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and to provide an overall picture of the mechanism.

Abstract: An access to functionalised eight-membered carbocyclic ring compounds was developed by simply
stirring an unusual vinylogous Donor-Acceptor Cyclopropane (DAC) in boiling o-xylene. Both experimental
and computational studies were performed to explain the diastereoselectivity/regioselectivity transfer observed
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Introduction

The development of efficient synthesis to access eight-
membered carbocyclic ring systems represents an
important area of research,’! given the number of
biologically potent targets that incorporate such rings
(the most famous one being, of course, the Taxol,
Figure 1).”! However, owing to ring strain and trans-
annular interactions,”! the formation of eight-mem-
bered carbocyclic derivatives has sometimes proven
difficult.

To overcome the challenge of their synthesis, one
strategy implies to take advantage of the ring strain
relief of small cycles. Ring opening of activated
cyclopropanes, the smallest carbocyclic systems, not
only offers a thermodynamic driving force but also
directs the selectivity of C—C bond cleavage. There-
fore, high regio- and stereoselectivities can arise from
rearrangement of small rings. Many strong methods
are at disposal for the stereoselective synthesis of
cyclopropanes.”! Consequently, this three-atom build-

retapamuline

taxol (antibiotic)

spartidienedione
(anti-inflammatory)

distichol
(anti-bacterial)

Figure 1. Biologically potent target incorporating an eight-
membered ring.



ing block is highly valuable in the controlled elabo-
ration of carbon-carbon c-bond of complex molecules.
Inspired by the elegant Cope rearrangement of
divinylcyclopropane 1 into the corresponding seven-
membered ring systems 2 (Scheme 1, eq. 1), and
having in mind that the cyclopropane ring has a C=C
double bond character,” we hypothesized that replac-
ing one of the double bonds by a cyclopropyl
substituent could lead to the formation of the challeng-
ing eight-membered carbocyclic structure 4 (Scheme 1,
eq. 2). It is worth noting that, for this divinylcylopro-
pane-cycloheptadiene rearrangement to occur at room
temperature or even below, a cis relationship between
the double bond partners is necessary (see transition
state I, Scheme 1 eq. 1).®) Therefore, the relative
stereochemistry between the double-bond (in pink) and
the cyclopropane (in blue) of 3 must be considered.
This assumption made and the geometric parame-
ters issues raised, we needed to find how to activate
this framework 3, to trigger the subsequent ring
openings and final cyclization. Let us guide you
carefully through the design of the cyclization precur-
sor and take one step at a time. The central element
lies in a Donor-Acceptor Cyclopropane (DAC) 5
(Scheme 2). The unique reactivity of DACs molecules
has generated a great deal of interest in recent
years."*'% The presence of antagonist electron-donat-
ing and electron-withdrawing partners on vicinal
carbon atoms (C1 and C2) associated with the inherent
ring strain of the cyclopropane (~27 kcal.mol™") leads
to a high polarization of the C1-C2 bond, allowing
ring cleavage, in mild conditions. A polarized three-
carbon atom building block is thus at disposal for
subsequent cyclizations, rearrangements, and so on.
Regarding the structure of DACs, typical acceptor
groups (A) are diesters, dinitriles or diketones. Having
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Scheme 2. Design of the cyclisation precursor 8.

in mind that a 2 7 partner is required, a gem-vinylester/
ester group should be electron withdrawing enough to
induce the cooperative C1—C2 bond breaking (see 6).
As for the donor component (D), a cyclopropyl
element is necessary to bring the three last carbons
needed 7. This is strongly supported by several recent
published works. The different groups demonstrated
that a simple cyclopropyl group could act as an
excellent donor in DACs.' To favour the bond
cleavage at C6—C7, an alkoxy substituent should be
added 8. This is largely inspired by the ability of vinyl
cyclopropanol to rearrange.? To summarize and
looking at the overall picture of this precursor 8, it is
fully designed for the selective cyclopropyl bonds
cleavage.

Herein, we report a simple, regio-, and diastereose-
lective route to functionalised carbocyclic eight-mem-
bered rings starting from an elaborated precursor, a
vinylogous DAC.["'" A computational study served
not only to corroborate the experimental results but
also to elucidate the reaction mechanism of this formal
[3,3]-sigmatropic rearrangement.

