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uted cyclobutenes by tandem
[3,3]-sigmatropic rearrangement/[2 + 2]
cycloaddition of dipropargylphosphonates under
Ag/Co relay catalysis†

Qijian Ni, ‡ab Xiaoxiao Song,‡ab Chin Wen Png,c Yongliang Zhang*c

and Yu Zhao *bd

We present herein an unconventional tandem [3,3]-sigmatropic rearrangement/[2 + 2] cycloaddition of

simple dipropargylphosphonates to deliver a range of bicyclic polysubstituted cyclobutenes and

cyclobutanes under Ag/Co relay catalysis. An interesting switch from allene–allene to allene–alkyne

cycloaddition was observed based on the substitution of the substrates, which further diversified the

range of compounds accessible from this practical method. Significantly, preliminary biological screening

of these new compounds identified promising candidates as suppressors of cellular proliferation.
Fig. 1 Examples of cyclobutanes/cyclobutenes in bioactive
compounds.
Introduction

Carbocyclic four-membered rings represent important struc-
tural motifs in a range of natural and synthetic bioactive
molecules (Fig. 1). They also serve as valuable building blocks in
organic synthesis.1 Accordingly, considerable efforts have been
devoted to their preparation, with [2 + 2] cycloaddition repre-
senting the most straightforward approach.2,3 The cycloaddition
of allenes, in particular, is capable of delivering four-membered
rings with unsaturated substituents that can be further con-
verted to various functionalities.4 Many elegant catalytic
systems using Ru, Pd, Au, Co and organocatalysts were devel-
oped, which successfully promoted intra and intermolecular [2
+ 2] cycloaddition of allenes with alkenes and even alkynes
(Scheme 1a). However, all of these reported strategies required
the use of pre-synthesized allene substrates that are sensitive
compounds to handle. If reliable catalytic procedures can be
developed to promote tandem allene formation from readily
available substrates followed by cycloaddition in high
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f Chemistry 2020
efficiency, it will surely lead to more practical access to valuable
four-membered carbocyclic compounds.

The [3,3]-sigmatropic rearrangement of propargylic carbox-
ylates has been well-established under gold catalysis, which
Scheme 1 Tandem [3,3]-sigmatropic rearrangement/[2 + 2]
cycloadditions.
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Table 1 Optimization of the reaction conditionsa

Entry [Ag] Co-catalyst Cat loading Yieldb

1 AgBF4 [Cp*RhCl2]2
c 10 mol% 47

2 AgBF4 — 10 mol% 62
3 AgBF4 Cu(OAc)2 10 mol% 69
4 AgBF4 Ni(OAc)2$4H2O 10 mol% 65
5 AgBF4 Co(acac)2 10 mol% 27
6 AgBF4 Co(acac)3 10 mol% 69
7 AgBF4 Co(OAc)2 10 mol% 90
8 — Co(OAc)2 10 mol% n.r.
9 AgBF4 Co(OAc)2 5 mol% 99

a The reaction was performed by mixing the substrate and catalysts in
the solvent under N2 on a 0.1 mmol scale. b Isolated yield. c 2.5 mol%
[Cp*RhCl2]2. n.r. ¼ no reaction.

Scheme 2 Tail-to-tail [2 + 2] cycloaddition of
dipropargylphosphonates.
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enabled a facile transformation of these simple substrates to
allenylic esters.5 Building on this chemistry, the Zhang group
developed an elegant tandem Au(I)-catalyzed [3,3]-
rearrangement/[2 + 2] intramolecular cycloaddition of prop-
argylic carboxylates with indoles (Scheme 1b).6 A conceptually
related transformation was also disclosed by the Chan group.7

Despite these important advances, a general and modular
strategy for effective rearrangement of new functionalities for
allene generation in situ as well as cycloaddition with more
diverse p-systems is still highly sought-aer. To enable effective
generation of different structural scaffolds, achieving divergent
synthesis from the same family of substrates will be even more
desirable. Herein, we present our discovery of an intriguing
reactivity of easily accessible dipropargylphosphonates8 under
silver/cobalt bimetallic relay catalysis. An unprecedented Ag-
catalyzed [3,3]-sigmatropic rearrangement of prop-
argylphosphonate was observed, which was followed by
a cobalt-catalyzed intramolecular [2 + 2] cycloaddition to deliver
bicyclo[5.2.0]phosphonates bearing poly-substituted cyclo-
butanes or cyclobutenes in high efficiency (Scheme 1c). Inter-
estingly, either an allene–allene cycloaddition or allene–alkyne
cycloaddition was observed based on the substitution of the
substrates, which further diversied the range of compounds
accessible from this practical method. More importantly, such
structures were also demonstrated to be promising lead
compounds as suppressors of cellular proliferation in cancer
cells through biological screening.

