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Abstract: Withanolides constitute a well-known family of
plant-based alkaloids characterised by widespread biological
properties, including the ability of interfering with Hedgehog
(Hh) signalling pathway. Following our interest in natural
products and in anticancer compounds, we report here the
synthesis of a new class of Hh signalling pathway inhibitors,
inspired by withaferin A, the first isolated member of with-
anolides. The decoration of our scaffolds was rationally

supported by in silico studies, while functional evaluation
revealed promising candidates, confirming once again the
importance of natural products as inspiration source for the
discovery of novel bioactive compounds. A stereoselective
approach, based on Brown chemistry, allowed the obtain-
ment and the functional evaluation of the enantiopure hit
compounds.

Introduction

Natural products have historically played a key role in the drug
discovery process, and nowadays several therapeutic agents
display a “natural” origin.[1–4] Thus, despite the advent of high-
throughput screening techniques, natural products could still

be a prolific source of inspiration for the design of new drug
candidates. In this context, this work was inspired by with-
anolides. Withanolides are a wide family of secondary metabo-
lites found in plants belonging the Solanaceae genera, such as
Withania somnifera, and are structurally characterised by an
ergostane-like steroid moiety and a lactone (or a lactone
derivative) unit. They display a great pharmacological potential,
that includes adaptogenic, diuretic, cytotoxic, sedative, anti-
inflammatory and immunomodulatory properties, as well as the
ability of crossing the blood brain barrier.[5,6] In fact, the
Withania somnifera extract has been used for centuries in the
ayurvedic medicine and is currently marketed as food supple-
ment. Moreover, some withanolides such as withaferin A (the
first member of this family to be isolated), 27-deoxywithaferin
A, 24-5,6-deoxywithaferin A and 2,3-dihydro-3-β-O-sulfate with-
aferin A, possess an interesting anticancer activity, resulting
from the simultaneous targeting of different signalling path-
ways, including Hh signalling pathway.[7] Withanolides are
structurally complex molecules, but in 2015 Waldmann demon-
strated that some simplified analogues, lacking the steroid
moiety, still displayed interesting bioactive properties, being
able to inhibit the Smoothened (Smo) protein, one of the key
players in Hh signalling.[8]

The ability of interfering with Hh renders withanolides
appealing compounds indeed, considering the well-known
relationship between Hh aberrant activation and cancer. The Hh
signalling is highly conserved in nature,[9] and members of this
family of intercellular signalling proteins have been identified as
fundamental mediators during the embryonic development in
vertebrates and invertebrates.[10,11] Even though the signalling is
usually silenced in the adult age in the majority of tissues, it has
been demonstrated that its abnormal activation is related to
Gorlin syndrome and different cancer types, including basal
cells carcinoma (BCC), medulloblastoma, rhabdomyosarcoma,
meningiomas, lung, breast, pancreas and ovarian
carcinomas.[12–17] Moreover, Hh aberrations play a key role in

[a] Dr. E. Bonandi, Prof. Dr. D. Passarella
Department of Chemistry, Università degli Studi di Milano
Via Golgi 19, 20133 Milan (Italy)
E-mail: daniele.passarella@unimi.it
Homepage: https://users.unimi.it/passalab/

[b] Dr. M. Mori
Department of Biotechnology, Chemistry and Pharmacy
Università degli Studi di Siena
Via Aldo Moro 2, 53100 Siena (Italy)

[c] Dr. P. Infante
Istituto Italiano di Tecnologia
Viale Regina Elena 291, 00161 Rome (Italy)

[d] Dr. I. Basili, Prof. Dr. L. Di Marcotullio
Department of Molecular Medicine, University La Sapienza, Roma
Viale Regina Elena 291, 00161 Roma (Italy)

[e] Prof. Dr. L. Di Marcotullio
Laboratory affiliated to Istituto Pasteur Italia-Fondazione Cenci Bolognetti,
Department of Molecular Medicine, University La Sapienza
Viale Regina Elena 291, 00161 Roma (Italy)