Results and Discussion

The strategy to synthesize the model biscyclopropane
substrate 9a relies on a classical Rh(II)-mediated
cyclopropanation reaction of the described vinyl cyclo-
propane 10a"” in presence of the di-acceptor diazo
derivative 11a,"" as carbenoid precursor (Scheme 3).
A slow addition of the diazo derivative 11a onto a
mixture of olefin 10a and rhodium catalyst provided
the desired adduct 9a in 81% yield with an excellent
diastereoselectivity (95:5 dr). The cis-relationship!'”
between the alkene and cyclopropyl partners is in
agreement with the diastereoselectivity usually ob-
served with vinylcarbenoids.!"*]

With the availability of the benchmark substrate
9a, the next issue to be addressed was its ability to
undergo the planned cyclization to the eight-membered
ring. We quickly found the optimal conditions. When
bis-cyclopropane 9a was stirred in o-xylene for
72 hours at 139 °C, very satisfactorily, the formation of
the carbocyclic eight-membered ketone 13a was
observed in 83% yield, the enol ether 12a being
hydrolysed during the purification step (Scheme 4). It
is worth underlining that the strategy could also deliver

1. Rhy(OAC), (10 mol%) n QTBS
TBS-O7A hexane, rt, 20 min P
_
= 2. Slow addition, rt N ]
low aNQ\ on, rf E{OZC COZE‘
10a 9a
f0,0” oo
1a 81%
95:5 dr

Scheme 3. Synthesis of the model bis-cyclopropane 9 a.
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Scheme 4. Optimal conditions for the cyclisation.

the derivative 13ac (R'=Ph)""” in very good yield and
in the same conditions.

In a single operation, thanks to a well-engineered
design of the precursor, without the need of any kind
of catalyst, solely under thermal conditions, we were
able i) to selectively cleave two cyclopropane units in
a constructive manner, ii) to relocate three pairs of
bonding electrons and, finally, iii) to obtain the
challenging all-carbon eight-membered rings 13 in an
excellent yield.

Under the optimized conditions, the scope of the
reaction was next investigated with respect to both
donor and acceptor parts of the molecule. The strategy
to form the starting material was identical, namely, the
cyclopropanation reaction of an R substituted vinyl
cyclopropane 10b—m with diazo derivatives 11a-b.[*
The cyclopropanation process worked well and led to
the diastereoselective formation of the corresponding
three-membered rings in yields ranging from 21 to
68%. The target molecule presents four stereocentres
and the main diastereomers usually observed 9 and 9°,
with the required cis relationship between the protected
cyclopropanol and the o,B-unsaturated ester, are pre-
sented below (Scheme 5).

Having these novel substrates in hand, we were
ready to explore the reaction scope, and we first
studied the behaviour of aryl substituted biscyclopro-
panes (9b—i; R=Ar) (Table 1). To make a long story
short, all the precursors tested led to the corresponding
eight-membered rings 14 at 100-120°C this time. In
these cases, the enol ethers happened to be stable and
hydrolysis to the ketone was performed using Dowex
H" cation-exchange resin. All these examples vali-
dated the catalyst free-cyclization leading to a me-
dium-sized ring 14 with the control of two stereogenic
centres. Aryl substituents were well tolerated; o-, m- or
p-substituted aryls with different halogen atoms or

TBS
1. Rhy(OAC), (5 mol%)

A@ hexane:DCM (2:1), it {i

R = 2 Slowadditon,t  E""
10b-m N

1 diastereomer E.J\/\E 9 9

11ab 21 to 68% yield

55:45 to 95:5 dr

Scheme 5. Synthesis of a range of biscyclopropanes 9 and 9°.

Table 1. Scope of the cyclisation with aryl substituted biscy-
clopropanes.

C6-C8
bond broken

R .
S0 e 100°C
3 o-xylene
Hvg 6 7 _—
2. Dowex E R
E ="“E  MeOH

E
, o/n 14

-regioisomer
major diastereomer

Entry Biscyclopropane Yield of 14 dr
R=aryl, dr (over 2 steps) (cis:trans)

1 Ph,9b:9b’, >95:5 88% 14b 70:30
E=E’=CO,Et

2 pMeOPh, 9¢:9¢’, >95:5 54% l4c¢ 92:7
E=E’=CO,Et

3 pFPh,9d:94d’, >95:5 54% 14d 62:38
E=E’=CO,Et

4 mCIPh, 9e:9e’, >95:5  70% 14e 62:38
E=E’=CO,Et

5 pBrPh, 9£:9£°,90:10 58% 14f 65:35
E=E’=CO,Et

6 oTol,9¢g:9¢%,95:5 87% 14g 50:50
E=E’=CO,Et

7 oFPh, 9h:9h’, >95:5 92% 14h 64:36
E=E’=CO,Et

8 mFPh, 9i:91’, >95:5 57% 14i 62:38
E<C=>E=CO,Et

9 Ph, 9bb:9bb’, 90: 10 96% 14bb >95:5

E’=CO,Et, E<C=>Ph

substituents of different electronic nature were all
found to be suitable (yields ranging from 54 to 96%).
In each case, sole the [-aryl-substituted ketone
regioisomer was isolated as a mixture of two cis : trans
diastereomers (Table 1). This first series of results
indicated that the C6—C8 bond is broken during the
cyclisation.

