ChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

accepted for publication.
ChemComm

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;HEm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

Journal Name

COMMUNICATION

ChemComm

RSCPublishing

Facile Access to a Heterocyclic, sp3-Rich Chemical
Scaffold via a Tandem Condensation/Intramolecular
Nitrone-Alkene [3+2] Cycloaddition Strategy

Cite this: DOI: 10.1039/X0XxX00000X

Received ooth January 2012,
Accepted ooth January 2012

DOI: 10.1039/X0XX00000X

www.rsc.org/

A heterocyclic, sp>-rich chemical scaffold was synthesised in
just 6 steps via a highly regio- and diastereo-selective tandem
nitrone formation/intramolecular nitrone-alkene [3+2]
cycloaddition reaction. A library of 543 lead-like compounds
based on the scaffold core has been produced.

Libraries of small molecules capable of exploring novel, three-
dimensional chemical space are highly desired in early-stage probe-
and drug-discovery screening programmes.' Multiple authors have
suggested that molecules containing a high fraction of sp*-hybridised
carbon atoms (Fsp®) and numerous stereocentres have a lower rate of
attrition during each stage of the drug discovery and development
process once a hit has been established, thus potentially providing
higher-quality lead compounds.>® However, the development of
facile synthetic routes to libraries of stereochemically-rich molecules
with a high Fsp® remains a formidable challenge for the chemical
community.*

Over the past decade our group has been interested in the rapid
synthesis of architecturally complex molecules from simple,
symmetrical starting materials, through de-symmetrising tandem
reactions.” This has led to the efficient synthesis of a number of
natural products including xenovenine (4 steps),’® alkaloid cis-223B
(3 steps),®” histrionicotoxin (9 steps),® anatoxin-a (10 steps),”
hippodamine (8 steps) and epi-hippodamine (11 steps).'® We have
recently demonstrated that through tandem reactions involving key
complexity-generating, ring-forming operations, such as [3+2]
dipolar cycloadditions, densely-functionalised tricyclic cores
containing a spirocyclic centre can be generated in a
diastereoselective manner.>! 2

A current focus within our research group is the exploitation of
the knowledge gained throughout these investigations, in the
efficient synthesis of sp’-rich chemical scaffolds for drug
discovery."> Polycyclic scaffolds containing a central spiro-ring
fusion are desirable in drug discovery due to their structural rigidity
resulting in a reduced conformational entropy penalty upon ligand-
protein binding."* In addition, incorporation of a spiro-centre often
provides greater structural novelty and enhanced physical properties
over that of flat, (hetero)aromatic compounds.> To maximise its
potential a quality chemical scaffold should: (i) contain multiple
points of diversity, (ii) be ‘lead-like’,"”> with a sufficiently low
molecular weight (<300 Da) and cLogP (<3) to allow derivatisation
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of the scaffold core into a library of compounds that largely adheres
to Lipinski’s Rule of Five,'® and (iii) not contain any metabolically
labile moieties or toxicophores. From a practical standpoint, the
synthetic route to a scaffold should be concise, reliable, safe, and
scalable to provide rapid access to large quantities of material.

Following these guiding principles, we report the facile and
diastereoselective synthesis of a novel, heterocyclic chemical
scaffold 1 (Figure 1). The rigid, tricyclic core of scaffold 1 contains
four contiguous stereocentres with one spirocyclic centre, and has a
high degree of bond saturation,” with an Fsp® value of 0.9. The
scaffold 1 has three points of diversity (R', R? and R®) to allow
exploration of chemical space along three distinct vectors. The low
molecular weight (196 Da) and cLogP (-1.2) of the unsubstituted
scaffold 1 (R!, R?, R® = H) provides an excellent platform for
diversification into a library of drug-like molecules, for screening
against various biological targets.
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Figure 1 Retrosynthetic analysis of scaffold 1.

On the basis of previous work, we envisioned that the 3-hydroxy
lactam unit of scaffold 1 could be derived from key intermediate
isoxazolidine 2, by N—O bond reduction followed by cyclisation
(Figure 1).>' It was proposed that spirocyclic isoxazolidine 2 could
be obtained diastereoselectively through a tandem nitrone formation
/intramolecular  nitrone-alkene  [34+2]  cycloaddition  from
piperidinone 3, in a single complexity-generating step. Mono-
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alkylated piperidinone 3 should be readily accessible from a suitable
N-protected piperidinone 4.
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Scheme 1 Synthesis of key intermediate isoxazolidine 2.

