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Intramolecular Parallel [4 + 3] Cycloadditions of Cyclopropane
1,1-Diesters with [3]Dendralenes: Efficient Construction of
[5.3.0]decane and Corresponding Polycyclic Skeletons

Chi Zhang, Jun Tian, Jun Ren and Zhongwen Wang*

Abstract: Aiming to develop efficient and general strategies for
construction of skeletally complex and diverse polycyclic skeletons,
we have successfully developed [4+3]IMPC of cyclopropane 1,1-
diesters with [3]dendralenes. With a combination of the [4+3]IMPC
and subsequent [4+n] cycloadditions, trans-[5.3.0]decane skeleton
and its corresponding structurally complex and diverse polycyclic
ones could be constructed efficiently. The [4+3] cycloaddition
reaction mode of D-A cyclopropanes is a novel one which is through
the ring strain relief of a trans-[3.3.0]octane. We strongly believe that
the developed methods will demonstrate their potential applications
to natural products synthesis and leads discovery.

Developing efficient and general strategies to construct
skeletally complex and diverse polycyclic skeletons is quite
important for natural products synthesis, chemical biology
research and leads discovery. Bicyclo[5.3.0]decane
(hydroazulene), is a core skeleton existing in many structurally
diverse and biologically important natural products (Figure 1).2
Additionally, many of these natural products contain skeletally
diverse polycyclic skeletons (e.g. the cyclohexane-fused ones)
derived from bicyclo[5.3.0]decane. Thus, it's quite important to
develop efficient and general strategies for construction of this
core skeleton and corresponding polycyclic ones.
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Figure 1. Some important hydroazulene-derived bicyclic/tricyclic/polycyclic
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core skeletons in terpenoids/alkaloids.

Donor-acceptor (D-A) cyclopropanes can be easily obtained
and have been proved to be useful building blocks in organic
synthesis,™ and in recent years various formal cycloadditions of
which have been developed for efficient construction of
structurally diverse cyclic skeletons. However, compared to
other mostly studied [3+2] and [3+3] cycloadditions for
construction of 5- and 6-membered skeletons, [4+3]
cycloadditions for construction of 7-membered skeletons via D-A
cyclopropane as a 3C-synthon are quite limited. A common
understanding is that due to entropic and enthalpic factors, 7-
membered carbocyclic skeletons are much more difficult to
assemble in high efficiency with conventional methods.®! Thus,
in the reactions of D-A cyclopropanes with dienes, [3+2]
cycloaddition is considered to be the more favorable one than
[4+3] cycloaddition.®! Only three intermolecular [4+3]
cycloadditions of D-A cyclopropanes with dienes were reported
(Scheme 1).I lvanova et al reported the first [4+3] cycloaddition
with isobenzofurans’? or anthracenes!™ as dienes (Scheme 1
A and B), the success of which is probably ascribed to the
aromatization as a driving force. Tang et al reported a [4+3]
cycloaddition with siloxy-substituted dienes (Scheme 1, C),l'd in
which the steric repulsion between the bulky adamantyl esters
and siloxy groups is considered as the driving force to push the
reaction from the initially formed [3+2] cycloadducts to the
thermodynamically stable [4+3] cycloadducts. It should be
noticed that Budynina et al explored a TiCls-promoted reaction of
cyclopropane 1,1-diesters with more general alkyl-substituted
dienes.®! However, instead of the [4+3] cycloaddition, a [3+2]
one took place exclusively (Scheme 1, D). And in all of these
examples, aryl (or vinyl) group as a donor in the D-A
cyclopropane is necessary for activation of the C-C bond in the
cyclopropane ring, which may restrict the scope of the potential
applications of this method. It should also be noticed that to the
best of our knowledge there is no intramolecular [4+3]
cycloaddition reported up to date.