[f] Dr. A. Calcaterra, Prof. Dr. B. Botta
Department of Chemistry and Technology of Drugs
University La Sapienza, Roma, Italy
Piazzale Aldo Moro 5, 00185 Rome (Italy)

[g] Dr. F. Catti
Arkansas State University, Campus Querétaro
Carretera Estatal 100, km 17.5. C.P. 76270
Municipio de Colón, Querétaro (México)

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202100315

© 2021 The Authors. Chemistry - A European Journal published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202100315

8350Chem. Eur. J. 2021, 27, 8350–8357 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Freitag, 28.05.2021

2132 / 201733 [S. 8350/8357] 1

http://orcid.org/0000-0001-6180-9581
https://users.unimi.it/passalab/
https://doi.org/10.1002/chem.202100315
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202100315&domain=pdf&date_stamp=2021-05-04


cancer stem cells (CSCs) proliferation.[18–20] Therefore, Hh signal-
ling inhibition emerged as an extraordinary important target in
anticancer therapy, due to the blockage of expression of the
genes responsible for tumorigenesis.

The key players in the transduction process are essentially
four: the Hh ligands, the Patched receptor (Ptch1, a trans-
membrane protein including the binding site for the Hh
ligands), the G-coupled receptor like protein Smo (the key
signal transducer), and three zinc-finger transcription factors
(GLIs), inducing the expression of the Hh target genes.[21,22]

Ideally, the inhibition of even one of these key regulators
should block the signal transduction. In the last years, research
efforts were oriented mainly toward the targeting of Smo,[23]

due to the elucidation of the structural determinants involved
in Hh activation,[24–26] that allowed the application of in-silico
techniques to the design of possible antagonists. Several Smo
antagonists are currently ongoing clinical trials. Three of them,
vismodegib (Erivedge®), sonidegib (Odomzo®) and glasdegib
(Daurismo)™ gained the FDA approval for the treatment of
metastatic and locally advanced BCC and myeloid leukemia, in
2012, 2015, and 2018, respectively.

The search of new Smo antagonist is still a hot topic in
medicine, in particular for the use in combined anticancer
therapy, a common strategy to minimize the drug resistance
development.

Therefore, combining our interest in natural products,
cancer stem cells targeting[20,27] and Hh signalling
inhibition,[23,28–37] here we propose the rational design and
synthesis of a new class of potential withanolides-inspired Smo
inhibitors.

Results and Discussion

Rational design

The design of our target inhibitor 1 was inspired by withaferin
A, with the aim of obtaining a class of simplified analogues,
easier to be synthesised and still able to interfere with Hh
signalling.

To this extent, we planned to maintain unchanged the α,β-
unsaturated lactone typical of several withanolides, that
appears to establish key interactions with Smo protein. This
moiety was decorated with a simple polycyclic framework, able
to occupy the narrow antagonists site within Smo, giving
additional stabilizing interactions. We came out with a bicyclic
carbamate, that replaced the steroid portion of withaferin A.
The two key moieties were then connected through a meth-
ylene bridge (Figure 1A). Computational studies confirmed that
1, despite being smaller than withaferin A, is still able to fit the
ligand binding site in Smo (Figure 1B). In fact, molecular
docking suggested that 1 maintains the typical interactions
with Gln472 and Asn219 exerted by the α,β-unsaturated
lactone, and establishes additional H-bond interactions with
Arg400 through the carbonyl group of the bicyclic carbamate.

Structure 1 is characterized by three stereocentres, and so
exists as four couples of enantiomers, that are expected to

inhibit Hh signalling to different extents. Therefore, we first
prioritized the obtainment of the four racemic compounds, to
establish the feasibility of the synthetic strategy and to evaluate
the possible bioactivity in a preliminary stage; then, the
stereoselective synthesis of the active compounds was
achieved.

