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son–Khand reaction in flow over
alkynylphenyl vinyl ethers: towards the synthesis of
tricyclic multisubstituted benzofurans†

Jorge Garćıa-Lacuna, Maialen Alonso, Gema Domı́nguez and Javier Pérez
Castells *

The use of flow methodology allows the use of alkynylphenyl vinyl ethers (benzo-fused 1,7 enynes) as

substrates for the intramolecular Pauson–Khand reaction (PKr). Forced temperature and pressure

conditions during a short reaction time minimize the substrate decomposition allowing the formation of

the PK adduct. Substrates substituted at the internal position of the double bond and with internal triple

bonds give better yields. The resulting products are cyclopentabenzofuranones present in diverse natural

products and drugs that can be further functionalised.
Introduction

The Pauson–Khand reaction (PKr) is a formal [2 + 2 + 1] cyclo-
addition of an alkyne, an alkene and a carbonyl unit to give
a cyclopentenone. Until the late 1990s it was mediated by
a stoichiometric amount of metal, generally a cobalt carbonyl
complex. The industrial applicability of this reaction was
limited due to the use of either stoichiometric or harsh catalytic
conditions (high carbon monoxide pressures and elevated
temperatures).1 In 2017, our group developed a ow protocol for
both intra- and intermolecular Pauson–Khand reactions, using
catalytic amounts of Co2(CO)8 in a plug ow reactor.2 The
applicability, robustness and safety of the process were proved
in several gram scale syntheses and it was also applied in the
key step of the synthesis of the commercial drug treprostinil.3 A
photochemically triggered stoichiometric PKr in ow was
described using preformed alkyne–cobalt complexes.4

The eld of ow chemistry has gained considerable attention
along the last decade. Flow methods are generally faster, safer
and greener. They enable safer handling of hazardous reagents
and better mixing of biphasic regimes, in some cases reactions
that are difficult or impossible to do in the batch mode are
made possible.5 In particular, ow technologies are highly
advantageous when using toxic gases like CO, particularly if
harsh conditions are needed.6 All these advantages explain the
high number of continuous ow protocols being used for the
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synthesis of pharmaceuticals or important building blocks,
with special attention to industrial applicability.7

Despite the great number of substrates used to date, vinyl
ethers continue to be challenging substrates for the PKr.8 Only
three reports, where these motifs were used as PK substrates
have been reported. In 1981, Croudace and Schore attempted to
use several vinyl ethers in an intramolecular PKr. They observed
the expected reaction with cobalt complexes, but the subse-
quent isolation of the cyclopentenone was unsuccessful.9 Later,
examples of the intramolecular version provided only moderate
yields and the cleavage of the vinyl ether structure in the nal
product. The vinyl ether acted, thus, as ethylene surrogate
(Scheme 1).10
Scheme 1 Previous works using vinyl ethers in the PKr and our
strategy.
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Fig. 1 Representative cycopenta benzofurans.
Fig. 2 Flow/batch comparison at different temperatures with 5 mol%
of Co2(CO)8. Flow: 5 equiv. of CO, 7–15 min of residence time, 28 bar
of system pressure. Batch 1 : 5 bar of CO, 45 min of reaction time.
Batch 2 : 20 bar of CO, 45 min of reaction time. Conversion refers to
the NMR yield of 2a + 3a + 4a, while dashed lines only 2a + 3a.
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The use of 1,7-enynes tethered through an aromatic ring
where the olenic part is a vinyl ether has no precedents in PKr
chemistry. These substrates are very reactive, but we envisioned
that using ow technology we could nd specic conditions to
enable the PKr. This would provide a new efficient, scalable and
versatile synthesis of tricyclic multi-substituted benzofurans.

