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CONSPECTUS: The various facets of the chemistry of cyclo- R! R? s R, R
propane derivatives, the smallest carbocycle, are amazingly diverse / R-MI RS ZS R6
and continue to fascinate theoreticians, synthetic or structural s . then R8-X
chemists having interest in fundamental physical, medicinal R R RS R
chemistry, and natural product synthesis. The challenges generated l TRS-X
by this intriguing cyclic arrangement of only three tetravalent carbons . ..
represent a wide area of the chemical spectrum. From fundamental rofs ] t R2 . M
aspects of bonding through the synthesis of highly strained molecules, it R? R
the understanding of the mode of action in biological systems to the R ‘) R R?
selective cleavage into acyclic substrates makes the chemistry of these R R®

. . . . IfR3#R* Regioselectivity
small rings fascinating. Therefore, efficient routes to prepare IfR® = R* Enantioselecivity

differently polysubstituted cyclopropanes have always been of a

primordial importance. In the past decade, we and others have expanded the scope of the carbometalation reaction of cyclopropenes as a
broad and general method to the formation of stereodefined cyclopropane derivatives. Although cyclopropenes, with their even higher
strain energy, easily undergo addition reactions of organometallic reagents, their carbometalation reactions generate new regio-, diastereo-,
and enantioselectivity issues that needed to be addressed. These various stereochemical aspects accompanied our research from its origins
to today, and we are proposing in this Account, a didactic overview of the different ways by which cyclopropenes can lead to the formation
of polysubstituted cyclopropanes or open-products possessing several stereogenic centers as a single regio- and diastereomer.

We initially launched our research campaign on the chemistry of these strained three-membered rings by the regio- and diastereoselective
copper-catalyzed carbomagnesiation of enantiomerically enriched cyclopropenyl carbinols. The directing alcohol governed both the regio-
and diastereoselectivity of the addition and also served as a good leaving group as it undergoes a selective 1,2-elimination reaction to
provide enantioenriched alkylidenecyclopropanes in excellent yields and enantiomeric excesses. Then, we turned our attention to the
regio- and stereoselective synthesis of stereodefined tri- and tetrasubstituted cyclopropanes through the diastereoselective addition to sp’-
monosubstituted cyclopropenyl ester derivatives. With the aim to further expand this concept to the formation of penta- and hexa-
substituted cyclopropanes as single isomer, we had first to design the preparation of the required 1,2-disubstituted cyclopropenes that
would control the regioselective addition of the organometallic derivatives. The synthesis of penta- and hexa-substituted cyclopropanes
was then reported for the first time as a single regio- and diastereomer. It should be noted that the in situ formed cyclopropyl-metal
intermediate is configurationally stable and can be subsequently functionalized with pure retention of the configuration by addition of
electrophiles. Then, the enantioselective-catalyzed carbometalation reaction of achiral cyclopropenes allowed the synthesis of several new
classes of cyclopropane derivatives in high enantiomeric ratios. Finally, by combining the regio- and diastereoselective carbometalation
reaction of a cyclopropene with a subsequent reaction of the resulting cyclopropylmetal species, a selective carbon—carbon bond cleavage
was observed to lead to the preparation of acyclic substrates possessing several stereocenters including a quaternary carbon stereogenic
center. Our original vision of using strain within an embedded double bond in a three-membered ring has provided new routes to the
stereoselective synthesis of polysubstituted cyclopropanes and has been extremely successful, as it represents a current new tool for the
synthesis of persubstituted cyclopropanes as a single diastereomer.
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report was the starting point of our study for the regio-
and diastereoselective addition to cyclopropenes. Follow-
ing a selective syn-f-elimination reaction, enantioenriched
alkylidenecyclopropanes were obtained with excellent
selectivities.

Didier, D.; Delaye, P.-O.; Simaan, M.; Island, B.; Eppe, G.;
Eijsberg, H.; Kleiner, A.; Knochel, P.; Marek, I. Modulable
and Highly Diastereoselective Carbometalations of
Cyclopropenes. Chem. Eur. ]. 2014, 20, 1038—1048.” A
comprehensive study was performed to understand all
aspects related to carbometalation of sp>-monosubsti-
tuted cyclopropenyl ester derivatives.