Synthesis

Once designed our target molecule 1, the first synthetic
strategy we considered foresaw the formation of the carbamate
at an early stage of the route and the introduction of the
lactone as one of the last steps (Scheme 1). Homoallylic alcohol
2, previously accessed in our laboratory in all its four stereo-
isomers, starting from the inexpensive 2-piperidine ethanol, was
identified as a promising building block.[38] The employment of
Brown’s chemistry for the two alkylation steps should allow the
control over the stereochemical outcome of the synthesis. In
fact, using the proper combination of the two enantiomers of
allyl- BIpc2, all the eight stereoisomers of 1 could be potentially

Figure 1. Rational design of scaffold 1, displaying in blue the common
structural features with withaferin A (A); docking pose of 1 in Smo binding
site (B).

Scheme 1. First retrosynthetic strategy for the synthesis of 1.
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obtained. However, the first explorative studies were performed
in not-stereoselective conditions, as already mentioned.

Thus, our first attempt started from the racemic anti-
diastereomer of the homoallylic alcohol 2 (Scheme 2a). 2 was
accessed in three steps from 2-piperidine ethanol, involving the
protection of the piperidinic nitrogen, oxidation of the alcohol
to aldehyde and alkylation with allylmagnesium bromide.[38]

Treatment with methanesulfonyl chloride (MsCl) and a base,
such as pyridine, converted compound 2 into the desired
carbamate 3. The reaction involved the elimination of a unit of
isobutene and occurred one-pot, with inversion of configura-
tion, leading to the final product in a completely diastereose-
lective fashion (Box in Scheme 2a).[39] The relative configuration
was confirmed by 1H-NOESY NMR experiments, performed on 3
and its syn-diastereomer 3’, synthesised in the same way from
homoallylic alcohol 2’ (Scheme 2b). The bidimensional experi-
ment evidenced a cross-peak between protons H2 and H8 in the
carbamate generated from 2’, while no cross-peaks were
appreciable in the other case.

The double bond of 3 was oxidatively cleaved to the
corresponding aldehyde 4, that should have been allylated,
leading to the formation of the diastereomeric mixture of
alcohols 5 (Scheme 2a).

The oxidative cleavage of 3 double bond proved to be a
challenging step, due to the extreme instability of the obtained
product 4. Several conditions were tested, starting from
ozonolysis in the presence of either PPh3 or Me2S as reducing
agents. Notably, this protocol was previously applied on similar
compounds, without any stability issue.[38] Unfortunately in this
case, the aldehyde tended to quickly decompose and resulted

impossible to be purified. We tried to perform the alkylation
step immediately after the work-up on the crude aldehyde and
we obtained a mixture of the diastereomers of compound 5,
but with a very low yield (10% over ozonolysis and allylation
step, Table 1, Entry 1). Therefore, a mixture of catalytic OsO4
and NaIO4 in the presence of 2,6-lutidine, was tested, hoping
that milder oxidative conditions could have been beneficial.[40]

Also in that case, the allylation step was immediately performed
on crude 4. Nevertheless, we observed only a slight yield
improvement (20% over the two steps, Table 1, Entry 2). We
also tried to condense the two steps in one-pot, performing an
ozonolysis in the presence of pyridine, and adding the
Grignard’s reagent to the reaction mixture, upon alkene
consumptions,[41] but the yield was again unsatisfactory (23%,
Table 1, Entry 3). Similar stability issues were observed during
the oxidative cleavage of compound 3’.

The impossibility of achieving satisfactory yields over the
oxidative cleavage/allylation sequence prompted us to modify
the synthetic strategy. In particular, it was decided to create

Scheme 2. a) Synthesis of homoallylic alcohol 5, as mixture of diastereomers, potentially exploitable for the obtainment of stereoisomers 1a and 1b. b)
synthesis of carbamate 3’, useful for the configuration assignation and for the potential obtainment of stereoisomers 1c and 1d.

Table 1. Screening of reaction condition for the oxidative cleavage of 3.

