6564
[MþNa]þ; calcd for C57H90N6NaO11: 1057.6568.

4.1.13. Peptidofurostane 17
A solution of N-Ac–L-aspartic acid a-tert-butyl ester (76 mg,

0.33 mmol), HOBt (45 mg, 0.33 mmol), and DCC (68 mmol,
0.33 mmol) in dry CH3CN was stirred under nitrogen atmosphere for
30 min. Azide 15 (250 mg, 0.33 mmol) and tributylphosphine
(67 mg, 0.33 mmol) were then added and the reaction mixture was
stirred for additional 24 h. The reaction mixture was concentrated
under reduced pressure and the residue was purified by flash column
chromatography (CH2Cl2/MeOH 12:1) to afford the conjugate 17
(245 mg, 74%) as a white foam. Mp (from MeOH): 242–243 �C. 1H
NMR (CDCl3): d¼0.79 (s, 3H, H-18); 0.83 (s, 3H, H-19); 0.87, 0.90, 0.91
(3�d, 9H, 2�CH3þ3H-27); 0.95 (d, 3H, J¼6.7 Hz, H-21); 1.44 (s, 9H,
(CH3)3C); 1.48 (s, 9H, (CH3)3C); 2.04 (s, 3H, Ac); 2.67–2.74 (m, 2H,
CH2); 3.31 (m,1H, H-22a); 3.88 (m,1H, H-3b); 3.96 (m,1H); 4.06–4.62
(m, 7H); 5.17 (m,1H, NH); 5.33 (m,1H, NH); 5.47 (d,1H, J¼8.0 Hz, NH);
7.39–7.70 (m, 5H, Bz). 13C NMR (CDCl3): d¼16.9, 17.2, 17.5, 18.1, 18.5,
20.5, 20.9, 28.2, 28.3, 28.4, 28.45, 28.5, 30.1, 30.3, 31.5, 32.3, 32.6, 34.8,
35.5, 36.4, 37.1, 37.8, 38.8, 39.4, 39.8, 40.4, 42.3, 45.0, 46.2, 50.3, 51.3,
55.5, 67.9, 68.6, 70.3, 77.8, 82.8, 83.2, 90.3, 125.2, 128.7, 129.6, 130.5,
130.7, 133.6, 155.5,168.0,170.7,170.9, 171.4,172.6. HRMS (ESI-FT-ICR)
m/z: 1028.6270 [MþNa]þ; calcd for C56H87N5NaO11: 1028.6294.

4.1.14. Cyclopeptidofurostane 18
TFA (10 mL) was added to a solution of compound 17 (220 mg,

0.22 mmol) in CH2Cl2 (15 mL), and the mixture was stirred at room
temperature for 2 h. The volatiles were removed by evaporation,
and the residue was treated subsequently with CH2Cl2 and con-
centrated under reduced pressure. The residue was then suspended
in 10 mL of 3.5 M HCl–EtOAc, stirred for 5 min, and the solvent was
evaporated under reduced pressure. The resulting crude product
was dried, suspended in 50 mL of dry CH2Cl, and then treated with
2,6-collidine (0.25 mL, 2.0 mmol) and HATU (250 mg, 0.66 mmol)
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under nitrogen to afford a pale brown solution. The reaction mix-
ture was stirred for 12 h at room temperature and additional HATU
(125 mg, 0.33 mmol) was added. Stirring was continued for 24 h at
room temperature, and the solvent was removed under reduced
pressure. Flash column chromatography purification (CH2Cl2/
MeOH 18:1) afforded the cyclopeptide–furostane conjugate 18
(111 mg, 61%) as a pale yellow solid. Mp (from acetone): 255–
257 �C. 1H NMR (CDCl3): d¼0.80 (s, 3H); 0.82 (s, 3H); 0.88, 0.90, 0.92
(3�d, 9H, 2�CH3þ3H-27); 0.96 (d, 3H, J¼6.8 Hz, H-21); 2.01 (s, 3H,
Ac); 2.72 (dd, 1H, J¼15.0/7.1 Hz); 2.78 (dd, 1H, J¼14.9/7.2 Hz); 3.33
(m, 1H, H-22a); 3.90 (m, 1H); 3.98 (m, 1H); 4.22 (dd, 1H, J¼14.3/
6.8 Hz); 4.29 (dd, 1H, J¼14.4/6.7 Hz); 4.31–4.58 (m, 6H); 5.54 (m,
1H, NH); 5.73 (m, 1H, NH); 6.12 (d, 1H, J¼7.9 Hz, NH); 7.37–7.71 (m,
5H, Bz). 13C NMR (CDCl3): d¼16.8, 17.4, 17.8, 18.2, 18.6, 18.7, 20.8,
21.0, 30.3, 30.5, 31.8, 32.6, 32.9, 34.7, 35.5, 36.4, 37.1, 37.8, 38.8, 39.4,
39.8, 40.4, 42.3, 45.0, 46.2, 50.3, 51.6, 54.8, 67.7, 68.8, 70.2, 77.4, 90.3,
125.4, 128.8, 129.8, 130.4, 130.7, 133.5, 168.1, 169.7, 170.9, 171.2, 171.3,
172.4. HRMS (ESI-FT-ICR) m/z: 854.5036 [MþNa]þ; calcd for
C47H69N5NaO8: 854.5040.
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