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Divergent Rearrangements of Vinylcyclopropane into
Skipped Diene and Cyclopentene: Mechanism, Scope, and

Limitations

Arnaud Delbrassinne*,” Maximilien Richald*,”” Julien Janssens,” and Raphaél Robiette*™

Vinylcyclopropanes are versatile intermediates in organic syn-
thesis which undergo various rearrangements. We report a new
rearrangement of vinylcyclopropane into skipped diene. A
detailed mechanistic study revealed that this transformation
involves regioselective ring-opening of the cyclopropane ring
followed by 1,2-migration of one of the cyclopropane sub-
stituents. Interestingly, our investigations showed that skipped

Introduction

The special reactivity of donor-acceptor cyclopropanes has
been extensively studied over the last decades, showing their
high versatility as building blocks in organic synthesis." Indeed,
the highly strained character of the ring and the polarization of
the intracyclic C—C bond between the donor and the acceptor
substituents favor the heterolytic ring-opening of the cycle to
generate a 1,3-zwitterion intermediate. This latter can then be
engaged into a variety of synthetically useful transformations
such as (3+2),"*9? (34 3)"993 or (44 3)"4 cycloadditions, or
reactions with nucleophiles and electrophiles®™ (Scheme 1a). In
the case of vinylic substitution, i.e. vinylcyclopropane (VCP)
derivatives, the cyclopropane can also rearrange into cyclo-
pentene (CP) or be involved in (5+2) cycloadditions.” The
synthetic interest of these specific reactivities of donor-acceptor
cyclopropanes has been illustrated by their exploitation in key
steps of total syntheses of many important targets, including
natural products.”

Recently, serendipity led us to discover a new rearrange-
ment of donor-acceptor vinylcyclopropane into skipped diene 2
(Scheme 1b).” In the course of its study, we observed that
varying reaction conditions led in some cases to the formation
of a cyclopentene 3 as the main product, instead of the skipped
diene 2. We now have carried out a comprehensive mechanistic
study of the processes involved in these rearrangements which
enables us to develop reaction conditions allowing to rearrange
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diene is the kinetic product of the process but formation of a
more stable cyclopentene is also accessible. The fundamental
understanding of the processes involved enabled the develop-
ment of divergent methodologies allowing to obtain cyclo-
pentene or skipped diene from vinylcyclopropane in a selective
and controlled manner.

1,1-dicarbonylester vinylcyclopropane 1 selectively into either
skipped diene 2 or cyclopentene 3 (Scheme 1c).
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Scheme 1. Reactivity of donor-acceptor (vinyl)cyclopropane and our diver-
gent strategies toward skipped dienes and cyclopentenes.
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Results and Discussion
Mechanism

In order to get a fundamental understanding of the mechanism
of observed rearrangements leading to 2 (see Scheme 1b—c),”®
we set up a combined experimental and computational study.
We hypothesized that the rearrangement into skipped diene 2
could involve the heterolytic cleavage of the three-membered
ring, to form a 1,3-zwitterion intermediate, followed by the 1,2-
migration of the group in B position of the so-formed
carbocation. This leaves us however with two possibilities: the
ring-opening can occur either on the benzylic side with the 1,2-
migration of the styryl group or instead on the styryl side with
the phenyl group migrating (pathway A and B in Scheme 2,
respectively). In order to support our mechanistic postulate and
determine which group migrates, we carried out the rearrange-
ment on a deuterium labelled VCP 1a-D. Indeed, if this is
pathway A which is operating, the deuterium atom will end up
in the central benzilic position whereas in the case of pathway

Proposed mechanisms for skipped diene (2aa) formation:
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Scheme 2. Postulated mechanisms for skipped diene formation and deuter-
iation experiment.
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Scheme 3. Influence of reaction conditions on skipped diene/cyclopentene
selectivity and rearrangement of skipped diene 2a.
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B it will be positioned on the double bond in the skipped diene.
In fact, the rearrangement of 1a-D led to the exclusive
formation of 2a-D providing support to our proposed mecha-
nism and indicating that the ring opens on the styryl side with
the phenyl group migrating (pathway B in Scheme 2).

In our search for optimal reaction conditions to perform the
rearrangement of VCP 1 into skipped diene 2, we found that
extension of the reaction time leads to the formation of a
cyclopentene 3 as the main product (Scheme 3a). This observa-
tion suggests that formation of skipped diene 2a is reversible
and that the cyclopentene 3a is the thermodynamic product. In
order to test this hypothesis, we isolated skipped diene 2a and
then subjected it to the reaction conditions. We found that,
upon treatment with 5 eq. TiCl, for 24 h, skipped diene 2a leads
to cyclopentene 3a (Scheme 3b). This control experiment
demonstrates that cyclopentene 3a can be formed from
skipped diene 2a and hence supports the fact that this latter is
the kinetic product whereas the cyclopentene is the thermody-
namic one. The monitoring of skipped diene and cyclopentene
yields over time provided results which are also in good
agreement with this proposition (see Supporting Information).

In order to give further support to our proposed mechanism
for the transformation of vinylcyclopropane 1 into skipped
diene 2 and understand how this latter rearranges into cyclo-
pentene, we have explored the different possible pathways by
computational means using the model vinylcyclopropane 1co
(Scheme 4). Calculations were carried out at the M06-2X/6-311
+ G**//M06-2X/6-31 + G* level, including a continuum descrip-
tion of dichloromethane as the solvent (see the Supporting
Information for computational details). Obtained results are in
good agreement with our experimental results and shed light
on the mechanism of observed rearrangements.

