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ABSTRACT: Sp3-rich compounds are underrepresented in libraries for
probe- and drug-discovery, despite their promise of extending the range of
accessible molecular shapes beyond planar geometries. With this in mind, a
collection of single-enantiomer bicyclic, fused cyclopentenones under-
pinned by a complexity-generating Pauson−Khand cyclization was
synthesized. A fingerprint of biological actions of these compounds was
determined immediately after synthesis using real-time annotation−a
process relying on multiplexed measurements of alterations in cell
morphological features.

The composition of small-molecule screening libraries is
critical for the success of early probe- and drug-discovery

efforts, including those relying on fragment-based ligand
discovery (FBLD) and high-throughput screening (HTS).1−4

Inclusion of diverse molecular shapes has been suggested as a
key factor for library performance.5−9 However, in contrast to
natural products, many synthetic libraries contain only a few
sp3-rich scaffolds.8−11 Bridging this gap requires the develop-
ment of efficient and scalable synthetic methods to access sp3-
rich small molecules.
Piloting this approach, we recently reported several efficient,

systematic routes to amino alcohol-derived low molecular
weight compounds (or “fragments”) by way of 1,2-amino
alcohols and bis-electrophiles.12 We now extend this approach
by incorporating modern synthetic methods for low-to-medium
molecular weight small-molecule library synthesis and to “de-
risk” the involved synthetic pathways (e.g., explore amenability
for expanding to additional structural variants and eventual
optimization and scale-up). Here, we report the divergent
synthesis of Pauson−Khand cyclization (PKC) derived
tetrahydrocyclopenta[c]pyranone derivatives as novel low
molecular weight small molecules for FBLD, HTS, and real-
time biological annotation.
Since the rigidity of fused cyclic systems could be a desirable

chemical feature for biological activity,13 we explored chiral
building blocks amenable to cyclization reactions. In 2011,
Fandrick and colleagues14 reported a general copper-catalyzed
method for constructing historically difficult-to-access enan-
tioenriched homopropargyl alcohols. Building upon this robust
method, we aimed to construct a rigid, low-molecular weight
bicyclic core. While many routes for cyclization to bicycles exist,
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Figure 1. Retrosynthetic analysis of bicyclic enones 1 and 2.

Scheme 1. Synthetic Method to Access Gram-Scale
Quantities of Enones 1 and 2
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we looked to synthesize a core skeleton allowing for molecule
growth beyond what traditional sp2-enriched (hetero)aromatic
libraries often provide, a reliance upon generally planar cores
and appendage diversity arising from routine synthetic
transformations (e.g., amide coupling or cross-coupling
reactions).11 Having also considered the Astex Rule of
Three,13,15 we proposed that a <300 Da, bicyclic, rigid core

containing a functional handle (in this case, a β,β-disubstituted
enone) would serve as an effective intermediate to generate a
collection of sp3-carbon-enriched fragments and hit-to-lead-like
small molecules.
In a previous study, our group compared the biological

activity of skeletal rearrangements using a high-content imaging
assay for “real-time biological annotation”.16 As a comple-

Scheme 2. Diversification of Bicyclic Enone Core to Provide Tetrahydrocyclopenta[c]pyranone Derivativesa

aDerivatization reactions have not been optimized for yield and were performed on a 0.1−0.2 mmol scale.
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mentary approach, we explore here the biological annotation of
derivatives originating from functional group interconversion
reactions starting with a common core.
We anticipated that common enone intermediates 1 and 2

could be accessed by a Pauson−Khand cyclization of enyne 3.
Building block 3 could be accessed by SN2′ allylation of chiral
alcohol 5a, generated by deprotection17 of TMS-alkyne 4, the
nonracemic product of a copper−BINAP-catalyzed homopro-
pargylation reaction with acetophenone (Figure 1).14

