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Asymmetric Sulfur Ylide-Mediated Formal (4+1) Annulation Reaction:

Scope and Mechanism

Sébastien Clergue’, Olivier Rousseau®, Thierry Delaunay, Geoffroy Dequirez, Trieu-Van Tran, Soumia
El Aakchioui, Gabriella Barozzino-Consiglio, Raphaél Robiette*

Abstract: A formal (4+1) annulation strategy between sulfur ylides
and 1,3-dienes has been developed to afford functionalized
cyclopentanoids. The process consists of a stereoselective
cyclopropanation reaction followed, in situ, by a stereospecific Mgl-
catalyzed vinylcyclopropane-cyclopentene rearrangement. The use
of chiral sulfur ylides provides cyclopentanoids with an excellent
enantiocontrol. A combined experimental and computational
mechanistic study shows that the stereospecificity of the
rearrangement can be accounted for by a double S\y2 reaction
mechanism involving iodide.

Introduction

Cyclopentanoids are central features in the structure of a
number of biologically active (natural) products as well as key
synthetic building blocks in the synthesis of complex targets.!"
Accordingly, a wide variety of methodologies have been
elaborated for the synthesis of these carbocycles.

Among the different strategies for constructing cyclic
structures, cycloaddition reactions are unrivalled in their power
to rapidly build complex molecular architectures in a single
convergent step from (at least) two precursors.” The best
example of this class of reactions is the Diels-Alder reaction,
which has become the most powerful strategy for forming six-
membered rings; its prominence relying on the easy access to
starting materials, the usually smooth reaction conditions and
the observed high stereoselectivity.

In order to have an equivalent to the Diels-Alder reaction for
5-membered rings, several studies have been devoted to the
development of a (4+1) cycloaddition/annulation strategy
between four-atom systems and C1 sources.® The first reports
of a (4+1) cycloaddition strategy toward five-membered
carbocycles involve the use of carbenes as one-carbon synthon
and 1,3-dienes as four-carbon unit™ The high reactivity of
carbenes is however responsible for a low functional group
tolerance. Accordingly, a range of carbenoids have been
explored as alternatives to carbenes with a focus on
isocyanides, carbon monoxide (and  transiton metal
catalysis),”” ylides,” o-benzotriazolyl lithium compounds® or
palladium catalysis.” Variations on the four-carbon unit have
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also been considered such as w-halogeno-alkenes!'” or 2-

(acetoxymethyl)-buta-2,3-dienoate.!""” However, these
methodologies have been little exploited in organic synthesis
thus far, probably because of their limited scope. Another
challenge is the lack of asymmetric variants; only limited
methods capable of imparting enantiocontrol in the (4+1)
annulation have been disclosed.!"”

Onium ylides have been used for a long time for forming
three-membered rings such as cyclopropane, epoxides and
aziridines."¥ This last decade, it has been showed that ylides
can also initiate tandem reactions allowing to go beyond the
formation of three-membered rings."™ In particular, ylides have
been used in the synthesis of Donor-Acceptor cyclopropanes
which can undergo subsequent (in situ) ring-opening reactions,
cycloadditions and rearrangements.*'® One example is the
synthesis of dihydrofurans via a cyclopropanation/Cloke-Wilson
rearrangement strategy, resulting in a formal (4+1)
heteroannulation (see path a in Scheme 1).1""8
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Scheme 1. (4+1) annulation strategies using onium ylides.

Recently, we reported on a formal
annulation strategy involving 1,3-dienes and sulfonium ylides
(see Scheme 1) which can be seen as a carbonated equivalent
to the reported cyclopropanation/Cloke-Wilson rearrangement
strategy in which C=0 has been replaced by C=C(EWG).. Here,
we explore the scope and the limitations of this methodology
and investigate the mechanism of this multistep process. The
versatility of the reaction is also illustrated by subjecting one of
the obtained cyclopentene to a series of further transformations.

asymmetric (4+1)
(9]
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Results and Discussion
Development of the (4+1) annulation process

Reaction with a mono-activated 1,3-diene: Our initial
investigation began with a sulfonium ylide model formed by
deprotonation of 2a and 1,3-diene 1a (Scheme 2). Stirring these
two reagents at -78°C for 1h afforded vinylcyclopropane 3aa
with a 93:7 ftrans/cis selectivity and a 88/12 regioselectivity
(3aa/4aa).”” All our attempts to observe direct formation of
cyclopentene 5aa by modifying reaction conditions or the nature
of the ylide failed. We thus searched for reaction conditions
under which 3aa could rearrange into the more stable
cyclopentene 5aa.?"! Many Lewis acids (BFsOEty, AICIs, Mglz,
TiCls, SnCls...) and reaction conditions were investigated but
none of them allowed observing formation of 5aa.