First, our calculations indicate that, in the presence of TiCl,,
a rapid isomerization (AG*=18.4 kcalmol™") from cis to trans
VCP must take place by epimerization of the allylic strereo-
center, via a ring-opening/rotation/ring-closing sequence
(Scheme 4). This epimerization is predicted to be much faster
than any other transformation, as also supported by experimen-
tal observations showing full conversion of 1a-cis into 1a-trans
in less than 1 min under the rearrangement conditions (see
Supporting Information). Accordingly, only the reaction of the
most stable trans isomer of VCP (1co-trans-E-TiCl,) will be
discussed further.

We modelled both possibilities for the ring-opening of the
cyclopropane, pathways A and B in Scheme 2. Obtained results
indicate that heterolytic cleavage of the C1—C3 bond between
the diester substituted and the allylic carbon atoms is more
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Scheme 4. Cis-trans isomerization mechanisms (free energy in kcal/mol
relative to 1 co-trans-TiCl,). See Supporting information for full details.
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favoured than ring-opening on the benzylic side (C1—C2 bond),
by 12.7 kcalmol™" (Scheme 5). Formation of skipped diene from
zwitterion 4co-trans-E-TiCl, is also predicted to be more
favoured than via intermediate 4co’-TiCl,, in good agreement
with our deuterium-labelling experiment (see Scheme 2).
Intermediate 4 co-trans-E-TiCl, can in fact be formed in two
isomeric forms, E and Z (Scheme 6). Both isomers are predicted
to be accessible through a low free energy barrier (AG*=15.4
and 19.7 kcalmol ™, respectively) with the E isomer being more
stable than the Z one (AG=13.4 and 19.1 kcalmol™', respec-
tively). Our calculations show that both isomers, 4 co-trans-Z-
TiCl, and 4 co-trans-E-TiCl,, can undergo 1,2-migration of the
phenyl group to lead to skipped diene 2 co-TiCl, through a low
free energy barrier (AG*=20.0 and 21.0 kcalmol™' for Z and E
isomer, respectively). However, since the geometrical impossi-
bility for the C1 atom to get close to the electrophilic C5 atom
in 4co-trans-E-TiCl,, only the Z isomer (4 co-trans-Z-TiCl,) can
ring-close to lead to cyclopentene 3co-TiCl, (AG*=
22.8 kcalmol™). The ring-opening of 1co-trans-TiCl, being
predicted to be reversible, the kinetic skipped diene/cyclo-
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Scheme 5. Regioselectivity for ring-opening (free energies in kcalmol™
relative to 1co-trans-TiCl,).

cly
T
o ©

| |
MeO™ {J "OMe
3
TSopen-E  Ph ™~—\\_
s 15.4 45y,
Ti
o ©°
| |
MeO OMe
pht NPy

1co-trans-TiCl,
0.0 kcal mol?

TSmig-E

i-—-—-0. _OM
ClaTis o OMe

O Xy /Ph

OMe
2co-TiCl,
34

Cl,
Ti
o o

\ 228
||
MeO OMe
4co-trans-Z-TiCl, Ph Ph
19.1

\—/

3co-TiCl,
-5.2

Scheme 6. Computed reaction pathways (free energy in kcal/mol relative to
1 co-trans-TiCl,).
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pentene selectivity should be determined at the TSmig and
TScycl level. The computed lower relative free energy of TSmig-
E as compared to TScycl is in good agreement with the
observed highly selective formation of skipped diene in the first
minutes of the reaction (vide supra).

The nearly thermoneutral character of the skipped diene
2co-TiCl, formation presages its reversibility. This reversibility
together with the computed higher stability of cyclopentene
3co-TiCl, as compared to skipped diene 2co-TiCl, provide
strong support to our hypothesis that skipped diene is the
kinetic product whereas formation of cyclopentene is the result
of a thermodynamic selectivity.

Overall, our mechanistic study indicate that observed
rearrangements proceed via a reversible ring-opening of the
cyclopropane ring to form a 1,3-zwitterion. This latter can then
undergo either 1,2-migration to lead to skipped diene or
cyclization toward cyclopentene. The free energy barrier to 1,2-
migration is however lower than the one to cyclization,
accounting for the fact that skipped diene (2) is the first
product formed during the reaction (kinetic selectivity). Yet,
skipped diene formation is reversible what leads eventually to
the accumulation of the more stable cyclopentene (3) (thermo-
dynamic selectivity).

The fundamental understanding of the different pathways
provided by this study allows envisioning the selective
divergent synthesis of skipped diene and cyclopentene from
vinylcyclopropane. We thus decided to capitalize on this and on
our experience in vinylcyclopropane synthesis to develop short
strategies toward skipped diene and cyclopentene from
sulfonium ylides and activated olefins or 1,3-dienes.