Results and discussion
Reaction discovery and optimization

In an effort to evaluate novel ligands prepared in our group, we
chose dipropargylphosphonate 1a as the model substrate and
tried to achieve an intramolecular hydroarylation-type reaction
(Table 1). Initial studies focused on the use of a cationic
rhodium catalyst that could be generated from [Cp*RhCl2]2 and
AgBF4. As shown in entry 1, Table 1, instead of obtaining the
proposed hydroarylation product, we were surprised to observe
the formation of a completely unexpected bicyclic cyclobutane
product 2a in moderate yield. The formation of 2a was believed
to follow an interesting mechanism of tandem [3,3]-sigmatropic
rearrangement/[2 + 2] cycloaddition. Based on our group's
continuous interest in transitionmetal-catalyzed cycloadditions
to access carbocycles and heterocycles of various ring sizes,9 as
well as the synthetic utility of cyclobutanes, we decided to turn
our attention to the optimization of 2a formation.

In a control experiment, the silver salt alone proved to be
catalytically competent to produce 2a with an even higher yield
of 62% (entry 2). Subsequent screening of different silver salts,
however, led to no improvement, even though complete
consumption of 1a was typically observed (see Table S1 in the
ESI†). The [3,3]-sigmatropic rearrangement of 1a seemed to be
facile under silver catalysis to generate the bis-allene interme-
diate, which might undergo decomposition resulting in
reduced yield of 2a. Inspired by the reports on transition metal-
catalyzed [2 + 2] cycloadditions, we examined the use of various
metal salts as the co-catalyst to facilitate the [2 + 2]
12330 | Chem. Sci., 2020, 11, 12329–12335
cycloaddition step (entries 3–7). In particular, the use of
Co(OAc)2 was able to increase the yield of 2a to 90% (entry 7). As
a control reaction, the use of Co(OAc)2 alone led to no formation
of 2a at all (entry 8). Interestingly, lowering the loading of both
catalysts to 5 mol% led to the formation of 2a in quantitative
yield (entry 9), possibly by reducing the amount of the side
product.
Substrate scope

With the optimal conditions in hand, we moved on to investi-
gate the scope of this Ag/Co-catalyzed process (Scheme 2).
Regarding the substituent on the alkyne, the reaction could
tolerate a range of linear alkyl substituents to produce 2a–2f in
high efficiency. Ether-containing substrates also worked well
(2g–2i). When secondary or tertiary aliphatic substituents were
This journal is © The Royal Society of Chemistry 2020
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introduced on the alkyne terminal position, the overall reaction
efficiency dropped signicantly, possibly due to steric
hindrance upon [3,3]-sigmatropic rearrangement (e.g.,
a reduced 30% yield for the case of cyclopropyl-substituted 2j).
To our delight, terminal dipropargylphosphonate underwent
reaction smoothly to deliver 2k in good yield, the X-ray crystal
structure of which conrmed the general structures of 2. In
addition, the reaction was also operative with alkylphospho-
nates 1l–1m as well as phenyl phosphate 1n to produce 2l–2n in
good yields.

An interesting switch of reactivity was observed when we
examined substrates bearing aryl-substituted alkynes 3 (Scheme
3a). Under the same reaction conditions, this class of substrates
underwent a selective mono-[3,3]-sigmatropic rearrangement. A
[2 + 2] cycloaddition of the allene–alkyne intermediate then
produced bicyclo[5.2.0]cyclobutene 4 as the product, which was
assigned by single crystal X-ray analysis of 4a. This class of
polysubstituted cyclobutenes can serve as versatile and valuable
building blocks in organic synthesis, and the current method
represents an unprecedented catalytic tandem synthesis from
readily available starting materials.

The scope of this transformation was then probed. A range of
aryl-substituents containing electron-donating or electron-
withdrawing groups on the alkyne terminal position were well
tolerated, giving rise to 4b–4f in reasonable to excellent yields.
Alkyl substituents on the phosphonates were also compatible
with this catalytic system to produce 4g–4h in high yields. To
further expand the scope of this methodology, substrate 3i
derived from a secondary propargylic alcohol was also exam-
ined as a mixture of diastereomers (Scheme 3b). It is noteworthy
that the product would possess three stereogenic centers and
a complex mixture of isomers could be obtained. Interestingly,
Scheme 3 Allene-ynes [2 + 2] cycloaddition of
dipropargylphosphonates.

This journal is © The Royal Society of Chemistry 2020
we were able to isolate the major diastereomer 4i aer the
reaction, the relative conguration of which was also unam-
biguously assigned by single crystal X-ray analysis.