CO,Et
CO,Et LiHMDS, 2 CO.E
— - CH,Cl,, Z . 2
= Ph) BF, 78°C ) 2 Ph
98% “Ph
1a 22 3aa/4aa = 88:12 3aa 4aa
trans/cis (3aa) = 93:7 '
Y
CO,Et
Ph
5aa

Scheme 2. Investigation using mono-activated 1,3-diene 1a.

Accordingly, we decided to further activate the
vinylcyclopropane toward the vinylcyclopropane-cyclopentene
rearrangement by adding a second electron-withdrawing group
(EWG) on the vinylcyclopropane, thus starting from a bis-
activated 1,3-diene.

Reaction of 1,1-bis-activated 1,3-dienes : Deprotonation
of sulfonium salt 2a in the presence of diene 1b at -78°C and
then stirring for 16h at room temperature led to
vinylcyclopropane 3ba with a total regio- and diastereoselectivity
with, again, no trace of the desired cyclopentene (Scheme 3).
Next, we searched for reaction conditions to rearrange 3ba into
cyclopentene 5ba. After a screening of different Lewis acids
(see Sl), we found that Mgl. catalyzes the rearrangement of 3ba
under very mild reaction conditions (20 mol% Mgl., rt, 16h) to
give 5ba in 83% isolated yield.?*
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Scheme 3. Reaction of 1,1-bis-activated diene 1b

Having showed the potential of sulfur ylides in the
development of a (4+1) annulation strategy, we searched for
suitable reaction conditions allowing a two steps one-pot
synthesis. We found that deprotonation of sulfonium salt 2a in
the presence of diene 1b, at -78°C, followed by addition of 1.2
equivalents of Mgl. at room temperature, allows obtaining the
desired cyclopentene 5ba in 65% isolated yield in one synthetic
step (Table 1).

Exploring the scope of the formal (4+1) annulation

The scope of our methodology was evaluated under the
optimized reaction conditions (i.e. 1 equiv. of LIHMDS at -78°C,
then 1.2 equiv. of Mgl at rt). The results are collected in Table 1.
Both electron-rich and -poor benzylic (or allylic) ylides react with
1,3-diene 1b to provide corresponding cyclopentenes in
moderate yields (see 5ba-bf in Table 1). The reaction proceeds
even with an ester-stabilized ylide (see 5af), yet in a lower yield.

A range of 1,1-dicarbonyl ester 1,3-dienes with different
substituent patterns was explored.?® The breadth of tolerated
substituents is broad (aryl, heteroaromatic, alkyl and ester
groups) allowing to access variously substituted cyclopentenes
(see Table 1). It is interesting to note that, in the case of 4-
substituted 1,3-dienes, a second stereogenic centre is
generated with a good to excellent diastereoselectivity (5ma,
5na, 50e and 5me). The stereochemistry of the major isomer
varies however according to the substitution of the ylide: the only
observed isomer for 5ma and 5na shows a cis stereochemistry
as confirmed by single crystal X-ray diffraction analysis®*
whereas in the case of 50e and 5me that is the frans isomer
which is the major product. The rearrangement being
stereospecific this difference is due to a change in
stereoselectivity in the cyclopropanation step as shown by
supplementary experiments (see Sl).

The nature of the activating electron-withdrawing groups on
the diene was also varied: Replacing the two esters by two
cyano groups led to 5ra, 5sa and 5ta in good yields (see Table
1). The rearrangement is however slower in this case and
requires 1.5 equivalents of Mglz in acetonitrile at reflux for 48h.
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Table 1.Substrate scope of the formal (4+1) annulation reaction.
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[a] Yield in pure product after purification by flash chromatography. Diastereocisomeric ratios were determined by "H NMR on the crude mixture. [b] Determined on
the crude by "H NMR analysis using an internal standard. The reaction was carried out using benzyl(diisopropyl)sulfonium tetrafluoroborate. [c] Rearrangement

was carried out with Mgl, (1.5 eq.) for 48h at reflux of acetonitrile.