Entry Oxidizing
agent

Time Allylation Step Yield
for 5[a]

1 O3, Me2S
or PPh3

0.5 h under O3, 2 h
with red. agent

Allyl-MgBr on crude 4 10%

2 OsO4, NaIO4 2 h Allyl-MgBr on crude 4 20%
3 O3, Py 40 min Allyl-MgBr,

one pot
23%

[a] Yield calculated over the sum of the two 5 diastereomers.
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firstly the lactone motif and to postpone the formation of the
bicyclic carbamate at the end of the route, as depicted in
Scheme 3.

The key intermediate in this strategy was 8, that could be
synthesised in three steps from 2,[42] and possesses an
homoallylic alcohol convertible into the α,β-unsaturated lac-
tone in two steps, while the piperidine nitrogen and the
secondary alcohol on C8 could be exploited to build the
carbamate with the same procedure used for 3 synthesis.

For our first efforts, intermediate 2 was exploited once again
as starting material. Its hydroxyl group was protected as tert-
butyldimethylsilyl ether and the double bond underwent
oxidative cleavage. In this case, ozonolysis efficiently gave the
desired aldehyde, suggesting that the problems relative to the
oxidative cleavage of 3 might result from the instability of the
carbamate under oxidative conditions. Aldehyde 7 was alky-
lated in the presence of allylmagnesium bromide, giving the
two separable racemic diastereomers 8a and 8b, in almost 1 :1
ratio. The relative configuration of the newly formed stereo-
centre was confirmed upon comparison with the previously
reported total synthesis of (� )-anaferine, in which the reaction
was performed in a stereoselective fashion.[42] The racemic
product composed by the couple of (R,R,R)- and (S,S,S)-
enantiomers is indicated as 8a, and the same nomenclature will
be used also for the following intermediates of the synthetic
pathway. On the other hand, the other homoallylic alcohol
(composed by (R,R,S)-and (S,S,R)-enantiomers) is indicated as
8b. The two diastereomers were easily separated through
column chromatography and both of them underwent the
same synthetic route (Scheme 4a), involving as subsequent step
the condensation with carboxylic acid 9,[8] accessing esters
10a–b.

The following ring closing metathesis (RCM) proved to be
quite challenging and required the screening of three different
catalysts, to optimize the formation of the ring-enclosed
product. The screening was performed on compound 10a and
the first tested catalyst was the M73-SIMes, a catalysts of choice
in several analogous reactions performed in our laboratory, due
to its impressive activity even at very low loadings.[42,43]

However, in that case we observed a mixture of products,
including the desired ring-enclosed compound 11a and an
unsolvable mixture of cross-metathesis (CM) products on the
less hindered alkene. Therefore, we tested the 2nd generation
Hoveyda-Grubbs catalyst, and a 10-fold dilution. In that case,
only a limited amount of the CM dimer was appreciable, but

the prolonged reaction time required the addition of aliquots of
fresh catalyst, to compensate the amount degraded at high
temperature. The best results were achieved with the Stewart-
Grubbs catalyst, which is a less hindered version of the
Hoveyda-Grubbs II, particularly suitable for RCM reactions on
bulky alkenes.[8] In this way 11a was obtained with a satisfactory
75% yield, although using the same sub-stoichiometric amount
of catalyst of the previous experiment. Notably, the optimised
procedure was applied to the stereoisomer 10b, giving 11b
with comparable yield.

Once accessed compounds 11a–b, the two silylethers were
cleaved and the primary alcohol was selectively re-protected
with the bulky tert-butyldiphenylsilyl ether, affording products
13a–b. Despite the presence of two hindered six-membered
rings around the secondary alcohol, it tended to be partially
protected as well, so the use of a sub-stoichiometric amount of
TBDPSCl (0.9 eq) and low temperature (� 20 °C) were essential
requirements to gain a good selection over the primary alcohol.

Compounds 13a–b underwent the diastereoselective cycli-
sation in the presence of MsCl and pyridine, affording the

Scheme 3. Final retrosynthetic pathway, reported for clarity sake on the
stereoisomers 1a and 1 b.