Synthesis of VCPs

Vinylcyclopropanes 1 were synthesized in one step according to
two strategies previously developed in our group.”’ Both
strategies use sulfonium ylides but in the first case that are
benzylic sulfonium ylides which are reacted with 1,3-dienes
whereas the second methodology involves allylic sulfonium
ylides and activated olefins (Scheme 7). These methodologies
enabled the synthesis of differently substituted vinylcyclopro-

EWG. _EWG
| .
R + @+ a1 LIHMDS, CH,Cl,
| ~ 78°C to RT
R? "R® BF, 13-90%
5 g  dr50/50t0 99/1 EWG_EWG
RS
NaH, CH,Cl, R1 = "
RT, 24h R4
EWG. _EWG ., R 19-100% 1
T + SJ\(RZ dr 50/50 to 99/1
X
R! BF, e
7 8

Scheme 7. Synthesis of VCPs (1).
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panes in good to excellent yields (see Supporting Information
for details).

Synthesis of skipped dienes

Our mechanistic studies showed that, in the presence of TiCl,,
skipped diene 2 forms very fast from VCP 1 whereas cyclo-
pentene 3 formation is observed only in a second phase of the
reaction. Accordingly, our optimization of reaction conditions
using 1a (R',R*=Ph; R’,R*=H) showed that a reaction time of
15 min in the presence of 1eq. TiCl, in dichloromethane is
optimal to obtain skipped diene 2a in excellent yield (entry 1,
Table 1). Other Lewis acids were also tested and shown to
mediate the rearrangement but TiCl, was found to be the most
efficient one as well as the easiest to handle (See Supporting
Information).

With optimized reaction conditions in hand, we next
explored the scope of this transformation (see Table 1). First, we
evaluated a range of VCP 1 with variously substituted double
bonds (R% R® and R%.'” This transformation exhibits good
tolerance to diverse aromatic substitutions (see entries 1-6 in
Table 1), alkyl groups (entry 7) or polysubstitution (entries 10—
12). We observed one limitation however with highly electron-
rich aromatic groups. Indeed, in the case of R>=p-MeOC¢H,
(entry 6), formation of skipped diene could not be observed,

Table 1. Synthesis of skipped dienes from VCPs.
EWG EWGRS TiCl, (1 eq.) EWG R! R®
RT, 15 min EWG™ X NF g2
Rl R2 R4
1 R4 2
Entry EWG R R? R®  R*  Yield [%]?
1 CO,Et  Ph Ph H H 95
20 CO,Et  Ph Ph H H 95
3 CO,Et  Ph p-CO,MeCH, H H quant.
4 CO,Et  Ph p-FCH, H H 71
5 CO.Et Ph p-MeC,H, H H 40
6 CO,Et Ph p-MeOC.H, H H o9
7 CO,Et  Ph i-Pr H H 15(90)
84 CO,Et  Ph H H H (41)
9 CO,Et  Ph Ph H Me 54
10 CO,Et Ph Ph Ph H 81
11 CO,Et  Ph Me Me H 25
12 CO,Et  CH=CHPh Me Me H 54
13 COEt  p-MeCH, Ph H H 95
149 COEt  p-MeOC¢H, Ph H H quant.
15 COEt m-MeOCH, Ph H H 2837
16 CO,Et  o-MeCH, Ph H H 25(39)
17 COEt  p-FCeH, Ph H H 7
18 COEt p-CO,MeCH, Ph H H o9
19 CO,Et  2-furyl Ph H H quant.
20 CO,Et  cyclopropyl Ph H H 50
21 CO,Et  CH=CHPh Ph H H 80
22 CO,Et  i-Pr Ph H H o9
23 CO,Et tBu Ph H H 09
24 CN Ph Ph H H 0
[a] Yield in isolated, analytically pure, material. In brackets, yield
determined on the crude mixture by '"H NMR using an internal standard.
[b] Reaction performed on isolated trans VCP. [c] Exclusive formation of
cyclopentene was observed. See Table 4. [d] 0.4 eq TiCl,,
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the only isolated product being cyclopentene (vide infra). Our
computational results suggest that this limitation can be
accounted for by the increased stabilization of the zwitterion (4)
by conjugation and hence the facilitation of the cyclization (see
Supporting Information).

Next, we turned our attention to the nature of the migrating
group (R"). The reaction works nicely with aryl bearing electron-
donating (entries 13-16 in Table 1) and slightly electron-with-
drawing (entry 17) substituents as well as with heteroaromatic
and cyclopropyl"” groups (entries 19-20). In the case of
electron-poor aryl (entry 18) and alkyl (entries 22-23) groups
however no skipped diene could be observed. Instead exclusive
formation of cyclopentene (3) was obtained (vide infra). This
observation is in line with the generally observed low migratory
aptitude of these groups in pinacol" and Wagner-Meerwein"*
rearrangements. Indeed, their low migratory aptitude leads to a
slowing down of the migration whereas the nature of R' has no
significant impact on the cyclization, this latter thus becoming
the faster pathway (see Supporting Information for computa-
tional results supporting this analysis).

With respect to the nature of the electron-withdrawing
groups (EWGs), our attempt to change the ester groups by
cyano groups led to exclusive formation of corresponding
cyclopentene (entry 24; Table 1).