Dian, L.; Miiller, D. S.; Marek, I. Asymmetric Copper-
Catalyzed Carbomagnesiation of Cyclopropenes. Angew.
Chem. Int. Ed. 2017, 56, 6783—6787.> This publication
described the enantioselective copper-catalyzed addition
of Grignard reagents to achiral cyclopropenes. Reacting
the resulting cyclopropyl magnesium species with a broad
range of electrophiles affords highly substituted cyclo-
propanes in excellent enantiomeric ratios.

Cohen, Y.; Augustin, A. U,; Levy, L.; Jones, P. G.; Werz,
D. B,; Marek, 1. Regio- and Diastereoselective Copper-
Catalyzed Carbomagnesiation for the Synthesis of Penta-
and Hexa-Substituted Cyclopropanes. Angew. Chem. Int.
Ed. 2021, 60, 11804—11808." Despite the highly strained
nature of persubstituted cyclopropanes, the regio- and
diastereoselective carbometalation of sp*-disubstituted
cyclopropenes proceeds smoothly, providing a unique
access to persubstituted cyclopropanes as a single
diastereomer.

1. INTRODUCTION

The triangular geometry of cyclopropanes induces unique
properties to the carbon skeletons. Through the angle of 60°
between carbon atoms, eclipsed interactions of all substituents
are produced. These properties grant an exceptional reactivity
making cyclopropanes excellent building blocks for a multitude
of chemical transformations such as ring opening, ring
expansion, cycloaddition, and rearrangement.” Moreover, cyclo-
propanes take part in a wide range of biological processes
ranging from enzyme inhibitors, antibacterial, antifungal, to
insecticidal agents.” Among all reported approaches to
synthesize stereodefined cyclopropanes,7 the most classical is
based either on transition-metal-catalyzed decomposition of
diazo esters,” on the Simmons—Smith—Furukawa cyclopropa-
nation reaction,” or on the Corey—Chaykovsky addition—
elimination sequence'® on isolated olefins (Scheme 1a). These
three approaches led collectively to utmost all reported efficient
preparations of cyclopropanes to date, despite that any variation
of substituents on the cyclopropyl core required each time a
different starting material. Due to these intrinsic limitations, we
envisioned the development of a single and unified approach
that would allow the synthesis of many different types of
cyclopropanes from a common starting material. By analogy to
alkynes,"" we marked the carbometalation reaction of cyclo-
propenes as a potential strategy. We first experienced this
transformation as part of our efforts to prepare enantioenriched
alkylidenecyclopropane derivatives 2 through the copper-
catalyzed Gri§nard addition to cyclopropenyl carbinols 1
(Scheme 1b)." We were pleased to observe that the carbinol
function governed both the regio- and diastereoselectivity of the
addition. Furthermore, the alcohol also served as a good leaving
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group as the cyclopropyl magnesium bromide intermediate
undergoes a 1,2-syn elimination to yield enantioenriched
alkylidenecyclopropane 2 (Scheme 1c). The success of this
transformation together with previous reports from other
research groups'” convinced us to investigate in detail the
carbometalation of cyclopropenes as a general approach to
synthesize stereodefined polysubstituted cyclopropanes.

2. STEREOSELECTIVE SYNTHESIS OF
POLYSUBSTITUTED CYCLOPROPANE DERIVATIVES

2.1. Carbometalation Reactions on sp>-Monosubstituted
Cyclopropene Derivatives

Based on the knowledge acquired in numerous studies for the
carbometalation reactions of alkynes,'' pioneering reports of
carbon nucleophilic additions to cyclopropenes started to
appear already in the 1970s."” Many of the basic principles
that led to all subsequent studies were already established by
these pioneering reports. For instance, the regioselectivity for
the addition on sp*-monosubstituted cyclopropene 3 should
favor the formation of the least substituted organometallic
species 4 (Scheme 2a). Furthermore, the presence of a polar
functional group incorporated in the cyclopropenyl scaffold
could cleverly be used to direct the facial selectivity of the
addition, representing the diastereoselective step of the reaction
(Scheme 2a).