Intramolecular cycloaddition is one of the most efficient and
direct strategies for construction of polycyclic skeletons. We
have developed several Lewis acid (LA)-catalyzed
intramolecular cross (IMCC) and parallel (IMPC) [3+2], [3+3] and
[4+2] cycloadditions of D-A cyclopropanes for construction of
various bridged and fused polycyclic skeletons and applied them
in natural products synthesis.*"® In these examples, we found
that besides the aryl (or vinyl) groups as donors to activate the
D-A cyclopropanes, alkyl groups were also suitable in the
intramolecular cycloadditions and thus make their potential
applications more expansive. We decided to develop
intramolecular [4+3] cycloaddition to build cycloheptane-based
polycyclic skeletons.
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Scheme 1. Reported intermolecular [4+3] and [3+2] cycloadditions of D-A
cyclopropanes with dienes.

In this research, we report a LA-catalyzed [4+3]IMPC of
cyclopropane 1,1-diester with [3]dendralene for construction of
[5.3.0]decane skeleton (Scheme 2). [3]Dendralene was first
reported in 19551 and can be thought as a diene with a pendent
vinyl group. The most attractive feature of [3]dendralene is its
double Diels-Alder [4+2] cycloadditions for efficient generation of
skeletal complexity.*?) Reasons to choose [3]dendralene are
mainly based on the following considerations: (1) Based on our
previously developed [3+2]IMCC of cyclopropane 1,1-diester
with carbon-carbon double bond for construction of bridged
[n.2.1] carbocyclic skeletons,® we found that a vinyl group
could serve as both an activating group by stabilizing the
carbenium generated in the first cyclization step and a
regioselectivity-directing group. Thus in the first cyclization step
of this [4+3]IMPC the geminal two vinyl groups will doubly
activate and direct the reaction; (2) a diene moiety in the
[4+3]IMPC cycloadducts will further proceed second [4+n]
cycloadditions for construction of various carbocyclic or
heterocyclic skeletons. This [4+3]IMPC/[4+n] strategy will
provide a general and efficient one for construction of
bicyclo[5.3.0]decane-derived polycyclic skeletons.
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Scheme 2. Our hypothesis for construction of bicyclo[5.3.0]decane and
corresponding polycyclic skeletons.

To test our hypothesis, we synthesized substrate 1a following
the Fallis’s modified Miginiac-Barbier approach.! We were
delighted to find that when the reaction was conducted in 1,2-
dichloroethane (DCE) at 50 °C under the catalysis of Sc(OTf);
(10 mol%), the expected [4+3]IMPC cycloadduct 2a was formed,
together with a [3+2]IMPC cycloadduct 3a, both as a single
diasteroisomer. Aiming at improving both the ratio of 2a/3a and
the yield, 1a was used as the model substrate to optimize the
condition (Supporting information). We found that the reaction
was completed within 2 hours under catalysis of most of LAs
and in various solvents, among which 5 mol% of Yb(OTf); in
toluene at 110 °C gave the best result (Scheme 3). Under this
condition 2a and 3a were obtained with a ratio of 7.5:1 and 73%
yield. It should be noticed that even 1 mol% of Yb(OTf)s could
also efficiently promote the reaction with a longer reaction time
(6 hours).

Under the optimal reaction condition, we explored the scope
of substrates (Scheme 3). It was found that most of the
examples with various substituents on benzene ring gave good
yields and regioiselectivities. It should be pointed out that the
success of methoxyl-substituted examples may guarantee their
potential applications through subsequent dearomatization, e.g.
Birch reduction. When cyclopropane and [3]dendralene were
assembled on the 1,8-position of a naphthalene ring respectively
the reaction proceeded at even lower temperature (60 °C) and
with excellent regioiselectivity (2i:3i > 20:1) and yield (90%).
This probably attributes to the rigidity of the naphthalene linker.

CO,R
CO2R Yb(OTf)3 (5 mol%)

[

toluene, 110 °C

2a (7.5:1[8], 73%l) 2b (10.0:1, 70%)

2c (4.5:1, 65%)

CO,Me
CO,Me

CO,Me
CO,Me

2g (6.6:1, 71%) 2h (7.0:1, 66%) 2i (>20:1, 90%)!

Scheme 3. [a] Ratio of 2/3, determined by *H NMR spectroscopy of the crude
product. [b] Combined yield. [c] Reaction temperature was 60 °C.