In order to observe the migration of electron-poor aryl and
alkyl groups despite their low migratory aptitude, we thought
of disfavouring the competing cyclization to cyclopentene (3).
We reasoned that this could be achieved by increasing the
steric bulk at the C5 position and/or by having no aryl
substituents in this position. Indeed, the cyclization toward
cyclopentene is made possible according to Baldwin’s rules!”
only because of the delocalization of the positive charge in 5
into the aryl substituent (R? which leads to a partial 5-exo-trig
character of the cyclization (Scheme 8).

Satisfyingly, both of these strategies proved to be efficient.
Indeed, rearrangement of VCPs substituted on the double bond
by an isopropyl group (R?=i-Pr) showed that this substitution
allows preventing cyclopentene 3 formation. However, instead
of the formation of the desired skipped diene (2), we observed

O O
EtO OEt  TiCl, Et0O,C R!' R?
N D
R' E0,C7 N N R?
R3 OR? 2
1
. 5-endo-trig
Only when R? = Ar *._not allowed
Cly
i
o o h
EtO OEt 5-exo-trig
allowed Et0.C COZE;
—_— R R
But if R%/:H, R?

R sterically disfavoured

Scheme 8. Influence of substitution on the 1,2-migration/cyclization selectiv-
ity.
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quenching of the zwitterionic intermediate 4 by a chloride ion
providing from the catalyst, TiCl, (see Supporting Information).
Accordingly, in order to reduce this quenching, we tried to
perform the rearrangement with FeCl;, the other Lewis acid
which was identified by our screening (vide supra). Under these
reaction conditions, skipped dienes resulting from the migra-
tion of t-Bu and electron-poor aryl groups could be obtained,
with no trace of corresponding cyclopentene (see entries 1-2 in
Table 2). Interestingly, the presence of an electron-poor aryl
substituent in R? position is also sufficient to hamper the
cyclization by decreasing its partial 5-exo-trig character and
observe the migration of t-Bu and H (entries 3 and 7).

The increase of the steric bulk at the C5 position by double
phenyl substitution allows also observing skipped dienes
resulting from the migration of p-CO,MeCH, with no trace of
corresponding cyclopentene (see entry 8 in Table 2).

However, in the case of methyl, isopropyl and isobutyl
migrating groups (entries 4-7; Table 2), no migration of the
alkyl group could be observed, even if cyclopentene (3) was still
not formed. Instead, that is a skipped diene 9 resulting from the
migration of the hydrogen atom which was isolated, indicating

Table 2. Disfavouring cyclization to allow migration of poor migrating
groups.

EtO,C CO,Et | EtO,C R! R3 EtO,C R3 EtO,C CO,Et
FelliLea) i, N NP Re+ o0 N NF g2 + R R
R RT.zhzomin: Tom R
1 g3 R2 2 9 3
i (migration of R (migration of H)
Yield [%]®
Entry R R R 2 9 3
1 t-Bu i-Pr H 57 0 0
2 p-CO,MeCH,  i-Pr H 12 5 0
3 t-Bu p-CO,MeCyH, H 33 0 7
4 i-Pr i-Pr H 0 26 0
5 Me i-Pr H 0 39 0
6 i-Bu i-Pr H 0 49 0
7 i-Pr p-CO,MeCH, H 0 23 0
8 p-CO,MeCyH, Me Me 30 6 0

[a] Yield determined on the crude mixture by '"H NMR using an internal
standard.

Table 3. One-pot synthesis of skipped dienes from benzyic sulfonium
ylides and 1,3-dienes.

CO,Et

@ 1) NaH, CH,Cl, N —
ZOCoEt | Vg __RT.24h ’ P
2 J 2)TiCly, RT, 15 min Et0,C7 X R?
RY BF,
RZ
5 6 2
Entry R' R? Yield [%]*
1 Ph Ph 90
2 p-MeOCgH, Ph 95
3 p-MeCH, Ph 80
4 p-FCeH, Ph 43)
5ibl Ph p-CO,MeC¢H, 45

that in this rearrangement H is a better migrating group than
Me, i-Bu and i-Pr.

Last, we searched for a one-pot procedure allowing to
perform the synthesis of the VCP by cyclopropanation and
rearrangement in one synthetic step. Using 1,3-diene 5a (R’=
Ph) and sulfonium salt 6a (R'=Ph) as model substrates, various
one-pot reaction conditions were explored. In the event, we
found that deprotonation of the ylide by NaH to provoke the
cyclopropanation followed by addition of TiCl,, at room temper-
ature, enables isolating skipped diene 2a in 90% yield (entry 1,
Table 3). This one-pot methodology proved to be applicable to
various substrates (entries 1-5).

Synthesis of cyclopentenes

In accordance with our mechanistic understanding, our opti-
mized reaction conditions to obtain cyclopentene 3 involve
24 h reaction at room temperature in the presence of TiCl,
(Table 4). Investigation of the reaction scope showed that the
rearrangement into cyclopentene is not very sensitive to the
nature of the R' group (see entries 1-6). Interestingly, a total
diastereoselectivity in favor of the cis isomer is observed in all
cases, except when an electron-rich (hetero)aromatic group is
present on the cyclopentene (see entries 7-9). Indeed, in these
cases, the cis isomer is formed but it was found to isomerize to
the more stable trans isomer under reaction conditions (see
Supporting Information).

The substitution of the double bond showed, on the
contrary, some limitations. Indeed, as discussed above, sub-
stitution by an alkyl group prevents the cyclisation (entry 10,
Table 2).

