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Cyclobutane-fused dihydropyridones can be efficiently syn-

thesized by a completely endo-selective gold-catalyzed cyclization

of alkynylcyclobutanes bearing an appended amide, which pro-

ceeds under mild conditions. The observed selectivity, which is

reversed from that previously observed for the cyclization of

related alcohols and acids, is supported by DFT calculations.

The cyclization of functionalized alkynes under gold catalysis
has become a powerful tool in organic synthesis for the prepa-
ration of both carbo- and heterocyclic relevant structures.1

These reactions, which rely on the selective activation of the
triple bond by a carbophilic Lewis acidic gold complex, allow a
significant increase in molecular complexity under mild con-
ditions and show remarkable functional group tolerance,
which has prompted their extensive use in total synthesis.2

Nevertheless, in some occasions and depending on the nature
of the starting materials, the endo/exo selectivity of the cycliza-
tion event can be difficult to predict and control.3 In this
regard, we have recently described the gold-catalyzed cyclo-
isomerization of alkynylcyclobutanes bearing an appended
hydroxyl group (Scheme 1, 1), which showed moderate exo
selectivity at room temperature that could be significantly
improved by performing the reaction at −50 °C.4 However, the
selectivity of this cyclization turned out to be considerably
dependent on the nature of the substitution on the starting
material, and for example, when the hydroxyl group was
replaced with a carboxylic acid moiety, little selectivity was
achieved, even at low temperature (Scheme 1, 2).4

In this context, we became interested in evaluating the
possibility of performing a selective cyclization of related alky-
nylcyclobutane carboxamides under gold catalysis. The pro-
ducts obtained in this transformation would be cyclobutane-
fused N-heterocycles, which are interesting building blocks in
medicinal chemistry.5 Thus, the cyclobutane unit is present in
many natural products, including terpenoids, steroids, and
alkaloids, which display versatile biological activities such as
antimicrobial, antibacterial, antiviral and anticancer activi-
ties.6 Particularly interesting would be the achievement of an
endo-selective cyclization, as it would provide a dihydropyri-
done ring, which can also be found in different drugs with
valuable biological activities.7 Specifically, the 3-azabicyclo
[4.2.0]octan-2-one motif is present in some natural products,
such as sophoraline A, which shows hepatoprotective activity,8

and melicodenine G, with anti-proliferative activity against
DLD-1 human colon cancer cells (Scheme 2).9

Scheme 1 Previously reported endo/exo selectivity in gold-catalyzed
cyclization of alkynylcyclobutanes and the proposed strategy.

†Electronic supplementary information (ESI) available: Experimental details and
NMR spectra of all new compounds (PDF). See DOI: https://doi.org/10.1039/
d3ob00051f

aUniversidad de Alcalá (IRYCIS), Departamento de Química Orgánica y Química

Inorgánica, Instituto de Investigación Química “Andrés M. del Río” (IQAR), Campus

Científico-Tecnológico, Facultad de Farmacia, Autovía A-II, Km 33.1, 28805-Alcalá de

Henares, Madrid, Spain. E-mail: juanjose.vaquero@uah.es, patricia.garciagarci@uah.es
bDepartamento de Química Orgánica e Inorgánica, Instituto Universitario de

Química Organometálica “Enrique Moles”, Universidad de Oviedo, C/Julián

Clavería, 8, 33006 Oviedo, Spain

This journal is © The Royal Society of Chemistry 2023 Org. Biomol. Chem., 2023, 21, 2705–2708 | 2705

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 8
/2

4/
20

25
 7

:0
1:

27
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/obc
http://orcid.org/0000-0002-7075-3548
http://orcid.org/0000-0003-1367-3127
http://orcid.org/0000-0002-2960-5404
http://orcid.org/0000-0002-3307-4204
http://orcid.org/0000-0002-1186-0079
http://orcid.org/0000-0002-1552-0901
http://orcid.org/0000-0002-3820-9673
http://orcid.org/0000-0003-3671-5828
https://doi.org/10.1039/d3ob00051f
https://doi.org/10.1039/d3ob00051f
https://doi.org/10.1039/d3ob00051f
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ob00051f&domain=pdf&date_stamp=2023-03-27
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ob00051f
https://pubs.rsc.org/en/journals/journal/OB
https://pubs.rsc.org/en/journals/journal/OB?issueid=OB021013


The strategy proposed in this work for the construction of
cyclobutane-fused N-heterocycles relies on the modification
of a pre-existing four-membered carbocyclic ring. This
approach10 has been gaining interest in the last few years for
complementing common approaches, usually based on [2 + 2]
cycloaddition.11

Herein we report our results on the gold-catalyzed cyclo-
isomerization of alkynylcyclobutane carboxamides, and
provide an explanation, based on DFT calculations, for the
observed selectivity.

