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Lewis Acid Catalyzed Formal Intramolecular [3+2] Cross-
Cycloaddition of Cyclopropane 1,1-Diesters with Alkenes: General and
Efficient Strategy for Construction of Bridged [n.2.1] Carbocyclic

Skeletons**

Wenju Zhu, Jie Fang, Yong Liu, Jun Ren, and Zhongwen Wang*

Developing efficient and general strategies to construct
skeletally complex and diverse polycyclic skeletons is impor-
tant for both synthesis of natural products and chemical
biology research. The structurally complex, diverse, and
interesting family of bridged [n.2.1] (n=2,3,4) carbocyclic
skeletons, especially that of [3.2.1]octane, exists in terpenoids
and alkaloids which display an important and wide range of
biological activities (Figure 1).l!’" Additionally, because of
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Figure 1. Representative natural products with [n.2.1] carbocyclic skel-
etons.

their inherent stereochemistry such skeletons are also useful
building blocks for stereoselective synthesis of natural
products having other types of skeletons, for example, the
cis-1,3-disubstituted cycloalkanes which can be accessed by
cleavage of carbon—carbon bond. Because of the importance
of such skeletons, it is not surprising that many efficient and
novel strategies have been successfully developed. For
example, cycloadditions and domino reactions.’* Develop-
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ment of a more general, efficient, and conceptually new
strategy to afford such [n.2.1]carbocyclic skeletons still
remains important and challenging.

A cyclopropane 1,1-diester can be easily prepared and has
been proven to be a versatile building block in Lewis acid
(LA) promoted intermolecular cycloadditions® for the
construction of various cyclic skeletons.) Compared to its
intermolecular variant, examples of LA-promoted intramo-
lecular cycloadditions of cyclopropane 1,1-diesters are lim-
ited.>! Our laboratory recently described an IMCC (intra-
molecular cross-cycloaddition) of functionalized cyclopro-
panes with carbonyl or imine groups under the catalysis of
LAs and it provides a general strategy for the construction of
bridged oxa- and aza-[n.2.1] or [n.3.1] skeletons. The method
has been successfully applied to the total synthesis of
platensimycin and bruguierol.”? We envisioned using the
IMCC on cyclopropane 1,1-diester/alkene system to provide
a general and efficient strategy for the construction of bridged
[7.2.1] carbocyclic skeletons (Scheme 1).

Prior to our research, only one IMPC (intramolecular
parallel cycloaddition) example of a cyclopropane 1,1-diester
and an alkene was reported by Snider etal. in 1986
(Scheme 1).># Upon analyzing the reported examples,*1!
we hypothesized that in the case of the intramolecular
reaction of a cyclopropane 1,1-diester with an alkene the
most important factor for regioselectivity was the stability of
the generated carbenium in the first cyclization step, and thus
the substitution of alkene must play an important role
(Scheme 1). When the less-substituted internal carbon atom
in C=C connects to C2, a more stable carbenium is generated
on the more substituted external carbon atom in the C=C, and
a second carbon—carbon bond is formed subsequently to
afford a fused bicyclic skeleton (IMPC: Snider’s case). We
thus envisioned that by using a less-substituted external
carbon atom in the C=C, the generated internal carbenium
would be more stable and a bridged [n.2.1] skeleton would
result (IMCC). Herein we describe the first LA-catalyzed
intramolecular cycloaddition of cyclopropane with an alkene
as a general strategy for the construction of bridged [n.2.1]
carbocyclic skeletons.!"!

Based on a preliminary intermolecular experiment
between a cyclopropane 1,1-diester and styrene,'” the
benzene-linked substrate 1a was employed to explore the
optimized reaction conditions for the intramolecular [3+42]
cycloaddition. Under the catalysis of Sc(OTf); (20 mol %) in
1,2-dichloroethane (DCE), we found that a [3+2] IMCC
successfully afforded the desired [3.2.1]octane product 2a in
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Scheme 1. Regioselectivity of intramolecular [342] cycloaddition of
cyclopropane 1,1-diester with alkene. EWG = electron-withdrawing

group.
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Scheme 2. [3+2] IMCC of 1a and X-ray crystal structure of 2a.

78 % yield together with 2a’ (15%; Scheme 2). The reaction
of 2a under the same reaction conditions did not afford 2a’.
Therefore, formation of 2a’ indicated a stepwise process for
the [342] IMCC. In this process a carbenium was generated
after the first cyclization step, and gave the cycloadduct 2a
after the second cyclization step or gave the elimination
product 2a’ with loss of a proton resulting from either the
steric hindrance of the carbenium or the formation of
a conjugated system. The structure of 2a was unambiguously
confirmed by NMR spectroscopy, HRMS, and X-ray crystal
structure analysis.'>' This reaction showed excellent regio-
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Table 1: LA-catalyzed [3+2] IMCC of cyclopropanes 1.
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selectivity and no [34+2] IMPC cycloadduct was observed.
Various parameters were tested to optimize the reaction
conditions (see the Supporting Information), and we selected
Sc(OTf)y/DCE for further investigation.