In this case, the electron-withdrawing groups (EWG) can
also be varied. Indeed, the biscyano cyclopropane derivatives
(EWG=CN) led to corresponding cyclopentene in excellent
yield (see entry 11; Table 4).

[a] Yield in isolated, analytically pure, material. In brackets, yield
determined on the crude mixture by '"H NMR using an internal standard.
[b] 45 min of reaction.

Table 4. Synthesis of cyclopentenes from VCPs

EWG i EWG EWG

EWG TiCl,
RT R! R?
R1 /\RZ
1 3

Entry EWG R’ R? Yield [%]®  cis/trans®™
1 CO,Et  Ph Ph 41 >98/2
2 CO,Et  p-CO,MeCH, Ph 26 >98/2
3 COEt  p-FCiH, Ph 27 >98/2
4 CO.Et  j-Bu Ph 70 >98/2
5 CO,Et  t-Bu Ph 93 >98/2
6 CO,Et  j-Pr Ph 82 >98/2
7 CO,Et  Ph p-MeCH, 79 88/12
8 CO,Et  Ph 2-furyl 86 80/20
9 CO,Et  Ph p-MeOCH,  (39) >2/98
10 CO,Et  Ph i-Pr 09 -
11 CN Ph Ph 90 50/50
[a] Yield in isolated, analytically pure, material. [b] Determined by 'H NMR
on the crude reaction mixture. [c] Exclusive formation of skipped diene 2 is
observed (see Table 1).
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All our attempts to develop reaction conditions allowing to
prepare cyclopentenes 3 in one synthetic step from activated

Keywords: Cyclopentenes - Density functional calculations -
Rearrangement - Skipped dienes - Vinylcyclopropanes

olefins 7 and allylic sulfonium salts 8 led only to poor yields (<
109%).

Conclusion

We have discovered a new rearrangement of vinylcyclopropane
which opens a way to skipped diene. This rearrangement is
very selective and proceeds rapidly (15 min) at room temper-
ature under TiCl, or FeCl; catalysis. Interestingly, we showed
that extending the reaction time enables obtaining instead
cyclopentene as the main product. A combined experimental
and computational study of the mechanism of these rearrange-
ments showed that the first step consists in the ring-opening of
the cyclopropane yielding a zwitterion intermediate. A 1,2-
migration of one of the cyclopropyl substituent can then occurs
to lead to a skipped diene. This 1,2-migration is however
reversible and cyclization of zwitterionic intermediate to a more
stable cyclopentene is eventually observed if the reaction is left
a sufficiently long time.

The fundamental understanding of mechanisms involved
enabled us to identify factors controlling skipped diene/cyclo-
pentene selectivity and develop divergent strategies toward
skipped dienes substituted on the central center and polysub-
stituted cyclopentenes from vinylcyclopropanes just by chang-
ing the reaction conditions.

Experimental Section

Full details on synthetic methods and analytical data, along with
full computational details and data can be found in the Supporting
Information.

Acknowledgements

This work was supported by the Fonds de la Recherche
Scientifique-FNRS (F.R.S-FNRS), the Fonds pour la formation a la
Recherche dans l'industrie et dans I’Agriculture (PhD fellowship to
MR) and the Fonds Spéciaux de Recherche (PhD fellowship to AD).
Computational resources have been provided by the supercomput-
ing facilities of the Université catholique de Louvain (CISM/UCL)
and the Consortium des Equipements de Calcul Intensif en
Fédération Wallonie Bruxelles (CECI) funded by the F.R.S.-FNRS
under convention 2.5020.11 and by the Walloon Region. We thank
S. Ouk, through the Fondation Louvain, for very kind financial
support. We thank Gabriella Barozzino-Consiglio, Guillaume Dassy
and Tran Trieu-Van for their technical assistance. RR is a Maitre de
Recherche of the F.R.S.-FNRS.

Conflict of Interest
The authors declare no conflict of interest.

Eur. J. Org. Chem. 2021, 2862 - 2868 www.eurjoc.org

[1] For reviews, see: a) V. Pirenne, B. Muriel, J. Waser, Chem. Rev. 2020, 121,
227-263; b) D. B. Werz, A. T. Biju, Angew. Chem. Int. Ed. 2020, 59, 3385-
3398; Angew. Chem. 2020, 132, 3410-3424; c)O.A. Ivanova, I.V.
Trushkov, Chem. Rec. 2019, 19, 1-21; d) H. K. Grover, M. R. Emmett, M. A.
Kerr, Org. Biomol. Chem. 2015, 13, 655-671; e) T. F. Schneider, J. Kaschel,
D.B. Werz, Angew. Chem. Int. Ed. 2014, 53, 5504-5523; Angew. Chem.
2014, 126, 5608-5628; f) M. A. Cavitt, L. H. Phun, S. France, Chem. Soc.
Rev. 2014, 43, 804-818; g) L. Jiao, Z.-X. Yu, J. Org. Chem. 2013, 78, 6842-
6848; h) M. Yu, B. L. Pagenkopf, Tetrahedron 2005, 61, 321-347; i) H.-U.
Reissig, R. Zimmer, Chem. Rev. 2003, 103, 1151-1196; For a study of
their reactivity, see: j) A. Kreft, A. Liicht, J. Grunenberg, P. G. Jones, D. B.
Werz, Angew. Chem. Int. Ed. 2019, 58, 1955.