Development of an enantioselective version

We next focused our attention on the development of an
enantioselective version of our methodology. Aggarwal et al.
have shown that high enantiocontrol

in cyclopropanation

reactions could be obtained using sulfonium salt 6a (which is
readily available optically pure in two steps from sulfur and
limonene).”® Accordingly, we prepared 6a and investigated the

of 6a in

reaction of the corresponding ylide with diene 1b. Deprotonation
the presence of diene 1b allows obtaining
vinylcyclopropane 3ba with a total diastereo- and enantiocontrol,



only one stereoisomer being observed by NMR and chiral HPLC
analysis (dr > 98/2 and ee > 99%; Scheme 4).

Much to our surprise, the rearrangement of 3ba in the
presence of Mgl> (20 mol%) led to corresponding cyclopentene
5ba with no deterioration of the enantiomeric excess; indicating
a totally stereospecific rearrangement. Application of this
strategy using our one-pot procedure resulted in a series of
cyclopentenes with a very high enantiocontrol (81-99 % ee)
(Table 2).

CO,Et
o CO,Et w& LIHMDS,  pp_ |
Z O+ N CH,Cl,, COoEt
/ P(h BF, -78°Ctort )
43% ‘Ph
1b 6a trans/cis > 98:2 3ba
>99% ee
83% | Malz (20 mol%)
>00% ee|  CH3iCN
rt, 16 h

EtO,C CO,Et

Ph
~iPh

5ba

Scheme 4. Development of an enantioselective version using a chiral
sulfonium ylide.

The absolute configuration of the stereogenic centre of
cyclopentene 5ja could be determined by single-crystal X-ray
diffraction analysis (see Table 2).** Absolute configuration of all
other products was determined by analogy.
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Table 2.Enantioselective (4+1) annulation reaction.”
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[a] Yield in pure product after flash chromatography. Enantiomeric excesses
were determined by chiral HPLC (see SI). [b] Absolute configuration of 5ja
was determined by single crystal X-ray diffraction analysis (see Sl). Absolute
configuration of all other products was determined by analogy. [c] Determined
on the crude by '"H NMR analysis using an internal standard. [d]
Rearrangement was carried with Mgl, (1.5 eq.) for 48h at 80°C in acetonitrile.

Mechanistic studies

Observations made during the development of our (4+1)
annulation methodology raise a series of questions concerning
the mechanism of this process: why does reaction of ylides with
dienes lead exclusively to vinylcyclopropanes with no direct
cyclopentene formation? Why is Mgl. so efficient at catalyzing
the rearrangement whereas the use of other, including stronger,
Lewis Acids leads to no reaction or lower yields? What is the
exact mechanism of this rearrangement and what is the origin of
its total stereospecificity? In order to answer these questions a
mechanistic study combining experimental and computational
methods was set up.



Experimental study: First, we probed electronic effects of
substituents in the vinylcyclopropane-cyclopentene
rearrangement by analyzing the reaction of 10 with 2e. The
exclusive formation of 50e from 3oe shows that ring-opening is
favored in a position of electron-rich aryls (pathway a in Scheme
5).%% This could be explained either by a mechanism involving a
heterolytic C-C bond cleavage to form a zwitterion, a concerted
mechanism or an iodide-mediated ring-opening pathway
(Scheme 6).%%
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Scheme 5. Rearrangement of 3ne.
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Scheme 6. Potential mechanisms for the rearrangement step.

Next, we investigated the role of Mgl by probing the
importance of the Lewis acid feature of magnesium(ll) and of the
nucleophilic character of iodide. We attempted the
rearrangement of cyclopropane 3ba in the presence of a
magnesium(ll) salt with a less nucleophilic counter-ion (ClO4 or
CI) as well as in the absence of magnesium but the presence of
iodide, using Kl (Table 3). These experiments revealed the
crucial role of both magnesium(ll) and iodide ions, removal of
one of them leading to no reaction. These observations could be
explained by an iodide-mediated ring-opening/ring-closing
mechanism but hardly by a heterolytic cleavage of the C-C bond
to form a zwitterion or a concerted mechanism.
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Table 3. Investigation of the role of magnesium and iodide ions.