In addition to phosphonates, the analogous dipropargyl-
phosphonothioates 5 were also prepared and tested for the
tandem reaction (Scheme 4a). For a phenyl-substituted
substrate, the tandem reaction proceeded smoothly under
standard conditions to deliver cyclobutene 6, albeit with a lower
yield of 38%. Surprisingly, the methyl-substituted substrate
underwent the [3,3]-sigmatropic rearrangement step only once
to produce 7 in 65% yield. While the exact reason for this
change in reactivity is not clear, the incorporation of the sulfur
substituent seemed to prohibit the sigmatropic rearrangement
of the remaining propargylic ester unit.

In an attempt to prepare phosphonate substrates bearing
mixed aryl/alkyl-substituted propargyl units, we prepared, to
our surprise, propargyl phosphinates 8 (Tol ¼ p-tolyl) with an
allenyl substituent at the phosphorus center instead (Scheme
4b; see the ESI† for details). Interestingly, depending on the
substituent on alkyne (ethyl or TMS in 8a or 8b), either [3,3]
rearrangement followed by allene–allene cycloaddition or direct
alkyne–allene cycloaddition resulted in efficient synthesis of 9
or 10, respectively. Cyclobutene 10 was unambiguously
assigned by single crystal X-ray analysis. These studies further
expanded the range of products (6,4 fused bicycles) from this
catalytic system.

Divergent reactivity with the methyl-substituted substrate 1a
was also achieved under rhodium catalysis that is very similar to
that in entry 1 of Table 1 (Scheme 4c). By the use of [Cp*RhCl2]2
in combination with AgPF6, a diene product 11 was produced as
the major product of the reaction, which is likely formed from
a sequence of mono [3,3]-sigmatropic rearrangement followed
by a [1,3]-H shi.10 It's interesting to note that the formation of
products 4, 7 or 11 all generate a P-stereogenic center through
Scheme 4 More product diversity by substrate/catalyst variation.

Chem. Sci., 2020, 11, 12329–12335 | 12331
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desymmetrization of the prochiral substrates via the key [3,3]-
sigmatropic rearrangement step. Considerable efforts were
spent on achieving enantioselectivity in these transformations.
Some preliminary results were obtained, e.g., a 45% ee was
obtained for the preparation of 11 (see the ESI† for details).
Further investigation along these lines is underway.
Diverse synthetic application

To demonstrate the robustness of this methodology, a gram-
scale reaction of 3a was conducted that afforded 4a in
a slightly improved 77% yield (Scheme 5). The synthetic utility
of this polysubstituted cyclobutene was showcased in several
derivatization studies to deliver highly valuable four-membered
ring building blocks. Firstly, treatment of 4a withm-CPBA led to
an efficient oxidative rearrangement to produce cyclobutanone
12 bearing an a-quaternary center in 75% yield. The new
quaternary stereogenic center was introduced as a mixture of
diastereomer relative to the P-stereocenter. Secondly,
compound 4a could also undergo hydrolysis in the presence of
conc. HCl to yield a highly functionalized trisubstituted cyclo-
butene 13 in 44% yield. Interestingly an alkyl chloride was
introduced in addition to the ketone moiety, making this
a highly versatile building block in synthesis. Lastly, hydroge-
nation using different catalysts could produce diverse reduction
products. The reaction using RANEY®-Ni selectively reduced 4a
to the corresponding cyclobutane 14 as a single diastereomer in
good yield. Alternatively, reduction using Pd/C led to a global
reduction of the C]C bond, benzyl ether and methylene ether
to produce trisubstituted 15 in a good yield of 78%, albeit with
a low 1.9 : 1 dr. The relative conguration of the major diaste-
reomer of 15 was determined to be trans as shown based in the
NOESY experiment. The reduction of 14 under similar condi-
tions successfully yielded product 15 in 72% yield with a slightly
improved dr of 2.4 : 1. Overall, compound 4a can serve as
a versatile common precursor to access a wide range of valuable
polysubstituted four-membered carbocycles.

In an effort to better understand the reaction pathway,
a series of 1H and 31P NMR measurements were carried out by
heating substrate 1a with different catalysts in toluene-d8 (see
the ESI† for details). By heating 1a with 5 mol% AgBF4 for 1
Scheme 5 Transformation of 4a into versatile functionalized
cyclobutanes.