For selected recent examples, see: a) P. S. Dhote, C. V. Ramana, Org. Lett.
2019, 21, 6221; b) X.-B. Huang, X.-J. Li, T.-T. Li, B. Chen, W.-D. Chu, L. He,
Q.--Z. Liu, Org. Lett. 2019, 21, 1713; c) A. U. Augustin, J. L. Merz, P.G.
Jones, G. Mloston, D. B. Werz, Org. Lett. 2019, 21, 9405; d) W. Hao, J. H.
Harenberg, X. Wu, S.N. MacMillan, S. Lin, J. Am. Chem. Soc. 2018, 140,
3514-3517; e) X. Huang, J. Lin, T. Shen, K. Harms, M. Marchini, P. Ceroni,
E. Meggers, Angew. Chem. Int. Ed. 2018, 57, 5454-5458; Angew. Chem.
2018, 7130, 5552-5556; f) K. L. Ivanov, S.l. Bezzubov, M.Y. Melnikov,
E. M. Budynina, Org. Biomol. Chem. 2018, 16, 3897; g) A. U. Augustin, M.
Sensse, P.G. Jones, D. B. Werz, Angew. Chem. Int. Ed. 2017, 56, 14293;
h) D. D. Borisov, R. A. Novikov, Y. V. Tomilov, Angew. Chem. Int. Ed. 2016,
55, 12233; i) S. Racine, B. Hegedus, R. Scopelliti, J. Waser, Chem. Eur. J.
2016, 22, 11997; j) S. Das, C. G. Daniliuc, A. Studer, Org. Lett. 2016, 18,
5576; k) A. G. Amador, E. M. Sherbrook, T.P. Yoon, J. Am. Chem. Soc.
2016, 138, 4722-4725; 1) E. M. Budynina, O.A. Ivanova, A.O. Chagar-
ovskiy, Y. K. Grishin, I.V. Trushkov, M. Y. Melnikov, J. Org. Chem. 2015,
80, 12212-12223; m) S. Chakrabarty, 1. Chatterjee, B. Wibbeling, C. G.
Daniliuc, A. Studer, Angew. Chem. Int. Ed. 2014, 53, 5964; n)F.
de Nanteuil, E. Serrano, D. Perrota, J. Waser, J. Am. Chem. Soc. 2014, 136,
6239-6242; 0) W. Zhu, J. Fang, Y. Liu, J. Ren, Z. Wang, Angew. Chem. Int.
Ed. 2013, 52, 2032.

For selected recent examples, see: a) M. Petzold, P. G. Jones, D. B. Werz,
Angew. Chem. Int. Ed. 2019, 58, 6225; b) M. A. Kerr, Isr. J. Chem. 2016, 56,
476; c) L. K. B. Garve, M. Petzold, P. G. Jones, D. B. Werz, Org. Lett. 2016,
18, 564; d) Y.-Y. Zhou, J. Li, L. Ling, S.-H. Liao, X.-L. Sun, Y.-X. Li, L.-J.
Wang, Y. Tang, Angew. Chem. Int. Ed. 2013, 52, 1452; e) C. Perreault, S. R.
Goudreau, L. E. Zimmer, A.B. Charette, Org. Lett. 2008, 10, 689; f) I.S.
Young, M. A. Kerr, Org. Lett. 2004, 6, 139; g)I.S. Young, M. A. Kerr,
Angew. Chem. Int. Ed. 2003, 42, 3023.

For selected recent examples, see: a) C. Zhang, J. Tian, J. Ren, Z. Wang,
Chem. Eur. J. 2017, 23, 1231-1236; b) L. K. B. Garve, M. Pawliczek, J.
Wallbaum, P. G. Jones, D. B. Werz, Chem. Eur. J. 2016, 22, 521; ¢) H. Xu,
J-L. Hu, L. Wand, S. Liao, Y. Tang, J. Am. Chem. Soc. 2015, 137, 8006—
8009; d) M. Pawliczek, L. K. B. Garve, D.B. Werz, Chem. Commun. 2015,
51, 9165; e) S. S. Bhojgude, T. Kaicharla, A. Bhunia, A.T. Biju, Org. Lett.
2012, 74, 4098; f) O.A. Ivanova, E. M. Budynina, Y.K. Grishin, I.V.
Trushkov, P. V. Verteletskii, Angew. Chem. Int. Ed. 2008, 47, 1107; g) O. A.
Ivanova, E. M. Budynina, Y. K. Grishin, I.V. Trushkov, P.V. Verteletskii,
Eur. J. Org. Chem. 2008, 5329; h) T. R. Kelly, I. Tellitu, J. P. Sestelo, Angew.
Chem. Int. Ed. Engl. 1997, 36, 1866.