Alkyle substituents were next evaluated (Table 2).
Interestingly, the reaction requires higher temperatures,
and depends on the size of the R substituents and on
the starting diasteromeric mixture of the biscyclopro-
panes 9:9°. Accordingly, when R=iPr or cyclohexyl
(Cy) (Table 2, entries 1-3), the a-alkyl-substituted
ketone regioisomer 15, 15k and 15 jb were isolated in
excellent yields (70, 87 and 99% yield respectively)
and high diastereoselectivity, therefore meaning that
the bond broken during the cyclization is, this time, the
C6—C7 one. In presence of a primary alkyle group
(entries 4-5), the regioselectivity dropped dramatically
(either C6—C7 or C6—C8 bond could break) but the
diastereoselectivity remains excellent. These two last
results arose our curiosity and provided key informa-
tion for the global understanding of the reaction. At
that point and for the alkyle substituents (Table 2), we
hypothesized that the regioselectivity of the reaction
was strictly related to the nature of the starting



Table 2. Scope of the cyclisation with alkyle substituted
biscyclopropanes.

Ce6-C8

ce-C7 R bond broken

Teso_ Lo 4, l,’:"‘fpl:"g;e',:,le } TBSQ Jo 1 RZmrHex Me
> 160 °C, o—xylene ‘ < 0 glene
g 2 Dowex E E E 2. Dowex E
MeOH 1 MeOH
i, o/n : 1t, o/n
o reg/o/somer ; /i—reglolsomer
(entries 1-38& 6) | (entry 7)

sole diastereomer | major diastereomer

Entry Biscyclopropane Yield of 14/15  dr
R=alkyle, X, dr (over 2 steps) (cis: trans)

1 iPr,9j:9j’, >95:5 70% 15j >95:5
E=E’=CO,Et

2 Cy, 9k:9K’, >95:5 87%15k >95:5
E=E’=CO,Et

3 iPr,9jb:9jb’,92:8 99% 15jb >95:5
E’=CO,Et, E=Ph

4 n-Hexyl, 91:91, 60:40 90% 151:141 >95:5
E=E’=CO,Et (60:40)

5 Me, 9m:9m’, 55:45 54%15m:14m >95:5
E=E’=CO,Et (55:45)

6 Me, 9m™t 49% 15m >95:5
E=E’=CO,Et

7 Me, 9m’FIe 60% 14m 90:10
E=E’=CO,Et

2 Pure diastereomer separated by chiral HPLC.
*I Reaction ran at 160 °C.
[] Reaction ran at 100°C.

biscyclopropane diastereomer 9 or 9°. This assumption
made, the reaction was repeated on pure separated
diastereomers 9m™" and 9m’ (entries 6-7 respec-
tively). As suspected the reaction was completely
regioselective. Namely, a pure diastereomer 9m or
9m’ afforded a single regioisomer 15m or 14m
respectively.

To summarize, the most significant feature of this
methodology is the efficient catalyst-free regio- and
stereoselective formation of the challenging eight-
membered carbocyclic ring structure. The medium-size
ring systems thus obtained contain useful function-
alities for further synthetic elaboration from readily
available components and is compatible with a wide
range of different substituents. Interestingly, depending
on a combination of the starting diastereomer and the
nature of the R substituent, one or the other
regioisomer can selectively be isolated (see schemes of
Table | & 2). Intrigued by such a difference of
reactivity and inspired by the total diastereoselectivity/
regioselectivity transfer of the reaction, we embarked
in a theoretical treatment to rationalize the empirical
observations and to propose an overall picture of the
mechanism.

First and foremost, the 3D-structures of the direct
products of the thermal reaction, namely the stereo-
isomers observed within the crude mixture of enol

ethers 12 (Scheme 6), required to be identified and
assigned. From a practical point of view, this study
was carried out using exclusively diastereopure biscy-
clopropanes 9m (R=Me), 9m’> (R=Me) that were
separated by chiral HPLC, and 9b (R=Ph) purified by
selective crystallisation in pentane.