The benzofuran structure is ubiquitous in bioactive mole-
cules, natural products, pharmaceuticals and functional mate-
rials. The broad spectrum of pharmacological activity in
individual benzofurans indicates that these compounds are of
an undoubted interest.11 In addition, this motif is a useful
scaffold in organic synthesis. Ohno and Arisawa recently
reviewed the use of these, and other kinds of benzo-fused
substrates to form heterocycles.12 Therefore, extensive atten-
tion has been paid to develop versatile methods for the
synthesis of these structurally diverse heterocycles.13 Among
tricyclic benzofurans that would be similar to our Pauson–
Khand adducts, we highlight silvestrol,14 a natural product
which is a potent inhibitor of Ebola virus replication; bera-
prost,15 a PGI analog; and natural sesquiterpenes, isolated from
the red alga Laurencia and the sea hare Aplysia specie (Fig. 1).16
Results and discussion

We used substrate 1a as the model for the reaction optimiza-
tion. This reaction produced variable amounts of the expected
PKr product 2a, the isomerized product 3a and the resulting
product of a [2 + 2 + 2] cycloaddition, 4a. This latter cycloaddi-
tion reaction has been already described with this catalyst at
high temperatures.17 Preliminary experiments indicated that, in
the presence of the catalyst and at high temperatures, there is
an important decomposition of the starting material. Therefore,
we introduced an internal standard (4,5-dibromo-o-xylene,
15 mol%) to calculate the amount of decomposition/
polymerization in each reaction. We compared similar condi-
tions at temperatures from 120 to 210 �C, both in batch and
ow. Two batch conditions were studied for comparison under
low (5 bar, batch 1) or high (20 bar, batch 2) CO pressure. We
measured the amount of detected products and the selectivity
towards the Pauson–Khand reaction (Fig. 2). With both
7314 | RSC Adv., 2022, 12, 7313–7317
methodologies, at 120 �C, the conversion was poor and starting
material was still detected in the crude mixture. At 150 �C in
ow we observed the highest conversion (70%) but with poor
selectivity towards 3a, and at 180 �C there was a slightly better
selectivity, not detecting 2a, but with some more decomposi-
tion. This latter temperature was selected to optimize the rest of
the ow parameters. We could conrm our initial hypothesis
i.e. that we could benet from the ow conditions to get fast
reactions that avoid partially the decomposition of the starting
material. In fact, yields in batch measured by NMR were very
low and starting material was never recovered. Possibly, in the
ow reactor we have achieved a chemical intensication due to
the nding of a novel process window.18

Then, as shown in Table 1, ow parameters were optimized.
Best results were achieved xing the residence time to 13 min
(entries 2–4) and using high pressures at 180 �C with 5 equiv. of
CO (entry 4). The concentration was an important fact as high
concentrations (entry 5) favored the [2 + 2 + 2] side product,
while low concentrations, (entry 6), decreased the speed of the
reaction and increased decomposition. Reducing the amount of
gas (entry 8) or the catalyst loading (entry 7) decreased the
selectivity by forming more of the [2 + 2 + 2] cycloadduct. With
the conditions of entry 4, a long run was performed with 720 mg
and an isolated yield of 50% was achieved. This result shows
a fall in the yield compared to the IS yield (64%), that can be
explained because of the instability of the nal products. To
check this point, we replicated three times the optimized reac-
tion obtaining similar results.

Regarding the scope of the protocol, all the compounds with
a terminal alkyne showed important decomposition and
consequently poor to moderate yields (products 3b–e, 24–40%
yield, Fig. 3). An example using a vinyl thioether was also
included (3f: 36% yield). In the same way, structures with two
quaternary carbons surrounding the triple bond (1g–h) did not
show any reaction. The substrates with substitution at the
external carbon of the vinyl ether (1i–j), only produced [2 + 2 + 2]
cycloadducts, 1i formed the dimer 4i (21%), while 1j formed the
cyclotrimerization product 4j (18%). With substrates 1k–l
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Flow system set up and optimization of the PKr conditions for the synthesis of 3a

Entrya Temp. (�C) Res. time (min) Conc. (M) CO equiv. P (bar) Cat. (mol%) % of conversionb % of 3a

1 150 11 0.25 5 28 5 70 56
2 180 8 0.25 5 28 5 62 50
3 180 8 0.25c 5 28 5 60 52
4d 180 13 0.25 5 35 5 72 64
5 180 10 0.40 5 28 5 35 5
6 180 15 0.15 5 28 5 53 46
7 180 8 0.25 5 28 2.5 49 42
8 180 16 0.25 3 28 5 50 35

a All reactions in PFR (20mL). See ESI for system pump andMFC ows. b %of conversion is measured in the 1H NMR spectrum of the crudemixture
using 4,5-dibromo-o-xylene as internal standard. c 0.12 equiv. of DME were added as additive. d A long run with 720 mg (20 mL of volume) was
performed to check the reliability of the IS, reaching an isolated yield of 50%. In this experiment 4a was isolated in 6% yield.