For selected examples, see: a) S. M. Wales, M. M. Walker, J.S. Johnson,
Org. Lett. 2013, 15, 2558-2561; b) M. R. Emmett, H. K. Grover, M. A. Kerr,
J. Org. Chem. 2012, 77, 6634-6637; c) J. Moran, A. G. Smith, R. M. Carris,
J.S. Johnson, M. J. Krische, J. Am. Chem. Soc. 2011, 133, 18618-18621;
d) M. R. Emmett, M. A. Kerr, Org. Lett. 2011, 13, 4180-4183; e) P. Cérat,
P. J. Gritsch, S. R. Goudreau, A. B. Charette, Org. Lett. 2010, 12, 564-567;
f) O. Lifchits, D. Alberico, I. Zakharian, A. B. Charette, J. Org. Chem. 2008,
73, 6838-6840; g) B. Moreau, A. B. Charette, J. Am. Chem. Soc. 2005, 127,
18014-18015; h) M. Yu, B. L. Pagenkopf, Org. Lett. 2003, 5, 4639-4640;
i) P. Harrington, M. A. Kerr, Tetrahedron Lett. 1997, 38, 5949-5952; j) R.
Bambal, R.D. W. Kemmett, J. Chem. Soc., Chem. Commun. 1988, 734-
735.

For reviews, see: a)D.K. Brownsey, E. Gorobets, D.J. Derksen, Org.
Biomol. Chem. 2018, 16, 3506-3523; b) M. Meassa, H. Guo, R. Rios, Org.
Biomol. Chem. 2017, 15, 2479-2490; c) V. Ganesh, S. Chandrasekaran,
Synthesis 2016, 48, 4347-4380; d) A. Thakur, J. Louie, In Molecular
Rearrangements in Organic Synthesis; C. M. Rojas, Ed.; John Wiley & Sons:
Hoboken, 2015, 323-362; e) T. Hudlicky, J. W. Reed, Angew. Chem. Int.

S

v

[4

9

[6

2867 © 2021 Wiley-VCH GmbH


https://doi.org/10.1002/anie.201909213
https://doi.org/10.1002/anie.201909213
https://doi.org/10.1002/ange.201909213
https://doi.org/10.1039/C4OB02117G
https://doi.org/10.1002/anie.201309886
https://doi.org/10.1002/ange.201309886
https://doi.org/10.1002/ange.201309886
https://doi.org/10.1039/C3CS60238A
https://doi.org/10.1039/C3CS60238A
https://doi.org/10.1021/jo400609w
https://doi.org/10.1021/jo400609w
https://doi.org/10.1016/j.tet.2004.10.077
https://doi.org/10.1021/cr010016n
https://doi.org/10.1002/anie.201812880
https://doi.org/10.1021/acs.orglett.9b02035
https://doi.org/10.1021/acs.orglett.9b02035
https://doi.org/10.1021/acs.orglett.9b00274
https://doi.org/10.1021/acs.orglett.9b03623
https://doi.org/10.1021/jacs.7b13710
https://doi.org/10.1021/jacs.7b13710
https://doi.org/10.1002/anie.201802316
https://doi.org/10.1002/ange.201802316
https://doi.org/10.1002/ange.201802316
https://doi.org/10.1039/C8OB00377G
https://doi.org/10.1002/anie.201708346
https://doi.org/10.1002/anie.201603927
https://doi.org/10.1002/anie.201603927
https://doi.org/10.1002/chem.201602755
https://doi.org/10.1002/chem.201602755
https://doi.org/10.1021/acs.orglett.6b02815
https://doi.org/10.1021/acs.orglett.6b02815
https://doi.org/10.1021/jacs.6b01728
https://doi.org/10.1021/jacs.6b01728
https://doi.org/10.1021/acs.joc.5b02146
https://doi.org/10.1021/acs.joc.5b02146
https://doi.org/10.1002/anie.201400885
https://doi.org/10.1021/ja5024578
https://doi.org/10.1021/ja5024578
https://doi.org/10.1002/anie.201206484
https://doi.org/10.1002/anie.201206484
https://doi.org/10.1002/anie.201814409
https://doi.org/10.1002/ijch.201500095
https://doi.org/10.1002/ijch.201500095
https://doi.org/10.1021/acs.orglett.5b03598
https://doi.org/10.1021/acs.orglett.5b03598
https://doi.org/10.1002/anie.201207576
https://doi.org/10.1021/ol702414e
https://doi.org/10.1021/ol0362919
https://doi.org/10.1002/anie.200351573
https://doi.org/10.1002/chem.201605190
https://doi.org/10.1002/chem.201504013
https://doi.org/10.1021/jacs.5b04429
https://doi.org/10.1021/jacs.5b04429
https://doi.org/10.1039/C5CC01757B
https://doi.org/10.1039/C5CC01757B
https://doi.org/10.1021/ol301742k
https://doi.org/10.1021/ol301742k
https://doi.org/10.1002/anie.200704438
https://doi.org/10.1002/ejoc.200800620
https://doi.org/10.1002/anie.199718661
https://doi.org/10.1002/anie.199718661
https://doi.org/10.1021/ol4010646
https://doi.org/10.1021/jo3010606
https://doi.org/10.1021/ja2090993
https://doi.org/10.1021/ol201486x
https://doi.org/10.1021/ol902766f
https://doi.org/10.1021/jo8010705
https://doi.org/10.1021/jo8010705
https://doi.org/10.1021/ja056192l
https://doi.org/10.1021/ja056192l
https://doi.org/10.1021/ol0357898
https://doi.org/10.1016/S0040-4039(97)01351-8
https://doi.org/10.1039/c39880000734
https://doi.org/10.1039/c39880000734
https://doi.org/10.1039/C8OB00593A
https://doi.org/10.1039/C8OB00593A
https://doi.org/10.1002/anie.200906001
https://doi.org/10.1021/cr010020z