These three starting materials are reflective of the
main paths undertaken by the title reaction.

For each material (12m, 12m’ and 12b’), the E or
Z stereochemistry of the 1,4-diene encompassed in the
eight-membered ring required an elucidation. As for
the cis-, trans-relationship between the ester and the
Me (or Ph) substituents, a confirmation was also
required. It is noteworthy that the regioselectivity of
the reaction has already been devised thanks to the
correlation NMR-experiments of the corresponding
ketones 15m, 14m and 14b (hydrolysis products of
the enol ethers 12m, 12m’ and 12b’ respectively).
The same techniques were also employed on each
mixture of enol ethers and the regioselectivity is
indicated on the scheme above (Scheme 6). The 3D-
structural elucidation of each compound was divided
into different stages and understandably, the pieces of
this intriguing puzzle fell into place.

The structural elucidation of the mixture of enol
ethers 12m was not straightforward since three main
stereoisomers were observed (A, Al and A2) (Fig-
ure 2). Based on NOESY experiments run either on
12m or on the corresponding ketone 15m and on X-
ray diffraction analysis of other analogous a-re-
gioisomers (like 15j or 15Kk),* we could conclude on
a cis relationship between the Me and the ester groups.
Next, experimental data gave us first insights on the
geometry of the alkenes: A1 and A2 were unstable on
silica gel or in the presence of any source of proton
and evolved rapidly either to the more stable com-

TBSQ oTBS o)
Ho < 160 °C Me Dowex Me
E"' g~ degased xylene g’ MeOH, rt, o/n g —
E 24 h 49% E
9m 12m E >95:5 dr 15mEg
Me E
TBSQ OTBS o)
e 100 °C Dowex
ES\= - degased xylene B0 Me | MeOH, rt, o/n Me
24h 60%
om’ L 12m’E | 90:10 dr 14mE
Ph — .
OTBS [¢]
100 °C Dowex
— g degased xylene|E’ Ph | MeOH, rt, o/n g’ Ph
24 h 88%
9b L 12b’ E 70:30 dr 14b E
E =E = COEt

Scheme 6. Structural elucidation of the enol ethers 12, direct
products of the cyclisation.



enol ether "H NMR pattern

oTBS

12m A1 A2
(mixture of A1:A2:A stereoisomers) . T

. oTBS
E’ H Me
oz 0ms L, S Me
Me bTB: E
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A1 A2 | A

|
EZ-cis

EE-cis

Figure 2. Structural elucidation for 12 m.

pound A and/or the corresponding ketone 15m. We
concluded that i) A1 and A2 were the direct products
of the reaction and ii) their instability came from a
strained Z alkene,”™! which can easily isomerize to the
corresponding E one (compound A, EE-cis). A
combined NMR and computational study was per-
formed to attribute the structures of Al and A2.
Experimentally, the two isomers have very distinct
patterns in proton NMR. The multiplicity of the silyl
enol ether proton HM is an apparent triplet (J,,,=
8.5 Hz) whereas H,, is a doublet of doublets (J,,,=
10.2, 4.7 Hz) (see spectrum Figure 2). Gratifyingly, the
computed and measured J coupling constants were in
very good agreement (J.,,, a1=38.1 Hz, J.,,, 42=9.1,
3.6 Hz, see Supporting Information) and allowed to
undeniably assign A, Al and A2. Al and A2 are in
fact atropisomers of the same EZ-cis silyl enol ether
and this chirality arises from a hindered rotation about
the C2—C3 single bond. The barrier to atropimerisation
is determined by the rigidity of the 1,4-cyclooctadiene.
The ratio of the two stereoisomers is actually temper-
ature dependent. At 160 °C, the major product formed
is Al (75:25), whereas at 120°C A2 is observed
predominantly (40:60). Trans-cyclooctenes are known
to display atropisomerism,’” ¥ however little is known
on atropisomerism of (E,Z)-cycloocta-1,4-diene.*"