N-Benzyl piperidinone 4a was selected as the starting point in the
synthesis of scaffold 1 due to its commercial availability and low
cost. Piperidinone 4a was alkylated via hydrazone 5a to avoid the
well-documented issues associated with the direct alkylation of
ketones (Scheme 1)."7 Treatment of piperidinone 4a with a small
excess of N,N-dimethylhydrazine (1.2 equiv.) under Dean-Stark
conditions gave hydrazone Sa in quantitative yield after 2 hours,
with no need for purification.'® a-Deprotonation of hydrazone 5a
with nBuLi (1.1 equiv.) then C-alkylation with 4-bromo-1-butene
(1.5 equiv.) and in situ hydrolysis of the hydrazone moiety
(2 M HCl), gave previously unreported homoallylated piperidinone 6
in excellent overall yield (81%). This one-pot procedure was
typically performed on large scale, yielding up to 24 g of
piperidinone 6 in a single batch. Unexpectedly, attempted alkylation
of the carbamate-protected piperidinone analogues 4b (N-Boc) and
4c (N-Cbz) resulted in recovered starting material. Further
investigation revealed that hydrazones Sb and 5S¢ had formed without
incident. However, a-deprotonation of hydrazones 5b and Sc¢ using
either LDA or nBuLi had not occurred, as quenching the reaction
with D,0 revealed no deuterium incorporation by mass spectrometry
or '"H NMR spectroscopy. Common additives (LiCl, TMEDA and
DMPU) for use with lithium bases were employed," but failed to
have any effect. The reason for the apparent lack of reactivity of
N,N-dimethylhydrazones Sb and Sc¢ to deprotonation is currently
unknown, but was not explored further.?

The trans-o,p-unsaturated ester moiety was incorporated into
N-benzyl piperidinone 3a by cross-metathesis between ethyl acrylate
7 and the terminal olefin of 6. Typical Grubbs cross-metathesis
conditions (Grubbs II [10 mol%], ethyl acrylate 7 [8 equiv.], CH,Cl,,
20 °C)*' gave a,B-unsaturated ester 3a in a disappointing 32% yield
(E:Z 9:1) after 4 days, which could not be improved by varying the
catalyst, reagent stoichiometry, solvent or temperature. In an effort
to improve both the yield and reaction rate, the ‘Copper lodide
Effect’ was utilised, as described by Lipshutz and co-workers.??
Addition of copper iodide (3 mol%) as co-catalyst gave o,B-
unsaturated ester 3a (E:Z 11:1) in 89% isolated yield in only 3 hours
on large scale (>10 g), representing a dramatic increase in
conversion and reaction rate. Beneficially, the procedure also
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required considerably less Grubbs II catalyst (1.5 mol%) and ethyl
acrylate 7 (3 equiv.) and was performed in ethereal solvent, rather
than chlorinated media, deeming it more attractive from a financial,
safety and environmental perspective.” The two geometric isomers
of o,B-unsaturated ester 3a were separated by silica gel column
chromatography and the major (E)-isomer taken forward in the
synthesis.

Treatment of piperidinone 3a with N-benzylhydroxylamine
hydrochloride (1.5 equiv.) in the presence of NaOAc (3.0 equiv.) in
refluxing toluene afforded key intermediate tricyclic isoxazolidine
2a in 66% isolated yield (Scheme 1). In a single complexity-
generating operation, three new stereogenic centres and two new
rings were formed, to generate a fused, tricyclic, spiro-isoxazolidine.
Subjecting N-methylhydroxylamine hydrochloride to the same
reaction conditions resulted in the analogous isoxazolidine 2b in
61% isolated yield, showing that one point of diversity can be
incorporated into the scaffold at this stage. Significantly, only a
single regio- and diastereo-isomer was observed by 'H NMR
spectroscopy in both cases.