This concept was widely described by Fox for the addition of
alkyl, alkenyl, alkynyl, and aryl Grizg)nard reagents to hydrox-
ymethyl cyclopropenyl derivatives.'”” The addition was regio-
and diastereoselective, delivering the corresponding cyclo-
propanes 5 in excellent yields (Scheme 2b). From those
foundations, we then began our own exploration on the
reactivity of cyclopropenes.

2.1.1. Diastereodivergent Carbometalation Reaction.
As it was reported that Grignard reagents were compatible with
many functional groups,'* we envisioned to perform the copper-
catalyzed addition of Grignard reagents to cyclopropenyl esters.
These potential substrates are easily obtained from the Rh-
catalyzed decornlposition of diazoesters in the presence of
terminal alkynes.”> When this transformation was performed in
the presence of a chiral ligand, the corresponding cyclopropenes
were obtained with high enantiomeric ratios.'> We then started
our investigation by reacting our model cyclopropenyl esters 6,
with various Grignard reagents in the presence of 10 mol % of
copper iodide in Et,0. We were delighted to observe a rapid
addition reaction at —30 °C to give the expected cyclopropyl
magnesium intermediate 7 (Scheme 3a). The latter was trapped
with various electrophiles to give the corresponding function-
alized cyclopropanes 8 possessing a quaternary stereocenter
(Scheme 3b). These results confirmed our assumption that
Grignard reagents are compatible, at low temperature, with the
ester functionality. At this temperature, the addition to the
double bond embedded in the three-membered ring is faster
than the direct attack on the carbonyl group. Moreover, the syn-
addition to the double bond was directed by the presence of the
ester group (syn-facial selectivity). The obtained cyclopropyl
magnesium bromide intermediate 7 is configurationally stable
under our reaction conditions, and therefore the stereochemical
outcome of the product provided insight on the stereochemistry
of the intermediate. However, unlike the case of hydroxymethyl
cyclopropenes,'*” the intermediate 7 should be kept at a low
temperature to avoid a ring fragmentation that easily occurs by
warming the reaction mixture to room temperature (Scheme

https://doi.org/10.1021/acs.accounts.2c00424
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Scheme 1. General Approaches to the Preparation of Stereodefined Cyclopropanes
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3c). This molecular rearrangement leads to the formation of
stereodefined trisubstituted alkenes 9 with excellent isomeric
ratios.”

To avoid the above-mentioned ring fragmentation, the
preparation of a more covalent cyclopropyl metal should be
considered. Therefore, instead of performing the copper-
catalyzed carbomagnesiation reaction leading to a potentially
labile cyclopropyl Grignard intermediate 7 (Scheme 3a), we
surmised that the addition of an organocopper reagent
(carbocupration) would lead to a more stable cyclopropyl
copper intermediate 10. Organocopper reagents are easily
achieved by the stoichiometric addition of a Grignard or
organolithium reagent to a copper salt (in a 1:1 ratio) (Scheme
4a). We were indeed delighted to observe the formation of 10,
through an ester-chelated syn-facial addition in nonpolar solvent
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with excellent regio- and diastereoselectivities (Scheme 4a). As
expected, since the carbon—copper bond is more covalent than
its respective carbon—magnesium bond, 10 showed a higher
stability toward fragmentation allowing us to expand the scope
of potential electrophiles (Scheme 4b).” Interestingly, when the
Lewis acid character of the organocopper decreases, the syn-
facial selectivity induced by the chelation of the ester also
decreases to eventually reach a complete anti-addition. For
instance, when MeLi was added to CuCN, the formed lower-
order cyanocuprate'® showed a different reactivity toward the
same cyclopropenyl ester as an anti-facial addition was observed
(Scheme 4c). This phenomenon could be explained by the
electronegative nature of the cyanocuprate with regards to a
classical organocopper reagent. The cyano ligand is tightly
bound to the copper atom, leading to the formation of an “ate”

https://doi.org/10.1021/acs.accounts.2c00424
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Scheme 2. Carbometalation of Methoxymethyl Cyclopropenyl Derivatives