Scheme 4. a) Final synthetic pathway leading to compounds 1 a–b. The
reactions are reported on stereoisomers “a” for clarity sake, but the same
approach was applied on the homoallylic alcohol 8 b. b) Failed synthetic
attempts toward the synthesis of 1 c–d.
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bicyclic carbamates 14a–b. To our delight, after the cleavage of
the TBDPS protecting group, the final racemic compounds 1a–
b were finally obtained.

The same synthetic approach was applied to compound 2’,
to access the two remaining members of our racemic library
1c–d. (Scheme 4b). We immediately realised that the simple
difference in C8 configuration deeply impacted the reactivity.
The protection of the secondary alcohol, performed under the
previously reported conditions, led only to a limited amount of
the desired product, accompanied by a huge amount of
unreacted starting material. High excess of TBSCl and heating
the reaction mixture at 40 °C, gave compound 6’ in 67% yield.
Subsequent ozonolysis reaction afforded aldehyde 7’ in unsat-
isfactory 35% yield, due to its intrinsic instability. The following
allylation reaction was tested on the limited amount of
aldehyde accessed from the previous step, revealing additional
challenges. In fact, not only the two obtained diastereomers 8c
and 8d were impossible to be purified, but they were formed
as minor components, in a mixture of by-products deriving by
degradation. For the aforementioned criticisms, the synthesis of
compounds 1c and 1d was interrupted.

A preliminary biological evaluation of final compounds 1a
and 1b and some of the in-route key intermediates was
attempted, to explore wider portions of the chemical space.[44]

Hence, from the obtained results (see Functional evaluation
paragraph), the two active intermediates 13b and 14b were
identified.

Therefore, the stereoselective synthesis of their enantiopure
forms of was considered. To this extent, our synthetic protocol
was easily adapted in a stereocontrolled fashion, exploiting
Brown’s chemistry for the alkylation step, to obtain the two
enantiomers of homoallylic alcohol 8b.

As appreciable in Scheme 5, enantiomer (+)-8b ((R,R,S)-
configuration) was synthesised starting from (+ )-2 ((R,S)-
configuration),[38] that underwent TBS-protection, oxidative

cleavage to aldehyde and stereoselective allylation in the
presence of (-)-diisopinocampheylallyl borane.[42] Analogously,
(� )-8b (S,S,R)-configuration) was accessed with 9 :1 dr (See
Supporting Information), starting from (� )-2 and using (+)-dii-
sopinocampheylallyl borane as allylating agent.

Enantiomers (+ )-8b and (� )-8b underwent the same
synthetic pathway depicted in Scheme 4a, to afford the desired
compounds (+ )-13b, (� )-13b, (+ )-14b and (� )-14b, that
were tested with the same protocols employed for the racemic
compounds. The complete results of the functional evaluation
of the active compounds are reported in the following para-
graph.

Functional evaluation

Preliminary testing on the racemic compounds

The ability of the synthesized compounds to inhibit Hh signal-
ling in vitro was investigated by a luciferase reporter assay,
which is widely used for characterising Hh antagonists. Racemic
compounds 1a and 1b were submitted together with some of
the previous key synthetic intermediates, to improve the
portion of the chemical space explored in this study. NIH3T3
Shh Light II cells (immortalized embryonic fibroblast cell line),
stably incorporating a Gli-responsive firefly luciferase (Gli-RE)[45]

and the pRL-TK Renilla as normalization control, were treated
with the synthetic SMO agonist SAG,[46] alone or in combination
with selected compounds at the concentrations of 5,10,20 μM.

1a and 1b resulted inactive at the luciferase assay, while
13b and 14b (Figure 2A and 2B) revealed high activity as Hh
inhibitors, with an IC50 of 7.44 μM and 12.95 μM, respectively.

The activity of compound 14b supports the computational
studies and confirms the relevance of the designed scaffold.
The lack of activity of 1b sounds surprising in a first instance, if

Scheme 5. Stereoselective synthesis of the enantiomers of compounds 13 b and 14 b.
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compared with its protected version 14b. However, this
behaviour could derive from the diverse polarity of 1b and
14b, resulting in a different ability in overcoming the cellular
barrier or even in a completely different interaction with
membrane transporters.