CO,Et

Ph 2> co,et Catalyst ph 2 COREt
CH4CN, RT, 16h Ph
Sb;IPh 5ba

Catalyst Yield (%)?

Mgl (0.5 eq.) quant.’

Mgl, (0.2 eq.) quant.(83)

Mg(CIO.), (0.5 eq.) 0

MgCl, (0.5 eq.) 0

Kl (0.5 eq.) 0

Mg(CIO.), (0.5 eq.) + KI (0.5 eq.) 97°

2 Yield was determined by 'H NMR using an internal standard. Isolated yield in
brackets. ® Reaction time is 7h.

In order to confirm further the role of iodide in the
mechanism of the rearrangement, we have explored its
influence on the stereospecificity of the process. In our search
for best reaction conditions for the rearrangement of 3ba into
5ba, we have observed that other Lewis acids, such as SnCls
and BF3.OEt, allows also observing formation of 6ba, yet in a
lower yield (see Sl). Interestingly, catalysis of the rearrangement
of enantiomerically pure 3ba with these Lewis acids shows a
drastic loss of stereospecificity for the process (Table 4). This
suggests a change in the mechanism between the Mglz-
catalyzed and the SnCls- or BFs-catalyzed rearrangement: In the
case of Mglz, a stereospecific double Sy2 mechanism would be
favored, whereas in the case of SnCls and BF3.OEt; such a
mechanism being disfavored (due to the lower nucleophilicity of
chloride or fluoride) the process would take place via another —
less stereospecific— pathway.

Table 4. Stereospecificity of the rearrangement.
CO,Et
Ph Catalyst (0.2
ZCO,Et atalyst (0.2 eq.)
CH5CN, RT, 16h

EIOZC COzEt

Ph
“Ph

3ba;tph 5ba
>99% ee
Catalyst Yield(%)® ee of 5ba
Mgl, Quant. >99%
BF;.OEt, Quant. 0%
SnCly Quant. 28%

? Yield was determined on the crude mixture by "H NMR using an internal
standard.

Computational study: In order to identify the mechanism
and the key factors controlling the reactivity and stereoselectivity
in our formal (4+1) annulation, we have investigated the free



energy profile of the reaction between ylide 6 and diene 1va.
Calculations were carried out at the B3LYP-D3/6-
311+G(d,p)//B3LYP-D3/6-31+G(d) level of theory including a
continuum description of dichloromethane as solvent.?”

The sulfur ylide-mediated cyclopropanation reaction has
been well studied and its mechanism clearly established.?® Our
calculations on ylide 6 and diene 1va are in good agreement
with reported mechanistic sequence which involves two steps.
The first is addition of the sulfonium ylide onto the terminal
carbon of 1va to form a betaine intermediate (7) (Figure 1). This
betaine can then undergo ring-closure, with concomitant
expulsion of the sulfide, to give the corresponding cyclopropane
(3va).

MeO,C.__CO,Me
s CO,Me
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Ph A7 Z ~CO,Me
H™ \H
Phy-H Ph
18.5 +
/S\
cis-7 cis-3va
et MeO,C.__CO,Me -9.6 -36.5
A -
Ph Ph I 06
6 1va
G0 MeO,C.__CO,M
17.3 e 2)1 L,Me CO,Me
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3 2°Ph -1.2 ¥ ~CO,Me
4 —_— :
H™ \H
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+
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trans-7 trans-3va
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===~ Cis

0.0
6 +1va

trans-7 "‘.-6. 8

cis-7 -°
-9.6

“-.. cis-3va
36.5

trans-3va
-39.3

Figure 1. Mechanism and free energy profile of the cyclopropanation (Relative
free energies in kcal.mol"),

Addition can occur through a cis or a trans approach
between the two reactants, leading to betaines cis-7 and trans-
7. respectively.? These two betaines can interconvert by a
simple rotation around the C3-C4 carbon-carbon bond. This
conformational equilibrium involves however a barrier which is
higher than those toward cyclization and elimination. Cis-7 will
thus lead to cis cyclopropane whereas trans-7 will yield trans
cyclopropane.
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Barrier to formation of trans-7 is computed to be lower (by
1.4 kcal.mol”) than to formation of cis-7. Addition being
predicted to be non-reversible, it results that a high frans
selectivity is computed, in good agreement with the observed
total frans selectivity (see Scheme 3).