For compounds 12m’, two main enol ethers B1 and
B were usually observed in the crude mixture (75:25).
A first hint regarding their structures came from the
corresponding ketone 14 m. The latter was transformed
into a hydrazone derivative and its X-ray data,”*
supported the cis relationship between the ester and the
Me (Scheme 7). Secondly, the computed and measured
NMR Jcis & Jtrans coupling constants for B1, were in
good agreement (Jcis.,, =1.6 Hz & Jcis,y,,=1.5 Hz,
Jtrans,,,=4.6 Hz). In addition, an Inverse Electron
Demand Diels Alder (IEDDA) reaction, in presence of
tetrazine 17 under thermal conditions, was successfully
carried out on the B1 and B mixture. A fused tricyclic
system 18 m’, was isolated in 23% yield together with

oTBS </—_)_<N N>_<‘_—> Py oTBS
\ Vi ‘
Ny / N \
+
g Me THF, 60 °c, 72h Py E Me
E Me
S ’jcfs E E
12m’ 18m’, 23% unreacted B
(mixture of B:B1 stereoisomers) .
ring contraction
retro Diels-Alder
OoTBS N
N Me NPy Me
7 B
E Q [4+2] N~ Elimination q\,‘r Y
\ - N
Me Py | NTE
E E’ H
B1 20 (
Py

Scheme 7. Structural elucidation for 12m’.

the unreacted starting enol ether B (12%). From a
mechanistic point of view, the IEDDA on enol ether
B1 delivering 19, could be followed by an elimination
step leading to 20. A ring contraction triggered by
nitrogen extrusion could afford the observed polycyclic
structure 18 m. The well-known remarkable selectivity
of the IEDDA between tetrazines and trans-
cyclooctenes™ in purely thermal conditions thus
supported a “trans-enol ether” for B1 (i.e. the Z enol
ether in our case) and therefore the B one could be
assigned as E. It is worth noting that the unstable
nature of Bl compared to B was also in agreement
with a Z double bond configuration. Accordingly, B1
decomposed quickly either to the more stable B enol
ether or the ketone 14m. To summarize, an exper-
imental, theoretical and analytical approach allowed us
to secure the 3D-structures of the mixture of enol
ethers B1 and B coming from the reaction of 9m’.

The lower diastereoselectivity observed for the
phenyl case combined with the instability of the £ enol
ethers led to a complex mixture of unstable and stable
enol ethers 12b’. Their purification by flash chroma-
tography over silica gel led to the three stable
compounds C, C’ and C” in 61% yield and a
60:20:20 ratio (Scheme 8), identified thanks to NMR
2D experiments and the °J coupling constant (*Jcis,, =

OTBS OTBS oTBS

o Purification

- +

E Ph  61% E Ph E “'Ph
§ (60:20:20)

C C’ (cis: trans)
3Jcis = 5.8 Hz
SJtrans = 11.4 Hz

Py OTBS

cr
SJtrans = 8.5 Hz

12b’

THF, 60°C, 720 Y| X""pp Ph
e

E
18b Cc1 c2

E = E' = COEt

Scheme 8. Structural elucidation for 12b’.



5.8 Hz, *Jirans.,= 11.4 Hz) between protons H5 & H8
(by analogy with the B observed coupling constants).
At that stage, we could conclude that the major product
of the reaction has a cis relationship, which is in
agreement with the observed and isolated ketones 14b.
The IEDDA approach was then run on the mixture of
crude enol ethers 12b’, to identify the unstable enol
ethers contained in the crude mixture. The expected
fused tricyclic system 18b was isolated and its
structure was confirmed by X-ray diffraction analysis.
The presence of Z enol ethers in the 12b’ mixture was

TS-Mem-kinetic

AG (kJ/mol)
N

TS-Mem’-thermo
105.0

153.8

1379

&
N
©

/E wmef E
‘o8BS
H

) e
E H OTBS H

A2 rot-Ay4
E = E'= CO,Et A1
EZ-cis

Figure 3. Computed AG profiles (PBE0-D3/def2-TZVP, T=
100°C) for the concerted mechanism of the cyclisation reaction
for 9m.
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Me / 1A
om’ (OTMS) HChre
E = E'= CO,Et B1

Figure 4. Computed AG profiles (PBE0-D3/def2-TZVP, T=
100°C) for the concerted mechanism of the cyclisation reaction
for modified 9m*.

therefore not questionable, and the direct product of
this thermal reaction are compounds C1 and C2.