12332 | Chem. Sci., 2020, 11, 12329–12335
hour, we observed the formation of a new peak at 17.26 in 31P
NMR and 5.16 and 1.98 ppm in 1H NMR. In contrast, by heating
1a with 5 mol% Co(OAc)2, no change in 31P NMR was observed
at all, suggesting that the cobalt catalyst was not active for the
initiation of the tandem reaction. For the reaction with AgBF4,
continuous heating led to a gradual decrease of the originally
observed intermediate with the detection of product 2a aer
2 h. Based on these observations, we propose that this reaction
is initiated by silver activation of the alkyne moiety (as in the
postulated A, Scheme 6). The allene–alkyne B or bis-allene C,
once formed, is likely activated by cobalt for the following facile
[2 + 2] cycloaddition leading to higher yield of the desired
products.4i,11
Biological studies

Considering that cyclobutane-containing compounds display
signicant biological activities (Fig. 1) and our products
represent novel structures, efforts were then spent to examine
the possible anti-proliferative effect of the newly developed
compounds and in turn as potential anti-cancer agents. Thus,
adenocarcinoma cells, human derived colorectal cancer cell
line, DLD1, was subjected to treatment with 2h, 4a, or 6, for 48
hours in culture. At a dosage of 1.25 g ml�1, all three
compounds suppressed DLD1 growth by more than 30%
compared to the DMSO control group (Fig. 2). This prompted
further conrmation and comparisons of the level of the anti-
proliferation effect between these compounds. In order to
establish controlled comparison, IC50 of each compound was
determined, which was subsequently employed for other
assays. As shown in Fig. 2B, the relative IC50 values of 2h, 4a
and 6 were 0.008 mg ml�1, 0.01 mg ml�1 and 0.074 mg ml�1

respectively. Of note, treatment with 6 at the maximum test
dosage of 0.15 mg ml�1 resulted in �89% suppression of
proliferation compared to �72% and �87% suppression by
2h and 4a respectively. It is well understood that the loss of
overall level of cellular proliferation could in part be caused
by increased cell death aer compound treatment. Of the
three compounds, 6 showed signicant induction of
apoptosis in DLD1 cells (Fig. 2C). Aer treatment with 6 at the
IC50 concentration, total DLD1 cell count was signicantly
reduced by 48% (Fig. 2C, le most bar chart). There were 2.1-
fold more total apoptotic cells aer treatment with 6
compared to the DMSO control (Fig. 2C, right most bar chart).
Scheme 6 Proposed reaction mechanism.

This journal is © The Royal Society of Chemistry 2020
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Interestingly, the three compounds showed different kinetics
for proliferation suppression (Fig. 2D). Based on results from
the xCELLigence real-time cell analysis (RTCA) assay, cell
proliferation was marginally inhibited by 2h and 4a at early
time points compared to the DMSO control. On the other
hand, upon treatment with 6, there was a signicant and
rapid loss of cell density based on impedance measurements
in the assay. The low level of cell density was maintained
throughout, to the end of the experiment, at 48 hours and did
not recover. All these demonstrated that the three bicyclic
compounds, particularly 6, are biologically functional and
could induce the suppression or killing of colorectal cancer
cells in vitro.

Our data showed that 2h and 4a are weak suppressors of
cellular proliferation compared to 6 which caused signicant
reduction in DLD1 proliferation and increased cell death
This journal is © The Royal Society of Chemistry 2020
(Fig. 2). Induction of cellular apoptosis is an important
mechanism for any compound to function as an anti-tumour
drug particularly for long term tumour eradication. Based on
the TCRPs of the three compounds, it is clear that 6 worked
rapidly and irreversibly to suppress DLD1 cell growth
compared to the 2h and 4a where cell growth was retarded only
at the early phase of the treatment (Fig. 2D). The TCRP of 6
showed a similar trend to other cytotoxic compounds that
inhibited DNA synthesis and caused cycle arrest that eventually
resulted in cell death.12 On the other hand, 2h and 4a displayed
TCRP similar to that of compounds that act as antagonists of
various G protein-coupled receptor signalling pathways.
Further detail characterization of these compounds in other
tumour cell types and in vivo models will be required to
understand the mechanism of actions and the extent of their
applications in cancer therapy.
Chem. Sci., 2020, 11, 12329–12335 | 12333
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Conclusions

In summary, we have developed an efficient preparation of
bicyclo[5.2.0]-phosphonates via Ag/Co-catalyzed tandem [3,3]-
sigmatropic rearrangement/[2 + 2] cycloaddition of
dipropargyl-phosphonates. These products can serve as
a versatile springboard for the construction of various poly-
substituted cyclobutenes and cyclobutanes. Selected products
are shown to be promising leads as suppressors of cellular
proliferation. The development of a better understanding of the
catalytic mechanism as well as other tandem cycloaddition
reactions is currently under investigation.
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