The exclusive formation of vinylcyclopropane and the non-
observation of cyclopentene can be explained by the
geometrical impossibility for carbon atom C1 to get close to
electrophilic C5 in betaines 7. In order to allow ring-closure via
C1, i.e. toward cyclopentene 5va, betaines 7 would first need to
undergo rotation around C2-C3 to yield 8 (Scheme 7). The latter
could also be directly formed by addition of 6 onto diene 3va in
its s-cis conformation. However, isomerization of 7 into 8
involves a very high barrier and the free energy barrier of
addition onto s-cis-3va is much higher than the one onto s-
trans-3va. Exclusive formation of 3 with no trace of direct (4+1)
annulation to form 5 can thus be accounted for by selective
reaction of 1,3-dienes in their s-trans conformation to form a
betaine intermediate (7) which, for geometrical reasons, cannot
ring-close to cyclopentene and therefore leads to exclusive

formation of vinylcyclopropanes 3.

MeO,C.__.CO;Me

CO,Me
MeO,C.__CO;Me

1
| Lo 173 PN2 A2 Ph\/kcosza
Ph - 4_Ph ;
| 5 A

PN Ph
s-trans-1va 7 3va
0.0 -6.8 -39.3
28.5
\ 6.3 \ o
MeO,C.__CO,Me
MeO,C.__CO;Me 211 1 t 3.3 gaheozc CO,Me
1 + 6 ——— 4 5 Ph —=
Ph = Ph”2 3 [ Ph
s-cis-1va T Sva
29 -9.8 -54.9

Scheme 7. Rationale for the non-observation of a direct (4+1) annulation
(Relative free energies in kcaI.moI'1).

Next, we investigated the second key-step of the process,
the rearrangement. We explored different mechanisms, involving
a hetero-(or homo-)lytic C3-C5 bond cleavage to form a
zwitterion (or a diradical), a concerted migration of C5 (from C3
to C1) or two iodide-mediated Sn2 reactions (see Scheme 6).
Every attempt to optimize a zwitterionic (or diradical)
intermediate failed, leading to a cyclopropane structure. On the
other hand, a transition state connecting 3va-Mgl. to 5va-Mgl.
could be obtained, with a free energy barrier of 17.1 kcal.mol™
(Figure 2). We found however that the pathway involving a
cyclopropane ring-opening by iodide to form 9 followed by a
ring-closure to cyclopentene and expulsion of the iodide is the
most favored pathway (overall barrier at 12.7 kcal.mol™), in good
agreement with our observations concerning the crucial role of
iodide in the rearrangement (see Tables 3 and 4).F
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Figure 2. Mechanism and free energy profile of the rearrangement (Relative
free energies in kcal.mol'1)

The stereospecificity of the vinylcyclopropane-cyclopentene
rearrangement can thus be explained by the fact that the C4
stereogenic centre undergoes two successive Sn2 reactions, /.e.
two stereochemical inversions, the outcome being an overall
retention of configuration.

Model for enantiocontrol: =~ The observed high
enantioselectivity during cyclopropanation is consistent with the
model proposed by Aggarwal for enantiocontrol in epoxidation in
which ylide conformation and face selectivity are controlled
through nonbonded interactions (Scheme 8).%° Then, the
vinylcyclopropane-cyclopentene rearrangement being totally
stereospecific (vide supra), the observed enantioselectivity for 3
is transferred to 5.

H H’“ﬁjﬂi& CO,Et
Ph
=

N g — o=
Z - favored
H Ph approach

%diene diene
EtO,C

2§ COEt g5

Ph
“1Ph

Scheme 8. Model for enantiocontrol.