Evaluation of the enantiopure forms of the active intermediates
as Hh inhibitors

Intermediates 13b and 14b were synthesised in an enantioselec-
tive fashion, and the inhibitory effect of the single enantiomers
was evaluated analogously to the racemic compounds. The results
of luciferase assays showed that (+ )-13b inhibited Gli1 transcrip-
tional activity better than (� )-13b, with IC50 of 6.379 μM and
16.5 μM, respectively (Figure 2C). On the other hand, (� )-14b
demonstrated a stronger inhibitory effect (IC50=6.568 μM) than its
enantiomer (+ )-14b (IC50=11.33 μM) (Figure 2D).

To further prove the capability of the most active com-
pounds to target Hh signalling, we used the Hh-active cell
model Ptch1 � / � mouse embryonic fibroblasts (Ptch1 � / � MEFs),
in which the deletion of the inhibitory Ptch1 receptor releases
Smo function and leads to a constitutive activation of Gli
transcription factors.[47] Ptch1 � / � MEFs were treated for 48 h at
5 and 10 μM with the racemates 13b and 14b, and their most
active enantiomers, (+ )-13b and (� )-14b, respectively. The
treatment with (+ )-13b reduced the mRNA levels of Gli1 (the
final effector of the Hh signalling), Ptch1, and Gli2 strongly than
compound 13b, used at the same concentrations (Figure 3A).
Instead, 14b and (� )-14b showed a similar effect to each other
on the reduction of Hh target genes expression levels (Fig-
ure 3B). These data sustain the ability of the selected com-
pounds to inhibit the Hh signalling and identify compound 13b

and its enantiomer (+ )-13b as the most effective Hh-inhibitors
among the ones we have tested.

Computational studies

The predicted binding mode of 13b and 14b isolated
enantiomers was investigated by structure-based computa-
tional modelling tools including molecular docking, energy
minimization and scoring with XSCORE. Taking advantage of
available crystallographic structures of the human Smo receptor
in complex with antitumor an agent,[24] the conformational
fitting of (+ )-13b, (� )-13b, (+ )-14b and (� )-14b in the Smo
antagonists site was predicted by docking with OEDocking
(OpenEye Scientific Software).[48] Top-scoring poses were then
relaxed by energy minimization, while ligands theoretical
affinity was computed as a -pKd value by the XSCORE
function.[49] Results unequivocally show that all compounds are
able to fit the antagonists site, with the bulky TBDPS protecting
group occupying its upper portion in correspondence of the
extracellular region of the Smo receptor (Figure 4).

Figure 2. Inhibitory effects of 13 b and 14b and the selected enantiomers on
Hh signalling activity. The dose-response curve in SAG-treated NIH3T3 Shh-
Light II cells treated for 48 h with the increasing concentrations of
compounds 13b (A), 14b (B), (+ )-13b and (� )-13b (C), (+ )-14b and (� )-
14b (D). Data show the mean � S.D. of three independent experiments. (*) p
<0.05; (**) p <0.01; (***) p <0.001 vs SAG.

Figure 3. Inhibitory effect of compounds 13b, 14b, (+)-13b, and (� )-14b
on Hh-active cell model Ptch1 � / � MEFs. The graphs show mRNA expression
levels of Gli1, Gli2, and Ptch1 in Ptch1 � / � MEFs treated for 48 h with DMSO
as a control, or the compounds 13b and (+)-13b (A), or 14 b and (� )-14b
(B) at the final concentrations of 5 and 10 μM. Hh target genes mRNA levels
were determined by qRT-PCR normalized to endogenous controls β2-
microglobulin and Hprt. Data show the mean�S.D. of three independent
experiments. (*) p<0.05; (**) p<0.01; (***) p<0.001; (****); p<0.0001 vs
DMSO.
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This binding mode is consistent with the narrow shape of
the antagonists site, as underlined by structural and computa-
tional studies.[23,35,50]

Moreover, a remarkable overlapping between the predicted
binding mode of our compounds and the crystallographic pose
of a Smo antagonist endowed with antitumor activity was
observed, showing that the TBDPS group occupies the same
position as the fluorobenzoyl moiety of the reference Smo
antagonist (Supporting Information, Figure S2).