The tandem reaction of piperidinone 3a to isoxazolidine 2b
initially proceeds through condensation of 3a with the mono N-
substituted hydroxylamine to give nitrone 8 (Figure 2). Subsequent
intramolecular nitrone-alkene [3+2] cycloaddition gives two possible
regioisomeric isoxazolidine products, 2b or 9. Computational
analysis of isoxazolidines 2b and 9 (Hartree-Fock 6-31G*) revealed
a small energy difference between the two isomers, with the
unobserved 6,6,5 ring system 9 being 4.62 kJ mol™ lower in energy
than the observed 6,5,5 ring system 2b. However, the transition state
8-TS2 during formation of the lower energy 6,6,5 ring system 9
would experience substantial unfavourable steric interactions arising
from the close proximity of the ester function to the developing
congested spirocentre. Conversely, the transition state 8-TS1 in the
formation of the 6,5,5 ring system 2b has the ester moiety located
away from the developing spirocentre, resulting in minimal steric
interactions and therefore a more favourable reaction pathway.
Attempted isomerisation of 2b to the energetically favoured
isoxazolidine 9 (uW, PhCI, 200 °C, 2 hours) resulted in a complex
mixture of starting material 2b and decomposition products.

0 *

3 MeNHOH uw
a — ] PhCI
H:0 200°C, 2 h
\
Bn _CO,Et
8 O
/
- 1 —N
\
BnN Me

Figure 2 Formation of regioisomeric isoxazolidines 2b and 9.

Treatment of isoxazolidines 2a and 2b with activated zinc in
aqueous acetic acid prompted smooth transformation to the
corresponding 3-hydroxy lactams 11a and 11b in excellent yield
(93% and 88% respectively) with no need for purification (Scheme
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2). Mechanistically, reduction of the N—O bond in isoxazolidine 2,

followed by C—C bond rotation to 10, allowed ring-closure to lactam
11.

CO,Et

zinc dust
(15eq.)

AcOH/H,0 (1:1)
70°C,1.5h

2 11a (R' = Bn) 93%

11b (R' = Me) 88%

BnN \

Scheme 2 Reductive cyclisation of isoxazolidine 2 to 3-hydroxy lactam 11.

11a (R' =Bn)

11b (R' = Me)

Figure 3 X-ray crystallographic images of 3-hydroxy lactams 11a and 11b.

X-Ray crystallographic  analysis of lactams 1la and
11b confirmed the atom connectivity and relative stereochemistry
(Figure 3). The X-ray images clearly show that the three points of
diversification on scaffolds 11a (atoms N1, N7 and O21, Figure 3)
and 11b (atoms N1, N7 and 022, Figure 3) will allow library
synthesis in three defined and divergent trajectories, providing
substantial exploration of three-dimensional chemical space.

With the scaffold core structure 11 in hand, it was important to
demonstrate that the remaining two points of diversity on 1
(R* and R?, Figure 1) were capable of being functionalised without
complication, prior to full library synthesis being undertaken.
O-Alkylation of 11 was exemplified by deprotonation of the hydroxy
function with sodium hydride, then treatment with stoichiometric
iodomethane to give methyl ethers 12a and 12b in 65% and 61%
isolated yield respectively (Scheme 3).

NaH (1.05 eq.)
then Mel (1.00 eq.)
THF Bn—y
0°Ctor.t,3h R!
1" 12a (R! = Bn) 65% 12
12b (R' = Me) 61%

13a(R'=Bn, R2=H) 91%
PA(OH),/C (15-30 MOI%) | 13, (R = Me, R2 = H) 93%

Hz (1 atm) 12 2 0
EIOH, 11, 24 | 136 (R =Bn, R = Mie) 88%
13d (R' = Me, R2 = Me) 93%

o-R?

HN

Scheme 3 O-Alkylation and N-debenzylation.
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Deprotection of the piperidyl N-benzyl moiety of scaffolds 11a, 11b,
12a and 12b occurred cleanly using Pearlman’s catalyst under an
atmospheric pressure of hydrogen gas to give the secondary amines
13a—-13d in excellent yield (88-93%, Scheme 3). Interestingly, the
lactam N-benzyl group of 11a and 12a was not cleaved under these
conditions, presumably due to steric hindrance around the N—Bn
bond imposed by the adjacent spirocentre. Remarkably, increasing
the hydrogen pressure (50 atm, 4 days), addition of acid (AcOH or
HCI) or employing typical transfer hydrogenation conditions (Pd/C,
ammonium formate, MeOH, reflux, 24 h) also proved ineffective at
lactam N-debenzylation in 11a (R', Scheme 2).