a. Sp?-mono-substituted cyclopropenes b. Selected examples
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complex. The Lewis acidity of this negatively charged species is
drastically decreased and therefore is less prone to intra-
molecular chelation by the basic oxygen of the cyclopropenyl
ester (Scheme 4d). Following the same logic, a polar solvent
should also be able to disrupt the intramolecular chelation of the
ester. Indeed, when the reaction was performed with an
organocopper in a more polar solvent such as THF, the anti-
addition was quantitatively observed (Scheme 4e)."” In this
case, the better solvation of the organocopper by the polar
solvent, yet again, prevent the intramolecular chelation from the
ester. It should be noted that the anti-addition intermediate 12 is
also configurationally stable, recognizing again the beneficial

potential fragmentation

talation reaction, an inte

was unable to undergo a
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effect of the covalent nature of the carbon—copper bond toward

reactions.

To illustrate the power of this diastereodivergent carbome-

resting application was the synthesis of

bicyclopropyl methanol 13. Indeed, in nonpolar solvent, the syn-
facial copper-catalyzed carbomagnesiation of 6 provided 7 that

second carbometalation reaction with a

more reactive cyclopropene such as 14. Our hypothesis for this
unsuccessful second addition was that the high torsional strain
that would have been generated impeded the second
carbometalation to occur. However, the anti-facial addition
providing 12 could easily and smoothly proceed with 14 to give

https://doi.org/10.1021/acs.accounts.2c00424
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Scheme 4. Carbocupration of Cyclopropene Derivatives

a, Formation of a more covalent cyclopropyl! copper intermediate.

b, Selected examples
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the two diastereomers of the addition product, resulting from
the addition either on the C;—C, or the C,—C; double bond,
respectively. In both cases, the addition proceeds diastereose-
lectively on the face of the Me group and will be discussed in one
of the following subsections. By reaction with allyl bromide, the
two corresponding bicyclopropyl esters 13a and 13b were
obtained, each one as a single diastereomer, and were easily
separated by column chromatography (Scheme 5)."*
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2.1.2. Stereoselective Synthesis of Alkenyl Cyclo-
propanes Derivatives. Confident in the complete control of
the facial stereoselective addition, we wanted to extend our
approach to the synthesis of polysubstituted alkenyl cyclo-
propanes as a single diastereomers. Alkenyl cyclopropanes
represent an important category of reactive cyclopropane
derivatives that undergo a multitude of cycloaddition

reactions.'” For the preparation of these alkenyl cyclopropanes,

https://doi.org/10.1021/acs.accounts.2c00424
Acc. Chem. Res. 2022, 55, 2848—2868
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Scheme S. Synthesis of Bicyclopropyl Methanols
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Scheme 6. Retrosynthetic Analysis for the Preparation of Stereodefined Alkenyl Cyclopropanes
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three possibilities were considered (Scheme 6): (1) a metal-
catalyzed cross-coupling reaction of the resulting cyclopropyl
metal intermediate with alkenyl halide (path a, Scheme 6); (2) a
diastereoselective alkenyl carbometalation of cyclopropenes
(path b, Scheme 6); and (3) a regio- and stereoselective
carbometalation of alkenyl cyclopropenes (path ¢, Scheme 6).
All possibilities were tested (path ¢ of Scheme 6, discussed in
section 3, that concerns the carbometalation of sp*-disubstituted
cyclopropenes).

Based on our previous expertise for the diastereoselective
carbometalation of cyclopropenes, it was only natural to trap the
resulting cyclopropyl metal intermediate with various vinyl
halides (X = I or Br, Scheme 6, path a). After a comprehensive
optimization, transmetalation to zinc and increase of the polarity
of the reaction medium enabled the Pd-catalyzed cross coupling
reaction to proceed in high yield (Scheme 7a). Noteworthy, the
stereochemistry was preserved along the process, underlining
that no epimerization of the carbon—metal bond was detected
during the transmetalation neither during the coupling reaction
(Scheme 7b).* Yields are based on the reduced products of 15.