Generation of a diene motif via the [4+3]IMPC provided an
excellent opportunity for post-modifications leading to natural
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products synthesis or leads discovery. Especially, various [4+n]
cycloadditions of diene will provide efficient construction of
additional carbocyclic or heterocyclic skeletons. In Scheme 4,
Diels—Alder [4+2] cycloaddition of 2d with dimethylacetylene
dicarboxylate (DMAD) afforded 4a efficiently as a single
diastereoisomer. Dienophile ethyl propiolate also worked well
with 1d to afford 4b as a single isomer, and both the
diasteroselectivity and regioselectivity are excellent. When N-
phenylmaleimide was used as dienophile with 1b, 4c was
obtained as a single diastereocisomerl®? in which five new
stereocenters were generated with excellent diastereoselectivity.
1,4-Benzoquinone was also used as dienophile with 1a and 4d
was obtained as a single diastereoisomer. 4d was not very
stable and was quantitatively oxidized to the corresponding
quinone 4e when being exposed to air. A hetero Diels-Alder [4+2]
cycloaddition of dienophile nitrosobenzenel*®! was also
conducted with combination of the [4+3]IMPC of 1d.
Cycloadduct 4f was successfully obtained with excellent
regioselectivity. [4+3]IMPC of substrate 1j bearing a tetra-
substituted cyclopropane also successfully proceed and with a
subsequent Diels-Alder [4+2] with DMAD, 4j was afforded.
Under catalysis of Sc(OTf); (10 mol%) in DCE at 45 °C,
[4+3]IMPC of substrate 1k with acyclic aliphatic linker also
successfully proceed and with a subsequent Diels-Alder [4+2]
with DMAD, 4k was afforded which was further aromatized to 5k
with oxidation by DDQ. In order to make the construction of
polycyclic skeletons more efficient, we tried to combine the
[4+3]IMPC and the Diels-Alder [4+2] cycloaddition in one-pot.
When the [4+3]IMPC of 1d was completed, DMAD was added
and we were glad to find that the reaction proceeded smoothly
to give 4a as a single diastereoisomer.

dienophile

toluene, reflux, overnight
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CO,Me CO,Me

4f (4
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Scheme 4. [a] Solvent was dichloromethane (DCM) and the reaction was
conducted at ambient temperature.

Efficient construction of an additional medium-sized ring by
cycloadditions of diene is also quite important for both natural
products synthesis and leads discovery. To demonstrate this,
two examples were exhibited (Scheme 5). 1c was firstly
converted to an Fe-complex 6*2 and the [4+3]IMPC of which
successfully afforded an additional cycloheptane skeleton (7)
with an excellent diasteroselectivity.!¥ The other example is a
[6+4] cycloaddition!*®! of 2a with tropone. Pentacylic cycloadduct
8 was obtained as a single diastereoisomer and in an excellent

yield.
CO,Me
COQMeﬁ>
toluene
Fe CO), 82 °C, 45 min

79%

tropone
COyMe (2.0 equiv)
CO,Me —————»
toluene
reflux, 5 h
73%

Fe,(CO)y
toluene

CO,Me
o / CO,Me __toluene
N reflux, 2 h
\ 70% (BRSM)
CO,Me
CO,Me  Yb(OT), 3 (5 mol%)
toluene, 110 °C 2h

Scheme 5.

To further gain insight into the mechanism of the reaction,
we prepared chiral substrate (-)-la. With the combination of
[4+3]IMPC of (-)-1a and a subsequent [6+4] with tropone, chiral
cycloadduct (+)-8 was successfully obtained (Scheme 6). (+)-8
was obtained as a single enantiomer in which five new
stereogenic centers were generated. The absolute steric
configuration of (+)-8 was unambiguously confirmed by X-ray
crystal analysis.*? This result indicates an Sx2 mechanism in
the first ring-opening/cyclization step of [4+3]IMPC, which is
similar to our previous reported one.’® A one-pot version of this
was also successfully carried out and (+)-8 was obtained in 60%