In details, all compounds still establish the key H-bond
interaction with Arg400, a crucial residue in the binding to Smo
antagonists,[51] and with a crystallographic water molecule that
was characterized by X-ray crystallography studies. In addition,
small molecules are H-bonded to residues such as Asn219,
Asp384, Tyr394, His470, and Glu518 as depicted in Figure 4. It is
worth noting that in 13b H-bonds are performed also by atoms
from the Boc protecting group, while comparison between the
predicted binding mode and functional data of 1 and 14b
suggests that the TBDPS protecting group (also installed in 13b)
favourably impacts on the ligand’s affinity to Smo, most likely due
to hydrophobic interactions with residues in the upper part of the
Smo antagonists site. Among the test set, (+ )-13b is able to

establish an extensive network of H-bond interactions, whereas
the other tested derivatives perform worst in this respect. Notably,
scoring analysis suggests that this binding peculiarity of (+ )-13b
is associated to a higher theoretical affinity compared to other
compounds studied in this work (See Supporting Information).
This is remarkably in agreement with experimental data, which
corroborate structural data depicted by computational modelling.

Notably, docking simulations revealed the presence of a
cysteine residue within the ligand binding site (i. e. Cys469), that
could in principle interact with the α,β-unsaturated lactone of our
inhibitors. In fact, withanolides, and in particular withaferin A, are
well-known for eliciting their multiple biological activities through
the formation of covalent Michael-like interactions with cysteine
residues.[52–55] To rule out this possibility, the reactivity of our
inhibitors toward the Michael addition of thiol-containing moieties
(such as glutathione and benzyl mercaptan) was evaluated.
However, no formation of Michael adducts was detected by mass
spectrometry analysis when each thiol compound was added to
13b, 14b, or 1b in a 1 :1 ratio. These results are in agreement
with the work by Gunatilaka et al., indicating that Withaferin A
interacts with N-acetylcysteine at the level of its enone ring (a
motif that is not considered in our design strategy), and not at the
lactone portion, which was incorporated into our scaffolds.[55]

Finally, evidence of non-covalent interaction of our derivative with
the Smo receptor supports the binding hypothesis and molecular
modelling outcomes, further excluding the possibility of unspecific
interactions with cysteine residues of Smo or other unrelated
targets.

Conclusion

In summary, the structure of withaferin A and its activity in
inhibiting the Hh pathway moved us to design a simplified
compound that resulted a synthetic challenge. An efficient
synthesis that presents as key steps a RCM and two allylation
reactions is described. The stereoselective approach is based on
asymmetric Brown allylation. The functional evaluation identi-
fied two active compounds. Compound 13b differs from the
designed target for the absence of the carbamate containing
ring, for the presence of a further hydroxyl group and a
lipophilic protecting group on the primary alcohol, while 14b
presents a lipophilic group instead of the hydroxy group on the
dehydrolactone ring. These results further demonstrate: a) the
importance of natural products in inspiring the discovery of
new relevant scaffolds and permitting a wider exploration of
the chemical space; b) the efficacy of computational studies in
drug design, and c) the importance of the functional evaluation
of the synthetic intermediates to better sample the chemical
space surrounding the designed structure. The difference in the
detected activity for structurally close compounds will guide us
in further exploration of the Hh inhibitors chemical space.

Figure 4. Predicted binding mode of compounds (+ )-13b (A), (� )-13b (B),
(+ )-14b (C), and (� )-14b (D) within the crystallographic structure of the
Smo receptor. The protein is shown as cartoon. Small molecules and residues
contacted by H-bond interactions including the crystallographic water
molecule are shown as sticks. (+ )-13b and (� )-13b enantiomers are
coloured cyan. (+ )-14b and (� )-14b enantiomers are coloured yellow. H-
bond interactions are highlighted a black dashed lines. Residues contacted
by H-bonds are labelled.
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