Alternatively, we also envisioned the diastereoselective
copper-catalyzed addition of alkenyl organometallic species
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(Scheme 6, path b). Alkenyl lithium reagent, smoothly prepared
through lithium-halide exchange, could be added to a copper salt
and to a cyclopropene (Scheme 7c). In all cases, the facial
selectivity of the addition of the organometallic species was
controlled by the in situ generated alkoxide (Scheme 7d).*!
2.1.3. Regio- and Stereoselective Carbocupration of
Cyclopropenes and Reaction with Oxenoid: New Access
to Cyclopropanol Derivatives. Various oxidation reactions
of organometallic species have been described in the literature,*”
but a sharp contrast exists in the stereochemistry of the resulting
products between an aerobic oxidation and oxidation with
oxenoids. For instance, when cyclopropyl lithium was treated
with O,, a mixture of cyclopropanols was obtained through the
formation of interconverting radical pairs, whereas when the
same stereochemically defined cyclopropyl lithium was treated
with lithium oxenoid tBuOOLI, the exclusive formation of a
single isomer was observed.”’ Therefore, the electrophilic
oxygen transfer by an Sy2-type mechanism has been suggested
for the transformation mediated by fBuOOLi. The same
stereochemical study of cyclopropyl metal species was
investigated for the oxidation of Gilman-type cuprates.”* This
reaction is particularly important since organocuprates are

https://doi.org/10.1021/acs.accounts.2c00424
Acc. Chem. Res. 2022, 55, 2848—2868
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Scheme 7. Synthesis of Stereodefined Alkenyl Cyclopropanes

a, Carbometalation - transmetalation - cross-coupling sequence

X R?
1 - - 3
H, COEt  R'MgBr Elod 23" MgBr O 7 ZnBr R COoEt
5 Cul (10 mol%) S R ( ZnBry, 1 M in THF R Pd(PPh3)4 (5 mol%) Cgps,, H R2
Cop? H Et,0O, -30 °C H H -50to0 -30 °C H H DMF R \—
Cop2 Cope 45 -75°C, 18 h 15 R
Stereoretentive stereoretentive
_____________________________________________________ transmetalation ___________________coupling .
b, Selected examples
H, /~oH H,_/~oH H, /~oH
Bu, /\«H Me Bu,, WH Bu, «H
s s T
Me Me n-Bu Me £Bu
15a 15b 15d
56% 74% 40% 40%
ar 95:05:0:0 ar 95:05:0:0 ar95:05:0:0 ar 95:05:0:0
H, /~oH H, /~0H H, /~0H Me, /~CH
Cy,, /\..H Me Bu, /\ «H Me Bu, /\ «H Ph Bu, /\ «H
o o o o
Me Pr Me pr Me Me -Bu
15e 15f 159 15h
46% 57% 40% 56%
ar 95:05:0:0 ar 95:05:0:0 ar95:05:0:0 ar 95:05:0:0
¢, Copper-catalyzed alkenyl lithiation reactions
R2
1 Z L
R’ /—OH 3 R’ ,—OH
R—> Csp3/,
Cul(10mol%) R 4
Copt A Eno-otooc 77 g H
then H;O* R

d, Selected examples

Ph. ,—OH Ph, ,~OH Me, ,—OH Me, /—OH Ph, y—OH OH
= H Bu” X H Me” X H Bu = H Bu = H X

15i 15j 15k
68% 75% 66%
dr98:02 ar98:02 ar98:02

H
151 15m 15n
70% 1% 78%
dr98:02 dr98:02 dr > 95:05

known to undergo extremely rapid degradation (i.e., oxidative
R—R dimerization) upon reaction with molecular oxygen. Our
study considered the unique abilities of oxenoid to oxidize
organocopper derivatives with retention of configuration,” and
we therefore explored the carbometalation—oxidation sequence
of cyclopropenyl esters as a new route to stereodefined
cyclopropanol derivatives.”® When methoxymethyl cyclopro-
pene derivatives 3 (Scheme 8a) were treated with an
organocuprate, the syn-diastereomer 4 was obtained as a unique
isomer. By subsequent addition of an oxenoid, easily prepared by
simple metalation of tBuOOH with nBuLi, a stereoretentive
oxidation reaction provided the expected cyclopropanol 17,
after hydrolysis. Remarkably, cyclopropanol 17 was isolated with
up to three stereocenters as a unique diastereomer through the
proposed 1,2-metalate rearrangement 16 (Scheme 8b). When
the starting cyclopropenyl methyl ether 3 is prepared
enantiomerically enriched (er 93:07), the diastereoselective
carbometalation followed by the stereoretentive oxidation
provided the corresponding cyclopropanol with the same
enantiomeric ratio than the starting material (17e, dr
99:01:0:0, er 93:07).