EurJOC

European Journal of Organic Chemistry

Full Papers

doi.org/10.1002/ejoc.202100430

Chemistry

Europe

[10

Eur. J. Org. Chem. 2021, 2862 -2868

Ed. 2010, 49, 4864-5876; Angew. Chem. 2010, 122, 4982-4994; f) J.E.
Baldwin, Chem. Rev. 2003, 103, 1197-1202; g) Z. Goldschmidt, B.
Crammer, Chem. Soc. Rev. 1988, 17, 229-267.

a) V. Lehner, H. M. L. Davies, O. Reiser, Org. Lett. 2017, 19, 4722; b) S. J.
Gharpure, L.N. Nanda, M.K. Shukla, Org. Lett. 2014, 16, 6424; c)F.
de Simone, J. Gertsch, J. Waser, Angew. Chem. Int. Ed. 2010, 49, 5767;
d) C. A. Carson, M. A. Kerr, Chem. Soc. Rev. 2009, 38, 3051-3060.

M. Richald, A. Delbrassinne, R. Robiette, Eur. J. Org. Chem. 2019, 3779-
3782.

a) S. Clergue, O. Rousseau, T. Delaunay, G. Dequirrez, T.V. Tran, S.
El Aakchioui, G. Barozzino-Consiglio, R. Robiette, Chem. Eur. J. 2018, 24,
11417-11425; b) O. Rousseau, T. Delaunay, G. Dequirez, T. Trieu-Van, K.
Robeyns, R. Robiette, Chem. Eur. J. 2015, 21, 12899-12902; c) R. Robiette,
J. Marchand-Brynaert, Synlett 2008, 517-520.

All reactions were performed directly on the mixture of cis and trans
VCPs as obtained using one of the two strategies described in the
Supporting Information. Indeed, test reaction using isolated trans VCP
2a showed that the diastereoselectivity of the VCP has no impact on
the outcome of the reaction. This observation is in good agreement
with the results obtained starting from trans 2a (see entry 2, Table 1) as
well as our calculations which indicate that, in the presence of TiCl,, a
rapid cis/trans isomerization takes place prior to all other trans-
formation.

[11]

[12]

It is likely in this case that ring-opening occurs on the cyclopropyl side,
forming a non-classical carbocation intermediate, followed by migration
of the styryl group (see Supporting Information).

a) K. Nakamura, Y. Osamura, J. Am. Chem. Soc. 1993, 115, 9112-9120;
b) K. Nakamura, Y. Osamura, Tetrahedron Lett. 1990, 31, 251-254; c) S.
Winstein, C. R. Lindegren, H. Marshall, L. L. Ingraham, J. Am. Chem. Soc.
1953, 75, 147-155; d) E. Wistuba, C. Ruchardt, Tetrahedron Lett. 1981,
22,4069-4072.

a) H. C. Brown, C.J. Kim, J. Am. Chem. Soc. 1968, 90, 2082-2096; b) S.
Winstein, B. K. Morse, E. Grunwald, K. C. Schreiber, J. Corse, J. Am. Chem.
Soc. 1952, 74, 1113-1120; ¢) T. H. Phan, H. Dahn, Helv. Chim. Acta 1976,
59, 335-348.

a) J. E. Baldwin, L. I. Kruse, J. Chem. Soc., Chem. Commun. 1977, 233-235;
b) J. E. Baldwin, R.C. Thomas, L.I. Kruse, L. Silberman, J. Org. Chem.
1977, 42, 3846-3852; c) J. E. Baldwin, J. Chem. Soc.,, Chem. Commun.
1976, 734-736.

Manuscript received: April 9, 2021
Revised manuscript received: April 22, 2021

www.eurjoc.org

2868

© 2021 Wiley-VCH GmbH

European Chemical
Societies Publishing


https://doi.org/10.1002/anie.200906001
https://doi.org/10.1002/ange.200906001
https://doi.org/10.1021/cr010020z
https://doi.org/10.1039/cs9881700229
https://doi.org/10.1021/acs.orglett.7b02009
https://doi.org/10.1021/ol503246k
https://doi.org/10.1002/anie.201001853
https://doi.org/10.1039/b901245c
https://doi.org/10.1002/ejoc.201900720
https://doi.org/10.1002/ejoc.201900720
https://doi.org/10.1002/chem.201502579
https://doi.org/10.1021/ja00073a029
https://doi.org/10.1016/S0040-4039(00)94384-3
https://doi.org/10.1021/ja01097a042
https://doi.org/10.1021/ja01097a042
https://doi.org/10.1016/S0040-4039(01)82067-0
https://doi.org/10.1016/S0040-4039(01)82067-0
https://doi.org/10.1021/ja01010a030
https://doi.org/10.1021/ja01125a001
https://doi.org/10.1021/ja01125a001
https://doi.org/10.1002/hlca.19760590137
https://doi.org/10.1002/hlca.19760590137
https://doi.org/10.1039/c39770000233
https://doi.org/10.1021/jo00444a011
https://doi.org/10.1021/jo00444a011
https://doi.org/10.1039/c39760000734
https://doi.org/10.1039/c39760000734
https://doi.org/10.1039/c39760000734