Under the optimized reaction conditions, a series of
reactions were carried out (Table 1). Reaction of the substrate
1c¢ with a 1,1-disubstituted alkene also worked well with
excellent regioselectivity to afford the [3+2] IMCC product
2c. In addition to 2c the elimination product 2¢’ was also
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[a] Reaction conditions: 0.4 mmol of 1, 20 mol % of Sc(OTf);, 7.8 mL of
DCE, 65°C, Ar. [b] Yield of isolated product. [c] 30 mol % of catalyst was
employed. [d] Reaction was run at 10-15°C. [e] 5 mol % of catalyst was
used.

obtained. The substrate 1d, having a quaternary carbon
center (C2) in the cyclopropane ring also worked well, and the
substrate 1e having a 1,2-disubstituted alkene (Z/E=3.0:1)
gave the [342] IMCC product 2e as a mixture of two
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diastereoisomers (1.8:1). The change in the ratio of the
isomers was probably a result of the different facial attack of
C=C on C2 of the cyclopropane. In the reaction of the enyne
substrate 1f, the IMCC product 2f and the [3+2] IMPC
product 21, from the cyclopropane 1,1-diester reaction with
the alkyne, was also obtained.!”! We also tried the reaction of
the enol silyl ether 1g, however, instead of the IMCC product,
2¢g’ was obtained as a result of a retro-aldol of the IMCC
product, a reaction similar to that reported by Jung et al.l*"!
and its intermolecular variant reported by Tang et al. and us
previously.®™ When the alkene moiety was not directly
connected to the benzene ring (nonstyrene type), the reaction
still worked well. To the best of our knowledge, this is the first
LA-catalyzed cycloaddition of cyclopropane with nonacti-
vated alkenes. Three experiments for the construction of
a [2.2.1]heptane skeleton were also carried out. The substrate
1i gave the desired cycloadduct 2i successfully, and reaction
of 1j with a 1,2-disubstituted alkene also worked but with
a lower yield. The reaction of 1k with a 1,1-disubstituted
alkene gave the elimination product 2Kk’.

To further illustrate the generality of the strategy and
better elucidate its potential application to the synthesis of
polycyclic natural products (especially those containing
a [3.2.1]octane, Figure 1), several core skeletons in related
natural products have been constructed (Table 2). However,
different from the benzofused substrates, the first example
(3a) was unsuccessful. Another example (3g) worked but
with a lower yield. Considering of the importance of the
stability of the generated carbenium as mentioned above
(Scheme 1), we thought that introduction of a suitable func-
tional group (as an activating group) which would stabilize the
generated carbenium might be crucial. Additionally, such
a functional group should also affect the regioselectivity
(directing group) and provide a means for post-modification
to meet the structurally diversity of bridge-head substituents
in natural products (e.g. hydrogen in phyllocladene, methyl in
hibaene, ester in kopsifoline, and hydroxy in G. B. 13;
Figure 1). A geminal vinyl group was the suitable selection
(Scheme 3). Reactions of several diene substrates were

CO,R COR
cozR © CH,0,R COR COR
o S 2 B - COR CO.,R
o=—More | N\
stable = =X
N N cation post-modification
vinyl group for

(activation & direction) bridge-head diversity

Scheme 3.

implemented and the results were positive (3b—f, Table 2).
Under the catalysis of Sc(OTf); (20 mol % ) the reaction of 3b
successfully underwent the reaction to give 4b in 66 % yield.
When SnCl, (20 mol % ) was used as the catalyst, the yield was
increased to 77 %. It should be noted that compared to the
failure of the construction of [4.2.1]nonane from a non-vinyl-
substituted substrate, the vinyl-substituted example 4¢ was
successful, albeit in a lower yield. Synthesis of the cyclo-
pentane-based tricyclic product 4d and the cyclohexane-
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Table 2: LA-catalyzed [3+2] IMCC of cyclopropanes 3.2

Cyclopropane 3

Product 4
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[a] Reaction conditions: 0.02 mmol of 3, 20 mol % of SnCl,, 60-65°C,
4.0 mL of DCE, Ar. [b] Yield of isolated product. [c] 20 mol % of Sc(OTf),
was used. [d] Reaction still proceeded at 50°C with a similar yield.

based tricyclic products 4e and 4f were also successful.
Stereoselectivities of these examples were excellent. We
believe that these examples will be valuable to the synthesis of
structurally complex and diverse polycyclic terpenoids and
alkaloids (Figure 1). A single-crystal X-ray structure of 6 was
obtained to confirm the stereochemistry of the products
(Scheme 4).