Thanks to further experiments and a combined
reliable theoretical and analytical approach we were
able to unambiguously identify and assign the mixture
of the different enol ethers 12m, 12m’ and 12b. We
even highlighted the presence of atropisomers in case
of enol ethers 12m. At that point, we were very
pleased with the outcome of the reaction in terms of
scope and selectivities. For a better understanding of
the observed diastereoselectivity and intriguing regio-
selectivity, a theoretical treatment was carried out to
propose cyclisation reaction pathways for 9m, 9m’
and 9b. Regarding 9m and 9m’, minimal free-energy
profiles for concerted mechanisms were found and are
shown in Figure 3 & Figure 4 respectively. In order to
facilitate comparisons, AG values were all computed at
T=100°C at the PBE0-D3/def2-TZVP level.*” Sol-
vent effects were taken into account by the implicit
SMD continuum solvent model for benzene.” The
barrier in the case of 9m (153.8 kJ/mol) is higher than
for 9m’ (119.6 kJ/mol). This agrees with the exper-
imental observations, suggesting that the reaction for
9m’ is easier (i.e., ran at 100°C). The concerted
mechanism for 9m leads directly to A2 via transition
state TS-Mem-kinetic. A2 exists in two conformations
that differ by the equatorial or axial orientation of one
ester group (see rot-A, ;). The thermodynamic product
is A1, which can be formed from the axial conformer
by crossing a non-negligible barrier of 137.9 kJ/mol:
thus, A2 could be identified at lower temperature
(120°C), while A1l is mostly observed at 160°C.
Stepwise mechanisms through zwitterionic intermedi-
ates, presenting a charge separation, were ruled out, as
any attempt to optimize the structures of such
intermediates failed (see ESI for more details).

The mechanism reported for 9m and 9m’ implies
chair-like transition states, compatible with the stereo-
chemistry of the predominant products in the crude.
Transition states constructed from alternative confor-
mations would lead to other isomers, with higher
barriers (see Supplementary Information). The C1-C2
distances in the transition states are of 218.7 pm and
221.6 pm for 9m and 9m’ respectively. They are
longer than the C6—C7 & C6—CS8 distances (204.2 and
210.0 pm for 9m and 9m’, respectively), suggesting
that, although the mechanism is concerted, the opening
of the central ring triggers the transformation, as
expected due to its donor-acceptor properties.

In the Ph case, the concerted mechanism was ruled
out on the basis of the following elements: i) the
regioselectivity of the product is different than for 9m
(even though the diastereomers involved 9m & 9b are
the same), ii) two major products could be identified in
the crude, which differ by the cis-trans position of the
Ph group with respect to the neighbouring ester, iii)
preliminary calculations suggested that barriers for



concerted mechanisms leading to B,y-regioselectivity
are higher in energy than those for 9m & 9m’, as
opposed to the milder conditions used in 9b case
(100°C for 9b vs 160°C for 9m) (see Supporting
Information). For the phenyl case, gas phase calcu-
lations were performed at the PBEO0-D3/def2-TZVP
level on a model system, where the —OTBS was
replaced by —OTMS substituent (see SI). This allows
us to provide an overall global picture of the
mechanism that leads to the cis product (Figure 5). We
propose that the initial step is the opening of the two
cyclopropane moieties, leading to a singlet biradical
intermediate I, where C5 and C8 are distant. This is
the rate-limiting step of the transformation, with a
barrier estimated at 106 kJ/mol (within our model).
Low-energy conformational changes are necessary to
bring them closer: a rotation around C7—-C8 (see
intermediate II, Figure 4), followed by a rotation
around C6—C7 (see intermediate III). The bond
between C5 and C8 allowing the formation of the
eight-membered ring cis-12b’, is created in the last
step. The 6-exo C1—CS8 ring closure is forbidden due to
the Z geometry of the enol ether. Other conformational
transformation patterns are possible, notably leading to
the trans product, which is also present in the final
product mixture (see Suppporting Information for
more details). Finally, it is worth underlining, that no
approach leading to an £ product regarding the silyl
enol ether double bond was found, which agrees with
the experiments and as also shown for 9m and 9m’
cases.

The representation of the two SOMO orbitals are
depicted in Figure 6: one orbital is localized on the
ester side, notably on the carbon atom C5 implicated in
the closure step; the other orbital reveals the existence

Conformational changes

T 5 ]

Figure 6. Representation of the SOMO orbitals (PBE0-D3/
def2-TZVP) for the modified 9b (—OTMS used instead of
—OTBS)

of a benzyl radical on C8, accounting for the [-
regioselectivity.

Finally, the different regio- and stereoselectivity of
the cyclisation reactions are rationalized by two kinds
of mechanisms, a concerted one for the Me cases 9m
and 9m’, and a stepwise radical mechanism for the Ph
substituent 9b. We were not able to find a mechanism
to a product that possesses an E conformation on the
enol ether. Thus, the direct products of the reaction are
of type EZ, which is right in line with the different
experiments.