COo,Me

(R» YCOZMe

Me
Yb(OTf)3 CO,Me  tropone

(5 mol%) CO,Me (2.0 equiv)
toluene toluene
110 °C reflux, 5 h
73% 82%
(-)-1a 2a (+)-8

(99% ee)
One-pot [4+3]IMPC/[6+4] cycloaddition:
CO,Me
COzMe 4 v 0T, (5 mol%), toluene, 110°C, 2 h

(99% ee)

CO,Me

® \74c02Me

2. The solvent volume was conentrated to 1/5 of
the original one under reduced pressure,
Tropone (2.0 equiv), 110 °C, 6 h, 60%

(+)-8

Scheme 6. Asymmetric [4+3]IMPC of (-)-la and subsequent
cycloaddition.

[6+4]
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In the course of optimizing reaction conditions, we found that
when the reaction was conducted in DCE at temperature below
reflux, besides [4+3]IMPC cycloadduct 2a and [3+2]IMPC cis-
cycloadduct 3a, a third compound 9a was also observed
(Supporting information). With the increase of the reaction
temperature to reflux, 9a disappeared and the ratio of 2a/3a
increased which indicated a conversion of 9a to 2a. 9a was
isolated and the structure of which was confirmed as a
[3+2]IMPC trans-cycloadduct. An independent experiment was
carried out on 9a (Scheme 7). It was unambiguously confirmed
that 9a was converted to 2a either in DCE or toluene. This result
implied that trans-[3.3.0]Joctane 9a was thermodynamically less
stable.*®] A synergistic action of the ring strain relief and push-
pull effect of double donors (vinyl groups)/double acceptors
(ester groups) of trans-[3.3.0]Joctane overcame the difficult
formation of 7-membered ring, which led to a ring-opening of
cyclopentane followed by a recyclization to afford a
cycloheptane.

Yb(OTf)5 (10 mol%)

CO,Me DCE, relux, 1 hr, 73%
CO,Me or
toluene, 100 °C, 1 hr, 65%

Scheme 7. Conversion of [3+2]IMPC trans-cycloadduct 9a to [4+3]IMPC
cycloadduct 2a.

[3+2]IMPC

[4+3]IMPC

cis-A

Scheme 8. Proposed mechanism.

Based on the above results, a stepwise mechanism was
proposed (Scheme 8). The initial step is an Sn2 attack of internal
C=C of [3]dendralene to open the cyclopropane ring. Two
transition states were involved in this Snx2 attack: TSge and TSs;.
These two transition states led to intermediates trans-A and cis-
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A respectively and the former one is preferred. The second
cyclization goes through either [3+2]IMPC [7 to trans-
[3.3.0]octane (9) or cis-[3.3.0]octane (3), or [4+3]IMPC to trans-
[5.3.0]decane. From the preferred intermediate trans-A, either
[3+2]IMPC to 9 or [4+3]IMPC to 2 may happen, however the
unstable trans-[3.3.0Joctane 9 [ s converted to the
thermodynamically more stable 2 through trans-A and thus the
[4+3]IMPC dominates the reaction pathway. Conversion of 9 to 2
may be attributed to a synergistic action of the ring strain relief
and push-pull effect of double donors (vinyl groups)/double
acceptors (ester groups) of a trans-[3.3.0]octane. Quite different
from the reported [4+3] cycloaddition reaction modes of D-A
cyclopropanes, this is a novel one.

In conclusion, we have successfully developed LA-catalyzed
[4+3]IMPC cyclopropane 1,1-diesters with [3]dendralenes. To
the best of our knowledge, this is the first intramolecular [4+3]
cycloaddition of D-A cyclopropanes in which the donors can be
either aromatic or aliphatic functional groups. The [4+3]IMPC
reaction mode is also a novel one. By the [4+3]IMPC, a trans-
[5.3.0]decane skeleton was efficiently constructed. With a
combination of the [4+3]IMPC and subsequent [4+n]
cycloadditions through either stepwise or one-pot process, trans-
[5.3.0]decane-derived  structurally complex and diverse
polycyclic ones could be constructed efficiently. We strongly
believe that the developed methods will demonstrate their
potential applications to natural products synthesis and leads
discovery.
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