Fig. 3 Scope of the reaction. NMR yield (isolated yield).
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bearing internal alkyne units, no isomerization and low
decomposition of the PK product was observed (2k–l). However,
the reaction produced several different products, giving only
moderate yields (31 and 29% respectively).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Up to this point, the results were interesting as the rst and
only efficient example achieved to date using vinyl ethers as
substrates in PKr, albeit yields were not satisfactory. Interest-
ingly, with substrate 1m, substituted at the internal carbon of
the double bond, and under the conditions used above, neither
decomposition nor [2 + 2 + 2] side product formation was
observed. However, the PK product 2m was detected in only
30% in the NMR spectrum of the crude, mainly because of a low
conversion and the appearance of another side product. This
latter product was identied as 5 and is the result of a migratory
cycloisomerization: which has been described using other
catalytic systems and conditions, but not using cobalt
complexes.19 In view of this result we carried out an optimiza-
tion study for the reaction of 1m (Table 2). First experiments
showed relatively low conversion (entries 1–4). Increasing the
temperature improved this parameter but the selectivity
towards 2m decreased. Using 10 mol% of catalyst with high
system pressures and 5 equiv. of gas gave 2m as the only
detectable product (entry 7). Finally, a relatively long residence
time (67 min, entry 9) provided almost full conversion with
excellent selectivity. The isolated yield was 74%. Furthermore,
a long run with 1.21 g, operating for 102 minutes afforded
a 79% of isolated yield.

These good results show that using substrates with internal
alkynes and double bonds with substitution at the internal
carbon precludes decomposition and avoids the possibility of
isomerization giving very clean and efficient reactions. Thus, we
prepared a bunch of substrates with these requirements with
which we used the optimized conditions (entry 9, Table 2).
Yields in these cases were good (66–76%, Fig. 4). These exam-
ples include different alkynes that can be easily functionalized
and various substituents at the aromatic ring. The productivity
obtained with these substrates is only possible due the advan-
tages derived from the use of continuous ow processes and the
RSC Adv., 2022, 12, 7313–7317 | 7315
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Fig. 4 Scope of the reaction using substrates with internal substituted
double bonds (isolated yields).

Table 2 Optimization of the PKr conditions for the synthesis of 2m

Entrya Temp. (�C) Res. time (min) Conc. (M) CO equiv. P (bar) Cat. (mol%) % of conv.b
2m : 5
ratio (%)

1 150 11 0.25 5 20 5 7 99
2 150 26 0.40 5 35 5 14 99
3 180 14 0.40 3 28 5 66 79
4 180 19 0.40 5 35 5 48 81
5 180 16 0.25 5 28 5 64 80
6 210 7 0.25 5 28 5 86 67
7 150 26 0.40 5 35 10 62 >99
8c 150 91 0.40 5 35 10 82 73
9bc 170 67 0.40 5 35 10 97 88d

a All reactions in PFR (20 mL). See ESI for system pump and MFC ows. b % of conversion is measured in the 1H NMR spectrum of the crude
mixture. c A 60 mL reactor was used in these entries. d A long run with 1.21 g was performed, an isolated yield of 79% was achieved, total time:
102 minutes.
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View Article Online
possibility of handling high temperatures, pressures and
a hazardous gas. These conditions are difficult to reproduce in
batch.

Conclusions

We have described for the rst time an efficient Pauson–Khand
reaction where the double bond is a vinyl ether. Good yields are
achieved if the double bond is substituted at the internal
position, whereas with other substrates the results are
moderate. We believe that this reaction has been possible
because of the use of continuous ow methodology, where the
conditions have been intensied in relatively short time. This
minimises the decomposition and allows the reaction. The
process leads to cyclopentabenzofuranes which are very inter-
esting scaffold's present in natural products and other inter-
esting molecules.
7316 | RSC Adv., 2022, 12, 7313–7317
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