Derivatization

In order to illustrate the versatility of this methodology,
cyclopentene 5ba was subjected to a series of transformations
(Scheme 9). Reaction of 5ba with a sterically hindered
aluminium hydride reagent allows observing a diastereoselective
reduction of one of the ester groups, thus generating an
asymmetric all-carbon quaternary stereocenter (10).*" Further
ozonolysis of the double bond led to acyclic compound 11
without alteration of the enantiomeric excess. The double bond
was reduced as well to introduce a new stereocenter and

produce meso compound 12 with an excellent
diastereoselectivity.  Subsequent decarboxylation allowed
formation of 13 with a cis-cis relative configuration.®?

Interestingly, the more stable trans-trans isomer could be
obtained by epimerization under basic conditions.

MO~ co,et LiAl(OMBu)H Pﬁtozc CO,Et Pd/C.H,  EtO,C_CO,EL
Ph X THF, rt, 16 h EtOH, .24 h p, X_ .pn
Ph quant. “Ph W
dr=75:26 dr > 98:2
10 ee >99% Sba 12
88% |LiCl, H,0, DMSO
1) O4/0,, CH,Cl, dr= 75".25 70 gC i
82% -78 °C, 30 min )
ee >99% o
2) Me,S, -78 °C to rt
E
16 h ?O? t
Ph.. O +Ph
o Ph ? 13 cis-cis
Ph 92% | EtONa, EtOH
Et0,C CO,Et dr=80:20| 80°C,12h
11 CO,Et
Phu. +Ph

13 trans-trans

Scheme 9. Transformations of 5ba.

Conclusions

We have developed a new highly diastereo- and
enantioselective formal (4+1) annulation methodology. We have
shown that sulfur ylides react with 1,1-bis-activated 1,3-dienes to
lead to vinylcyclopropanes. Upon Mgl: catalysis, the latter
undergo a rearrangement affording cyclopentenes. A one-pot



procedure of this methodology could be developed allowing the
direct access to a series of functionalized cyclopentenes in one
synthetic step from sulfur ylides and 1,3-dienes.

Interestingly, high enantioselectivities could be achieved
using chiral sulfur ylides prepared from simple reagents,
limonene, elemental sulfur and y-terpinene.

The scope of the methodology was explored with respect to
both the sulfur ylide and the 1,3-diene. The reaction proceeds
under mild reaction conditions and shows a high functional
group tolerance.

In order to get a fundamental understanding of factors
controlling stereoselectivity in this formal (4+1) annulation
process, we have investigated its mechanism by experimental
and computational means. Control experiments revealed the
crucial role of both the magnesium(ll) and the iodide ions in the
vinylcyclopropane-cyclopentene rearrangement. lodide was
shown to be determinant for the stereospecificity of the
rearrangement, and hence the enantioselectivity of the overall
process. Indeed experimental results supported by
computational data indicate that the stereospecificity of the
rearrangement can be accounted for by a mechanism involving
a cyclopropane ring-opening by iodide followed by a ring-closure
to cyclopentene and expulsion of the iodide, i.e. a double Sn2
mechanism. Based on this, a rationale for the high
enantiocontrol could be devised.

Finally, the versatility of this formal (4+1) annulation process
was illustrated by subjecting 5ba to a series of subsequent
transformations. Further investigations to apply this methodology
in synthesis of pharmaceutically interesting compounds are
currently underway.

Experimental Section
General procedure for the formal (4+1) annulation reaction

In a dried round bottomed flask, under inert atmosphere, diene 1 (100 mg,
1.0 eq.) and sulfonium salt 2 (1.1 eq.) were dissolved in 4 mL of CH,Cl,.
LIHMDS (1.0 M solution in THF, 1.1 eq.) was then added, dropwise, at
-78 °C. The reaction mixture was stirred for 1h at -78 °C and then for
another hour at room temperature. A solution of Mgl, (1.2 eq.) in CH;CN
(1 mL) was added at room temperature and the solution was stirred for
16h. The reaction mixture was diluted with CH,Cl, (2 mL), water (2 mL)
and an aqueous 1M HCI solution (1 mL). The aqueous phase was
separated and extracted with CH,Cl, (2 x 5 mL). The combined organic
layers were washed with an aqueous NaOH solution (10 wt%, 5 mL),
water (5 mL) and brine (6 mL), dried over MgSO,4, and concentrated
under reduced pressure. The residue was purified by flash
chromatography on silica gel with the appropriate mixture of
EtOAc/cyclohexane to give the desired product (5).
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