Conclusion

In conclusion, this paper devises the reactivity of an
original donor-acceptor cyclopropane capable of
undergoing a rearrangement to generate numerous
functionalized cyclooctanoid ring systems. The con-
ditions of the reaction allow the formation of the
challenging eight-membered all carbon ring by simple
heating, without any catalyst or reagent and in a single
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Figure 5. Computed AG profiles (PBE0-D3/def2-TZVP, T=100°C) for the radical mechanism of the cyclisation reaction for

modified 9b (—OTMS used instead of —OTBS).



step. The subsequent hydrolysis under mild conditions
leads to the corresponding cyclooctenones in good
overall yields.

Three classes of donor-acceptor cyclopropanes have
been identified exhibiting a particular regio- and
diastereo-selectivity. Especially, the link between the
geometry of the starting material and the observed
regioselectivity has been unambiguously established
and supported by DFT calculations. Two mechanisms
are at work and rely either on a concerted or a stepwise
radical path depending on the nature of the substituent
on the donor part of the biscyclopropane. More
importantly thanks to a careful design of the initial
donor-acceptor cyclopropane, we were able to selec-
tively break the carbon-carbon bond of the central
three-membered ring.

Experimental Section

General Procedure for the Conversion of Vinyl-
Biscyclopropanes to Cyclooctenones

A Schlenk tube was charged with a vinylbiscyclopropane 9 and/
or 9” and o-xylene (20 mL/mmol). The resulting solution was
degassed thanks to a freeze-pump-thaw procedure. The reaction
was heated overnight at temperatures ranging from 100 to
160°C. After cooling down, the xylene was evaporated under
reduced pressure and the crude product was directly dissolved
in MeOH (20 mL/mmol). To this solution was added Dowex
50WXS8 (hydrogen form) resin (1:1%w VBCP) and the mixture
was stirred for 12 h at room temperature. Volatiles were then
removed under reduced pressure and the crude material was
purified by silica gel flash chromatography (PE/EtOAc=9:1-
6:4) to afford pure cyclooctenones 13, 14 and/or 15. All the
cyclooctenones presented in this section have exhibited a
retention factor of approximately 0.2-0.4 in PE/AcOEt=8:2.

diethyl (E)-6-oxocyclooct-1-ene-1,3-dicarboxylate
(13a)

Reagents used according to the general procedure: vinyl-
biscyclopropane 9a (50 mg, 0.13 mmol), 2.6 mL of o-xylene.
Temperature: 160°C. The cyclooctenone was isolated as a
colourless oil (27.8 mg, 80%).

'H NMR (300 MHz, Benzene-d;): 8=7.32 (dd, /=9.0, 1.0 Hz,
1H), 4.02-3.80 (m, 4H), 3.09 (ddd, /=124, 9.0, 3.1 Hz, 1H),
2.72 (dt, J=13.6, 43 Hz, 1H), 2.47 (ddd, J=134, 124,
4.4 Hz, 1H), 2.17 (dt, J=12.5, 4.1 Hz, 1H), 2.05 (ddd, J=13.5,
4.1, 1.1 Hz, 1H), 2.00-1.93 (m, 1H), 1.94-1.83 (m, 2H), 1.70—
1.52 (m, 1H), 0.87 (t, J=7.1 Hz, 6H). *C NMR (75 MHz,
Benzene-d;): $6=210.0, 172.4, 165.9, 139.2, 134.5, 61.0, 60.9,
47.1, 45.2, 38.8, 27.4, 22.4, 14.1, 14.1. HRMS: C,H,,05 [M +
H]" calc 269.1384 Da, found 269.1386 Da. IR: 2979, 2935,
1731, 1647, 1446, 1369, 1303, 1251, 1108, 894, 734, 702 cm™".

diethyl (E)-4-(4-methoxyphenyl)-6-oxocyclooct-1-ene-
1,3-dicarboxylate (14 c cis)

Reagents used according to the general procedure: vinyl-
biscyclopropane 9¢ (35 mg, 0.07 mmol), 1.4 mL of o-xylene.
Temperature: 100°C. The cyclooctenone 14c-cis was isolated
as a colourless oil (143 mg, 54%) and as a mixture of
diastereomers (92:7 dr). Sole the major diasterecomer has been
described.

