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Heterocycle-derived β-S-enals as bifunctional
linchpins for the catalytic synthesis of saturated
heterocycles†

Jingze Niu and Michael C. Willis*

We demonstrate how heterocycle-derived β-S-enals can be employed as bifunctional substrates in a

cascade of two rhodium-catalysed C–C bond forming reactions to deliver substituted heterocyclic pro-

ducts. A single rhodium-catalyst, generated in situ from a commercial salt and ligand combination, is used

to promote both an initial alkene or alkyne hydroacylation reaction, and then a Suzuki-type cross-coup-

ling, resulting in a three-component assembly of the targeted heterocycles. Substrates based on N-, O-

and S-heterocycles are included, as are a range of alkenes, alkynes and boronic acid derivatives.

Due to the favourable physiochemical properties often associ-
ated with their incorporation into candidate structures, satu-
rated, or partially saturated, heterocycles are becoming
increasingly targeted in drug discovery programs.1 Their pres-
ence in biologically active molecules has significant precedent,
and Scheme 1 shows several examples of N-, O- and S-hetero-
cycles embedded in pharmaceuticals and natural products
used in a variety of applications.2 The N-based congeners such
as pyrrolidines, piperidines, and tropanes are the most com-
monly encountered structures.3

In order to access saturated and partially saturated hetero-
cycles decorated with a variety of substituents, we conceived an
approach based on a common class of bifunctional building
blocks that could be elaborated using cascade catalytic reac-
tions. The key building blocks that we settled on were hetero-
cycle-derived β-S-enals (1, Scheme 2). Variants of 1 featuring
N, O, and S-atoms are all accessible from the parent ketones
using established methods.4 With the key building blocks
available we speculated that a single rhodium-catalyst could
mediate an initial alkene or alkyne hydroacylation reaction,5

and then a Suzuki-type cross-coupling, to convert enals 1 into
difunctionalised products 2 in a single step, joining together
three separate components. A variety of methods could then
be used to convert enones 2 into the fully saturated hetero-
cycles. The design of the β-S-enals allows the S-atom to func-
tion as the directing atom for the initial chelation-controlled
hydroacylation reaction, and then for the O-atom of the resul-

Scheme 1 Saturated and partially saturated heterocycles in pharma-
ceuticals and natural products.

Scheme 2 Heterocycle-derived β-S-enals as building blocks towards
saturated heterocycles.

†Electronic supplementary information (ESI) available: Experimental details and
supporting characterisation data. See DOI: 10.1039/c6qo00057f
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tant enone to direct the Suzuki-type coupling. The use of alde-
hydes with β-S-directing groups in hydroacylation reactions is
well established.6–9 In addition, our laboratory,10 and others,11

has recently reported on the required aryl methyl sulfide
Suzuki chemistry, including a cascade reaction on a benzene-
derived substrate.

We began by evaluating the basic reaction sequence using
pyran-derived enal 1a, tert-butyl acetylene and p-tolyl boronic
acid as the reaction partners (Scheme 3). Earlier precedent,10,12

and initial investigations,13 suggested that a Rh(I) catalyst
incorporating the small-bite-angle bis-phosphine ligand dcpm
should be able to mediate both of the key C–C bond forming
reactions. When a catalyst of this type was generated in situ
and applied to the targeted transformation, good yields of
enone 2a were obtained. Achieving a short reaction time for
the initial hydroacylation reaction was key to obtaining a high
yield for the final product. Accordingly, warming to 55 °C
resulted in the hydroacylation reaction being complete in only
5 minutes, with the following Suzuki-type coupling then
requiring 5 hours. It was pleasing to note that the β-S-enal sub-
strate appeared to allow significantly faster reactions than the
previously explored fully aromatic system.

With a catalyst and appropriate reaction conditions for the
cascade process in hand, we next explored the scope of the
alkynes and alkenes that could be employed in the hydroacyla-
tion step. Given the importance of N-heterocycles in medicinal
chemistry, we chose the tetrahydropyridine substrate, 1b, in
combination with tolyl boronic acid, as a suitable platform to
evaluate the chemistry (Scheme 4). As can be seen the use of
tert-butyl acetylene was successful, delivering the three-com-
ponent product, enone 2b, in high yield. A terminal alkyne
substituted with a benzyl ether (2c), and an internal alkyne
(2d) were both successful substrates. Less sterically demanding
alkyne substrates resulted in mixtures of linear and branched
regioisomers in the hydroacylation step, resulting in lower
overall yields. For example, phenyl acetylene (2e) and hex-5-
ynenitrile (2f ) delivered 4 : 1 and 5 : 1 mixtures of linear :
branched isomers, respectively. Terminal alkenes could be
employed in the desired cascade process, however, their lower
reactivity in the hydroacylation step, relative to alkynes,
necessitated the use of five equivalents to achieve suitably fast
reactions. Using these conditions with octene delivered the
desired three-component coupled product (2g) in 84% yield.
Terminal alkenes substituted with bromo (2h), phenyl (2i) and

free hydroxyl groups (2j) were also successfully employed. Dis-
ubstituted alkenes were unreactive in the described system.14