Allylation of tertiary alcohol 5a with dry sodium hydride and
allyl iodide proceeded cleanly to afford 3 in high yield (95%).
Direct allylation of TMS-protected alkyne 5b resulted in either
no reaction or majority decomposition, presumably via an inter-
or intramolecular Brook rearrangement (Table S2).18 Enyne 3
was subjected to a tertiary amine N-oxide promoted Pauson−
Khand cyclization, which provided gram-scale quantities of
enones 1 and 2 (Scheme 1).19,20 Cyclization of either 3 or 4
afforded a mixture of easily separable enone diastereomers.
With sufficient quantities of 1 and 2 in hand, a range of

conditions was explored to survey the reactivity of the key
cyclic β,β-disubstituted enone functional handle (Scheme 2).
At the outset of our exploration, 1 and 2 were subjected to

reductive conditions, for instance, hydrogenation to yield
ketones, sodium borohydride treatment to yield aliphatic
alcohols,21 and Luche (Ce3+) conditions to yield allylic
alcohols.22 Interestingly, each diastereomer had a unique
reaction profile across a number of transformations. Ketone 6
and aliphatic alcohol 7 were readily accessed from 1 (76% and
67%, respectively), yet catalytic hydrogenation of 2 resulted in
scission of the benzyl C−O bond (an unexpected route toward
generating nonracemic, benzyl-substituted cyclopentanones).
Further, Luche reductions of both 1 and 2 led to mixtures of
fully reduced aliphatic alcohols and, surprisingly, an epimeriza-
tion of 2 to form 1. Allylic alcohol 8 was accessed as a single
diastereomer by treatment of 2 with lithium aluminum hydride
(93%), whereas reaction with 1 led to a mixture of
diastereomers.
Next, α-halogenation was explored as a route toward α-aryl-

substituted enones. We initially explored in situ generation of
bromine, or bromine surrogate pyridinium tribromide, for this
transformation; however, only treatment of 2 with molecular
bromine (Br2) yielded the desired α-bromo enone 9.23,24

Reaction of 1 with bromine led to HBr-promoted decom-
position or bromination at the bridgehead carbon. α-Bromo
enone 9 was then subjected to straightforward Suzuki−Miyuara

cross-coupling conditions with Pd(Ph3)4 and mild base to yield
α-m-pyridyl enone 10 (11%, over two steps).
When considering oxidative transformations, we first ex-

plored dihydroxylation of the enone double bond. Again, 1 and
2 displayed differing reactivity profiles where treatment of 2
with catalytic Ru3+ and Ce3+ with sodium periodiate led to diol
11 (75%),25 yet identical conditions with 1 led to a recovery of
starting material. In the case of base-promoted epoxidation,
however, α,β-epoxy ketones 12 and 13 were isolated in 80%
and 56% yields, respectively.26 Generating β-cyano ketones 14
and 15 required a two-step process where 1 and 2 were treated
with tert-butyldimethylsilyl triflate (TBSOTf) and formalde-
hyde dimethylhydrazone and then oxidized to nitriles in low
yields (7−14%, over two steps).27 Olefin hydroamination,28

reductive olefin coupling,29 and cuprate additions30,31 to 1 and
2 were explored, yet no desired products were isolated.
As a final transformation involving bond formation at the β-

carbon, Pd-catalyzed addition of p-methoxyboronic acid in
aqueous sodium trifluoroacetamide led to β-aryl ketones 16 and
17 in 40% and 32% yields, respectively.32

In order to assess the ability of the resulting novel
compounds to modulate the functions of cells, the collection
was exposed to a high-dimensional, multiplex “cell-painting”
assay.3,16,33,34 Using six readily available small-molecule dyes,
we stained seven cellular components, from which hundreds of
morphological features were extracted by automated imaging
(Figure 2). Epoxy ketone diastereomers 12 and 13 displayed
the most striking cellular response and induced consistent
morphology changes across all doses. Notably, the two
compounds had related yet distinguishable effects that were
not seen in any other compound (Figures S1−S5). Encouraged
by these results, we are continuing to explore this family of
small molecules, especially by expanding the scope of the
pathway and by comparing their morphological “signatures” to
a growing database of signatures resulting from other small
molecules.3
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