At the outset, the reaction of model alkynylcyclobutane 1a,
bearing an appended carboxamide group, was tested under
the conditions previously determined as optimal for the cyclo-
isomerization of related hydroxymethyl-substituted alkynylcy-
clobutanes (5 mol% JohnPhosAu(MeCN)SbF6 as the catalyst at
−50 °C in dimethylformamide), but the reaction was too slug-
gish. Therefore, it was necessary to increase the temperature to
get useful conversions. Thus, full conversion was reached at
room temperature after 5 h in dichloroethane, and remarkably,
complete regioselectivity was achieved under these conditions,
obtaining cyclobutane-fused dihydropyridone 2a, coming from
a 6-endo cyclization, as the only observable product in the
crude reaction mixture (Scheme 3).12

DFT studies were performed to rationalize the high endo
selectivity obtained in the cyclization of alkynylcyclobutane
carboxamide 1a and the reversal of selectivity observed with
respect to the cycloisomerization of related hydroxymethyl sub-
stituted alkynylcyclobutanes. The formation of the 6-endo
product was preferred over the 5-exo product with ΔΔG‡ =
+3.6 kcal mol−1 for 1a, justifying the exclusive formation of the
product 6-endo 2a (Fig. 1). For the alcohol derivative, calcu-
lations at room temperature and −50 °C were performed,
which showed that in both cases the formation of the 5-exo
product is favoured over the 6-endo product.13 Therefore, the

nature of the nucleophilic group is the determinant of the
endo/exo selectivity. As the transition states were found to be
late ones,13 the selectivity could be attributed to the higher
stability of the product coming from a 6-endo cyclization than
that of the one that comes from a 5-exo process. This differ-
ence in stability could be due to a higher strain in the five-
membered ring, which shows a larger deviation from the ideal
sp2 angle for the carbonyl carbon atom. This strain would not
be present in the products obtained from the cyclization of
hydroxymethyl-substituted alkynylcyclobutanes.

Next, we explored the scope of the gold-catalyzed cyclization
of alkynylcyclobutanecarboxamides 1 to check if complete
endo-selectivity was maintained when varying the nature of the
substituent of the triple bond and assess its usefulness for
the synthesis of cyclobutane-fused dihydropyridones.
Noteworthily, different 3-azabicyclo[4.2.0]oct-4-en-2-ones 2
could be obtained in good yields by stirring a solution of the
corresponding starting material 1 in dichloroethane at room
temperature in the presence of 5 mol% JohnPhosAu(MeCN)
SbF6 (Scheme 4). Phenyl rings with either electron-withdrawing
(2b) or electron-donating groups (2c–f ), located in the ortho,
meta or para position, are well tolerated as substituents of the
triple bond of the starting material. Heteroaromatics (2g) and
alkyl groups, either linear (2h) or cyclic (2i and j), are also suit-
able groups for this transformation, although cyclic alkyl
groups provided somewhat lower yields. Remarkably, a com-

Scheme 2 Biologically active natural products containing the 3-azabi-
cyclo[4.2.0]octan-2-one motif.

Scheme 3 Initial result: selective endo cyclization.

Fig. 1 Transition states for the 5-exo and 6-endo cyclization.
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pletely 6-endo selective cyclization was observed in all cases,
regardless of the nature of the alkyne substituent.

Finally, considering the push–pull nature of the cyclo-
butane moiety present in 3-azabicyclo[4.2.0]oct-4-en-2-one
2a,14 we performed some experiments aimed at evaluating the
stability of this ring and the possibility of achieving a selective

ring-opening to access novel building blocks (Scheme 5).15 No
conversion was observed upon heating 2a to 110 °C, showing
significant thermal stability of this structure. Reaction of 2a
with 1 M HCl at room temperature did not lead to ring
opening, but provided quantitatively compound 4, in which
the ether moiety was cleaved. Lastly, heating 2a to 110 °C in
the presence of PTSA produced the cyclobutane ring-opening,
giving rise to 3,4,6-trisubstituted pyridin-2-one 5 in a high
yield.16

Conclusions

In conclusion, gold-catalyzed reactions of alkynylcyclobutanes
with a pendant amide group proceed selectively through a 6-
endo cyclization, providing in good yields cyclobutane-fused
pyridones, fragments with potential interest in medicinal
chemistry. The high selectivity observed for these reactions is
noteworthy, considering that the cyclization of alkynylcyclobu-
tanes having a pendant alcohol provides mixtures of endo/exo
products, with the one coming from an exo cyclization being
the major one. DFT calculations are in agreement with the
observed selectivity, which is maintained regardless of the sub-
stituent of the triple bond of the starting material. The cyclo-
butane ring present in the obtained products shows remark-
able stability, despite having push–pull character. It is stable
upon heating or in the presence of a strong acid at room temp-
erature, and only when heating in the presence of an acid is
the ring opening observed.
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