Tetrahydropyridine enal 1b was then used to evaluate the
scope of the boronic acid coupling partner (Scheme 5). Initially
employing tert-butyl acetylene as the hydroacylation coupling
partner, a range of electronically varied aryl boronic acids
could be readily employed (2k–2p), including halogen substitu-
ents. Although substitution at the meta-position was possible
(2n), attempts to employ ortho-substituted boronic acids were
unsuccessful. A heterocyclic boronic acid, in the form of
3-thienyl, and also an alkenyl boronic acid performed well
(2q and 2r). Using octene as the hydroacylation coupling
partner allowed a similar range of boronic acids to be success-
fully incorporated into the cascade process (2s–2x).

One of the goals of the present chemistry was to show that
a variety of different heterocycles could be accessed using a
single strategy. Accordingly, in Scheme 6 we demonstrate the
successful use of N-, O-, and S-based heterocyclic building

Scheme 3 Establishing reaction conditions for the hydroacylation-
Suzuki cascade sequence to prepare dihydropyran 2a.

Scheme 4 Substrate scope of the alkyne and alkene component in the
cascade synthesis of tetrahydropyridines 2. Reaction conditions: 1b (1.0
equiv.), alkyne (1.5 equiv.) or alkene (5.0 equiv.), [Rh(nbd)2]BF4 (5 mol%),
dcpm (5 mol%), acetone, 55 °C, 5–10 min; then p-tolyl boronic acid
(1.5 equiv.), Ag2CO3 (1.0 equiv.), 55 °C, 5 h. Isolated yields of the major
isomer. aMeasured by 1H NMR spectrometry on the crude reaction mixture.
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blocks. For O-based heterocycles, a dihydropyran and a 2H-
chromene-based substrate were both combined successfully
with alkene and alkyne coupling partners and aryl boronic
acids (2a, 3a–3d). S-heteocycles were represented by a 2H-thio-
chromene-based substrate, which was employed without inci-
dent (3e, 3f ). Unfortunately, it was not possible to prepare the
dihydrothiopyran substrate due to stability issues. Finally, in
addition to tetrahydropyridine substrate 1b already described,
we were able to prepare and exploit a tropane-based substrate
(1e), allowing access to alkyne and alkene coupled products in
good yields (3g and 3h).

All of the scoping experiments described in Schemes 4–6,
were performed on a relatively small scale (0.2 mmol of enal),
and as such 5 mol% of catalyst was employed due to ease of
use. However, for larger preparative scale reactions, it was
possible to lower the catalyst loading. Scheme 7 shows the use
of tetrahydropyridine substrate 1b, and tropane-derived sub-

strate 1e, used in alkene hydroacylation initiated cascades,
employing just 3 mol% of catalyst, to deliver gram scale quan-
tities of coupled products (2g and 3i) in excellent yields.

Finally, as an illustration of synthetic potential of the enone
products obtained from the developed cascade processes, we
have shown that tetrahydropyridine-derived product 2g under-
goes high-yielding detosylation and alkene reduction in a
single-step, providing piperidine 4 (Scheme 8). This one-step

Scheme 5 Substrate scope of the boronic acid component in the
cascade synthesis of tetrahydropyridines 2. Reaction conditions: 1b (1.0
equiv.), alkyne (1.5 equiv.) or alkene (5.0 equiv.), [Rh(nbd)2]BF4 (5 mol%),
dcpm (5 mol%), acetone, 55 °C, 5–10 min; then boronic acid (1.5 equiv.),
Ag2CO3 (1.0 equiv.), 55 °C, 5 h. Isolated yields.

Scheme 6 Variation of the heterocyclic enal component in the prepa-
ration of di-coupled products 3. Reaction conditions: 1 (1.0 equiv.),
alkyne (1.5 equiv.) or alkene (5.0 equiv.), [Rh(nbd)2]BF4 (5 mol%), dcpm
(5 mol%), acetone, 55 °C, 5–10 min; then boronic acid (1.5 equiv.),
Ag2CO3 (1.0 equiv.), 55 °C, 5 h. Isolated yields.

Scheme 7 Preparative scale synthesis of products 2g and 3i.
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transformation was achieved using magnesium metal in
methanol under sonication conditons.15

In conclusion, we have shown that heterocycle-derived β-S-
enals are efficient substrates for rhodium-catalysed hydroacyla-
tion-Suzuki type coupling cascade processes. Both alkyne and
alkene hydroacylation reactions can be used as the initial C–C
bond-forming event, and a variety of boronic acids can be
employed as substrates in the Suzuki-type coupling. The pro-
ducts are obtained in good to excellent yields, and show poten-
tial as precursors to access biologically relevant compounds.
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