The deprotected piperidyl nitrogen atom (N1, 11, Figure 3)
represented the main library diversification point on scaffold 1.
Secondary amines can undergo an array of useful transformations for
library synthesis, including (i) coupling with carboxylic acids to
make amides,®* (ii) reaction with isocyanates to form ureas, (iii)
reductive amination with aldehydes or ketones to give tertiary
amines,” and (iv) treatment with sulfonyl chlorides to make
sulfonamides. A small, exemplary library of compounds was
produced in good yield (30-72%) using typical reductive amination
(Conditions A), sulfonylation (Conditions B) and amidation
(Conditions C) protocols (11b, 1a—e, Figure 4), proving that the final
functional handle of scaffold 1 (R?, Figure 1) could be subjected to a
variety of standard reactions without issue.

Q/Rz Q/Rz

10) Library Steps 0
N Conditions A-C N
H R R3 R’
13 11b, 1a-e
Br.
R®= @\/‘1 R:©\S/1i R®= %,
7\
[elNe] 0
11b, 54% 1a, 72% 1b, 36%
(R =Me, R?2=H) (R'=Me, R? = H) (R =Me, R?2=H)
Conditions A Conditions B Conditions C
Br Br. Br
st@\/%ﬁ. R3?©\S/ﬁ7l R®= it&.
/N
O O 0
1c, 51% 1d, 59% 1e, 38%
(R" =Me, R? = Me) (R"=Me, R?=Me) (R"=Me, R2= Me)
Conditions A Conditions B Conditions C

Figure 4 Conditions A (reductive amination) — 13 (1.0 equiv.), ArCHO (1.5
equiv.), NaBH(OAc); (1.2 equiv.), AcOH (2.5 equiv.), 1,2-DCE or NMP, 18 °C,
18 h; Conditions B (sulfonylation) — 13 (1.0 equiv.), ArSO,Cl (1.3 equiv.),
pyridine, 18 °C, 18 h; Conditions C (amidation) — 13 (1.5 equiv.), ArCO,H (1.0
equiv.), HATU (2.0 equiv.), Hiinig’s base (3.0 equiv.), DMF, 18 °C, 18 h.
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Figure 5 Plot of cLogP versus MW (left) and Fsp® analysis (right) of the 543-
compound library based on scaffold 1.
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The synthetic route was scaled up to provide a total of 130 mmol of
the scaffold core 11. Derivatisation of R!, R? and R’ produced a
library of 543 novel compounds (~0.1 mmol each) to be
incorporated into the FEuropean Lead Factory’s screening
programme. Computational assessment of the library indicates that it
is largely Lipinski’s Rule of Five compliant, with an average
molecular weight of 429 and cLogP of 1.6 (Figure 5). The library
also has a high degree of three-dimensionality and bond-saturation,
with an average Fsp® of 0.54 (Figure 5).

Conclusions

The development of efficient synthetic routes to libraries of
small, sp-rich molecules for use in drug discovery remains a
challenging but important goal. We have reported the facile
synthesis and diversification of a novel, heterocyclic chemical
scaffold 1. The spirocyclic scaffold core 13 (R' = Bn or Me, R?
= R® = H) was accessed in only six operationally simple
synthetic steps from commercially available N-benzyl
piperidinone 4a, in an overall yield of 41% (13a) or 36% (13b)
(averaging 87% or 85% yield per step, respectively). The
synthetic route to scaffold 13 required just one protecting group
manipulation (N-debenzylation), and can be completed in less
than five working days on a multi-gram scale. A highly regio-
and diastereo-selective tandem condensation/intramolecular
nitrone-alkene [342] cycloaddition reaction provided key
intermediate isoxazolidine 2 in a single, complexity-generating
operation, from a-functionalised piperidinone 3a. Subsequent
one-pot isoxazolidine N—O bond reduction and cyclisation gave
the scaffold core structure 11, which was confirmed by X-ray
crystallographic analysis. Diversification of the scaffold core
has provided a library of 543 drug-like molecules, which will
be screened against various biological targets as part of the
European Lead Factory. Work is ongoing within our laboratory
to develop efficient routes to novel sp*-rich chemical scaffolds
for drug discovery.
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