'H NMR (400 MHz, Benzene-dy): 6=7.71 (dd, J=10.8,
1.4 Hz, 1H), 7.05-6.94 (m, 2H), 6.71-6.62 (m, 2H), 4.12-4.02
(m, 2H), 3.81 (dt, J=12.4, 53 Hz, 1H), 3.74 (q, J=7.1 Hz,
2H), 3.52 (dd, J=10.8, 6.1 Hz, 1H), 3.25 (s, 3H), 3.06-2.96
(m, 1H), 2.58 (t, J=12.4 Hz, 1H), 2.40-2.34 (m, 2H), 2.16 (dd,
J=12.3, 4.7 Hz, 1H), 1.87-1.77 (m, 1H), 0.98 (t, J=7.1 Hz,
3H), 0.78 (t, J=7.1 Hz, 3H). *C NMR (101 MHz, Benzene-d;):
§=210.3, 170.2, 166.4, 159.4, 137.5, 134.1, 131.6, 129.8,
129.8, 114.1, 114.1, 61.1, 60.8, 54.7, 48.3, 47.4, 46.3, 43.2,
23.5, 143, 141. HRMS: C,H,,0,% [M+H]" calc
375.1802 Da, found 375.1801 Da. IR: 2929, 1733, 1512, 1247,
1191, 1180, 1162, 1105, 1074, 1029, 838, 765 cm™".

diethyl (3R,5R,E)-5-isopropyl-6-oxocyclooct-1-ene-
1,3-dicarboxylate (15))

Reagents used according to the general procedure: vinyl-
biscyclopropane 9j (55 mg, 0.13 mmol), 2.6 mL of o-xylene.
Temperature: 160°C. The cyclooctenone 15j was isolated as a
colourless oil (28.1 mg, 70%) and as single diastereomer (95:5
dr). This compound partially crystallized when stored at - 4°C
for a prolonged period. X-ray data are available for this
molecule.*”!

'"H NMR (400 MHz, Benzene-d;): 6=7.42 (d, J=8.2 Hz, 1H),
4.01-3.82 (m, 4H), 3.13 (ddd, J=11.9, 8.2, 2.1 Hz, 1H), 2.76
(ddd, J=12.1, 5.4, 2.3 Hz, 1H), 2.66 (td, J=12.3, 11.8, 5.4 Hz,
1H), 2.26 (dd, J=12.9, 5.3 Hz, 1H), 2.23-2.13 (m, 1H), 2.02
(m, 2H), 1.78-1.65 (m, 2H), 0.94-0.83 (m, 6H), 0.73 (d, J=
6.7Hz, 3H), 0.71 (d, J=6.6 Hz, 3H). *C NMR (75 MHz,
Benzene-dy): §=212.9, 172.7, 165.8, 139.8, 134.6, 61.1, 60.9,
56.1, 48.5, 46.0, 32.8, 31.8, 22.1, 20.4, 20.2, 14.1. HRMS:
C;H,,05" [M+H]" calc 311.1853 Da, found 311.1854 Da. IR:
2962, 1733, 1708, 1251, 1189, 1176, 1035, 761 cm ™.

diethyl (3R,5R,E)-5-cyclohexyl-6-oxocyclooct-1-ene-
1,3-dicarboxylate (15k)

Reagents used according to the general procedure: vinyl-
biscyclopropane 9k (52 mg, 0.11 mmol), 2.2 mL of o-xylene.
Temperature: 160 °C. The cyclooctenone 15k was isolated as a
colourless solid® (34.4 mg, 87%) and as a single diastereomer
(95:5 dr). X-ray data are available for this molecule.

'H NMR (300 MHz, Benzene-d): 5=7.44 (d, J=8.2 Hz, 1H),
4.02-3.79 (m, 4H), 3.14 (ddd, J=11.9, 8.2, 2.1 Hz, 1H), 2.85—
2.61 (m, 2H), 2.35-2.10 (m, 3H), 2.04 (dt, J=13.2, 2.2 Hz,
1H), 1.78-1.30 (m, 10H), 1.00 (m, 2H), 0.89 (m, 6H).

BC NMR (75 MHz, Benzene-dy): 8=213.1, 172.8, 165.8,
139.9, 134.6, 61.1, 60.9, 55.4, 48.7, 46.1, 41.4, 32.1, 30.8, 30.7,
2638, 26.6, 265, 22.2, 14.1, 14.1. HRMS: CyHy,NOs* [M+



NH,]" calc 368.2432 Da, found 368.2430 Da. IR: 2925, 2852,
1733, 1706, 1448, 1369, 1301, 1249, 1184, 1165, 1134, 1095,
1033, 763 cm ™.

CCDC-2219778 to CCDC-2218793 and CCDC-2221202 con-
tain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.
ac.uk/data_request/cif, or by emailing data_request@ccdc.cal.a-
c.uk, or by contacting The Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44
1223 336033.
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