An asymmetric experiment has been carried out to further
elucidate the potential application of this IMCC strategy to
the synthesis of natural products. Under the catalysis of
Sc(OTf); (20 mol %), the [34+2] IMCC of the chiral substrate
(4)-1a successfully afforded (—)-2a (> 99 % ee) in 80 % yield
(Scheme 5). This result indicated that there was no racemi-
zation of the stereogenic carbon center in the cyclopropane
ring.

To further demonstrate the potential of this strategy, the
[3+42] IMCC was used in the total synthesis of the natural
products phyllocladanol™ and phyllocladene!™® (Scheme 6).
The Wittig olefination of the known aldehyde 7'"! afforded 8
which was additionally reduced to the alcohol 10. Cyclo-
propanation of 11 gave the cyclopropane 1,1-diester 12, and
after the sequential deprotection/oxidation/alkynylation/

Angew. Chem. Int. Ed. 2013, 52, 2032 -2037
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RCM™ process, the [34+2] IMCC precursor 16 was obtained.
Under the catalysis of SnCl,, the [34+2] IMCC product 17 was
successfully obtained in an 81 % yield. To our surprise, even
though the precursor 16 was a mixture of two stereoisomers
(1.5:1), the cycloadduct 17 was obtained as a single isomer,
thus indicating a stepwise ring-opening/cyclization process.
Subsequent dealkoxycarbonylation” and oxidative cleavage
of the double bond gave the aldehyde 19, which was easily
oxidized in air and quickly subjected to the decarbonyla-
tion® step to afford 20. The reduction of 20 afforded
phyllocladanol (21), and phyllocladene (22) was finally
obtained from 21 by a a one-pot iodination/dehydroiodina-
tion operation.” The characterization data were identical
with those reported in the literature.'®%?

In summary, by rationally analyzing the influence of the
activation and directing effects of the substitutents of an
alkene moiety on the regioselectivity and reactivity, we
developed a novel [3+2] IMCC of cyclopropane 1,1-diesters
with alkenes. To the best of our knowledge, this is the first
acid-catalyzed intramolecular [3+2] cycloaddition of a cyclo-
propane with an alkene, as well as the first acid-catalyzed
[342] cycloadditon of cyclopropane with a non-activated
alkene. This [342] IMCC offers an efficient and general
strategy for the construction of structurally complex and
diverse bridged [n.2.1] carbocyclic skeletons. The features of
this strategy include high efficiency, excellent stereo- and
regioselectivity, mild reaction conditions, and generality. The
[34+2] IMCC strategy has been successfully applied to the
total synthesis of the tetracyclic diterpenoids phyllocladanol
and phyllocladene. Additional investigation of this [3+42]
MCQC strategy, including its potential application to the total
synthesis of polycyclic terpenoids and alkaloids is being
carried out in our laboratory.
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Scheme 6. Total synthesis of (£)-phyllocladanol and (+)-phyllocla-
dene: a) PPh;=CH,CO,Et, ethanol, 98 %; b) Mg/MeOH, reflux, 90%;
¢) LiAlH,, THF, 0°C, 89%; d) TBSCI, Imidizole, PPh;, CH,Cl,, RT, 83 %;
€) N,=C(CO,Me),, [Rh(esp),], 32°C, 54%; f) 1m HCl, THF, RT, 83%;
g) IBX, DMSO/THF, RT, 87 %; h) Bestmann reagent, K,CO;, MeOH,
RT, 84%,; i) Grubbs-Il, ethylene, 2.5 MPa, DCM, RT, 86%,; j) SnCl,

(20 mol %), DCE, 60-65°C, 81 %,; k) LiCl, wet DMSO, 160°C, 86 %;

1) Oy, CH,Cl,/MeOH (1:1), —78°C, 74%; m) PPh;RhCI, PhCN, 140-
170°C, 81%; n) LiAlH,, THF, RT, 90%; o) 1. I,, PPh;, Imidizole,
CH,Cl,, 0°C-RT; 2. tBuOK, DMSO, RT, 66% (two steps). DMSO =di-
methylsulfoxide, IBX = o-iodoxybenzoic acid, [Rh(esp),] =bis[rhodium
(o,0,0,0-tetramethyl-1,3-benzenedipropionic acid)], TBS =tert-butyldi-
methylsilyl, THF =tetrahydrofuran.
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