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ABSTRACT: A rhodium-catalyzed [5 + 2 + 1] reaction of exocyclic-ene-vinylcyclopropanes (exo-ene-VCPs) and CO has been
realized to access challenging tricyclic n/5/8 skeletons (n = 5, 6, 7), some of which are found in natural products. This reaction can
be used to build tetracyclic n/5/5/5 skeletons (n = 5, 6), which are also found in natural products. In addition, 0.2 atm CO can be
replaced by (CH2O)n as the CO surrogate to achieve the [5 + 2 + 1] reaction with similar efficiency.

Eight-membered carbocycles are found in many natural
products, many of which have significant biological

activities (Figure 1a and b).1 The synthesis of eight-membered
carbocycles is still posing challenges, and many leading
chemists have been developing new methods and strategies
for accessing this skeleton.2 Among these reported reactions,
transition-metal-catalyzed cycloadditions using various syn-
thons provide many efficient ways to build target skeletons. For
example, we once developed a rhodium-catalyzed [5 + 2 + 1]
reaction of ene-vinylcyclopropanes (ene-VCPs) and CO
(Scheme 1a, atom labeling of the substrates is also shown
here).3a,b We applied this reaction to the synthesis of eight-
membered ring containing natural products, such as
(±)-asterisca-3(15),6-diene3c and (+)-asteriscanolide.3d,e Re-
cently, we wondered whether this [5 + 2 + 1] reaction can be
used to synthesize angular tricycles containing eight-membered
carbocycles using substrates of exocyclic ene-vinylcyclopro-
panes (exo-ene-VCPs), which have their C8 and Ca atoms
fused by a ring (Scheme 1b). We felt excited by this idea
because the target tricyclic skeletons from this [5 + 2 + 1]
reaction, if successful, are found in natural products such as
hyphenrones D and pepluanol B shown in Figure 1b.4

Previously, we developed strategies to combine the [5 + 2 +
1] reaction with other transannular reactions such as aldol, ene,
and radical coupling to access 5/5/5 tricyclic skeletons
(Scheme 1a).5 Some natural products synthesized by this
strategy are shown in Figure 1c.5 If the above-mentioned idea
of the synthesis of angular tricycles containing eight-membered
carbocycles can be accomplished using exocyclic ene-vinyl-
cyclopropanes, we then envisioned that the cycloadducts from
the [5 + 2 + 1] reactions could also be converted to 5/5/5/5

and 6/5/5/5 tetracyclic skeletons (Scheme 1b), some of which
are found in natural products shown in Figure 1d.6

Importantly, these natural products have significant biological
activities (listed also in Figure 1d) and have attracted intensive
attention from many leading total synthetic chemists.7

Therefore, the synthesis of these multicyclic rings by the
present strategy would provide new and step-economic ways to
access related natural products and analogues, which could
then be beneficial for future drug discovery. We were happy to
realize the above two formidable goals, which are communi-
cated here.
The synthesis of exo-ene-VCP substrates was quick, and

details are given in the Supporting Information. The reaction
conditions for the present [5 + 2 + 1] reaction (Scheme 2)
include 10 mol % [Rh(CO)2Cl]2, 0.2 atm CO, and dioxane as
the solvent (using our traditional condition of 5 mol % catalyst
gave only 42% yield of 2a, see the Supporting Information for
details). We were happy to find that 1a can undergo [5 + 2 +
1] cycloaddition, giving rise to the cis−cis-5/5/8 tricyclic
product 2a (confirmed by X-ray analysis) in a 49% yield with
excellent diastereoselectivity. The stereochemistry can be
rationalized by the irreversible alkene insertion step, as
revealed by DFT calculations shown in the Supporting
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Information. Then phenyl-substituted substrate 1b was tested,
showing that the corresponding tricyclic product 2b was
obtained in a 64% yield. To our delight, electron-withdrawing
and electron-donating phenyl groups in the substrates were
tolerated, delivering [5 + 2 + 1] products 2c−e in moderate
yields (56−71%).
To our excitement, substrate 1f, the phenyl-substituted

substrate 1g, and the methyl-substituted substrate 1h can all
undergo [5 + 2 + 1] reactions, generating respectively cis−cis-
6/5/8 tricyclic products 2f, 2g, and 2h in moderate yields with
excellent diastereoselectivities (48%, 53%, and 50%). The
structure of 2f was also confirmed by X-ray analysis of its
derivative (see the Supporting Information for details). It is
important to underline that the seven-membered ring-
embedded substrate 1i was also suitable for the [5 + 2 + 1]

reaction, and the rare 7/5/8 tricyclic product 2i was obtained
in a 28% yield. Finally, we evaluated substrates with different
tethers, observing that substrates with gem-diester and ether
tethers can successfully deliver the tricyclic products 2j and 2k
in moderate yields (50% and 46%, respectively). Unfortu-

Figure 1. (a) Selected natural products featuring eight-membered
carbocycles. (b) Examples of 6/5/8 and 5/5/8 embedded natural
products. (c) Selected 5/5/5 natural products synthesized by a [5 + 2
+ 1] reaction combined with transannular reactions. (d) Examples of
5/5/5/5 and 6/5/5/5 tetracyclic natural products.

Scheme 1. [5 + 2 + 1] Reaction and Its Application

Scheme 2. Substrate Scope of the [5 + 2 + 1] Reactiona

aAll reactions used 10 mol % [Rh(CO)2Cl]2 in 0.05 M dioxane under
0.2 atm CO and 0.8 atm N2 at 90 °C for 24 h unless otherwise
specified, substrates were on the 0.07−0.68 mmol scale, and the
reported yields represent an average of the yields of the isolated
products from two runs. bConfirmed by X-ray analysis. cZ/E mixture.
d1 mmol scale with 5 mol % [Rh(CO)2Cl]2.

ePartially decomposed at
150 °C in p-xylene. fA mixture was obtained at 150 °C in p-xylene.
gAn undetermined byproduct was obtained at 120 °C in p-xylene.

Scheme 3. [5 + 2 + 1] Reaction of Endo-ene-VCPs and CO
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nately, substrate 1l with two substituents, a methyl group in
the C1 position and a phenyl group in the C3 position of the
VCP moiety, failed. The [5 + 2 + 1] reaction of substrate 1m
to synthesize the 5/6/8 product was not successful either. We
were also disappointed by finding that neither substrate 1n
with a cis C1�C2 double bond in its VCP moiety nor substrate
1o with a phenyl group in its C2 position can participate in the
[5 + 2 + 1] reactions (Scheme 2).
The above-described successes encouraged us to test

whether endo-ene-VCP substrates (with the Ca, C7, and C8
in a ring) can also give the tricyclic products (Scheme 3).
Actually, we tested this idea using 1p in our previous synthesis
of asteriscanolide.3d,e Unfortunately, this substrate did not
succeed. Maybe the five-membered ring in this substrate is too
compact and consequently alkene insertion of the 2π
component in the [5 + 2 + 1] reaction could be difficult
(Scheme 3a). We then speculated that a substrate with a six-
membered ring could have easier alkene insertion and the
corresponding [5 + 2 + 1] reaction would have the opportunity
to occur. To our delight, the [5 + 2 + 1] reaction of 1q did give

the desired cycloadduct, even though the yield was 27%
(Scheme 3b). We also computationally studied the stereo-
chemistry of this [5 + 2 + 1] reaction, showing the diastereo-
selectivity is determined by the reductive elimination step, not
the alkene insertion step (see the Supporting Information for
details).
In the [5 + 2 + 1] reaction, we applied 0.2 atm CO, which

can be easily prepared by mixing two gases of CO and N2 in a
1:4 ratio. If 0.2 atm CO gas was not available, we recommend
chemists use (CH2O)n as the surrogate for the 1C synthon.
This idea was inspired by the rhodium-catalyzed Pauson−
Khand reaction using (CH2O)n as the carbonyl source.

8 We
were happy to find that, using 50 equiv of CH2O, substrate 4
can undergo the [5 + 2 + 1] reaction to generate bicyclic
product 5 in a 58% yield, which was 9% lower than that using
0.2 atm CO (Scheme 4a). For substrates 1a and 1f, similar
yields (56% and 40% with (CH2O)n vs 49% and 48% with CO,
respectively) were obtained.
Finally, we demonstrated that the present tricyclic products

can be converted into compounds with 5/5/5/5 and 6/5/5/5
skeletons (Scheme 4b). First, compound 2a could undergo a
SmI2-mediated reductive coupling reaction to deliver the
tetracyclic product 3a in a 56% yield at room temperature.
Compound 2c catalyzed by 10 mol % InCl3

5b underwent an
ene reaction to generate product 3c in a 64% yield.
Additionally, the 6/5/5/5 tetracyclic product 3g was obtained
in a 73% yield from the ene reaction of [5 + 2 + 1] cycloadduct
2g.
In conclusion, the rhodium-catalyzed [5 + 2 + 1] cyclo-

additions of exocyclic-ene-vinylcyclopropanes with CO can
successfully take place to access cis−cis-n/5/8 (n = 5, 6, 7)
tricyclic products. Importantly, these tricyclic products can in
principle be converted into molecules with 5/5/5/5 or 6/5/5/
5 tetracyclic skeletons, as demonstrated by three examples in
this paper. In addition, cheap and convenient (CH2O)n can act
as an effective carbonyl source for the [5 + 2 + 1] reaction.
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