In the same vein, we envisioned to complete the picture of this
sequence by investigating the reactivity of another subclass of
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sp>-monosubstituted cyclopropenes, particularly nonfunction-
alized cyclopropenes 18 (Scheme 8c). Here again, a smooth
addition of cyanocuprates to the latter followed by an oxidation
reaction with oxenoid yielded cyclopropanols 19 with two
quaternary centers as a unique diastereomer (Scheme 8d).”
2.1.4. Regio- and Stereoselective Carbocupration of
Cyclopropenes and Reaction with Prochiral Electro-
philes: New Access to Polysubstituted Cyclopropyl
Carbinols. While we were investigating the diastereoselective
copper-catalyzed addition of alkenyl organomagnesium species
to cyclopropenes, we were also interested to understand if the
addition of a prochiral electrophile could allow the formation of
an additional stereocenter with a complete control of the
diastereoselectivity (Scheme 9a). We were pleased to observe
that addition of various aldehydes provided a single diaster-
eomer at the carbinol center (Scheme 9b).”* However, for
unclear reasons, when the addition of alkyl magnesium halides
followed by aldehydes were added to similar cyclopropenyl
rings, the diastereoselectivity was drastically lower.”” This
drawback could be circumvented by addition of acylsilane to
cyclopropenyl ester using slightly different experimental
conditions (Scheme 9¢).>° The formation of a unique
diastereomer at the three cyclopropyl carbon atoms as well as

https://doi.org/10.1021/acs.accounts.2c00424
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Scheme 8. Carbometalation—Oxidation Sequence

a, Carbometalation - oxidation Sequence

R2

./ OMe R1CUCNLI (1.3 equiv) R2 j~OMe
Et,0, -35 °C, 30 min Copl, WH
Ceps H then 1
tBUOOLi, -78 °C RT 47 OH
syn
addition H30*  _
Me (' O—tBu
Y
O-..
“CuCNLl
O-[C
R1 BUOOL] 1CuCNL|2 R1 {Cu]
R2 H -
CSP3 sp3 Sp3
4 16
b, Selected examples TTITTTTTTImmmImmmmmmmmmee
Ph, CH,OMe Ph, LCH>OMe Ph, CH2OMe Me, CH;OMe Ph, CH,OMe
Pr,,,,, H Pr., wH =] rA H Hex A H cHex A H
Me OH Bu OH Ph OH Me OH Me OH
17a 17b 17¢c 17d 17e
70% 90% 72% 69% 65%
dr 99:01:0:0 dr99:01:0:0 dr99:01:0:0 dr99:01:0:0 dr99:01:0:0
er 93:.07

¢, Carbometalation - oxidation of nonfunctionalized sp® mono-substituted cyclopropenes

Me

Ar% Ar, Me

Same as above Csp&%' WH

o g R1 19 OH

d, Selected examples
Ph Me Ph Me Ph. Me pMeCeH4 Me pCICgH4 Me
Me,A €, /\ oH Pr:A Pr',,,, oH Pru, / wH
OH Bu OH
19a 19b 19¢c 19d 19e
65% 56% 70% 52% 51%

dr 98:02:0:0 dr 98:02:0:0 dr 98:02:0:0 dr 98:02:0:0 dr 98:02:0:0

at the carbinol centers is worth mentioning, even if the products
were isolated as lactones 18 (Scheme 9d). To avoid the
subsequent cyclization into lactones, cyclopropyl amides were
considered, and when treated under the same experimental
conditions (Scheme 9e), the expected tertiary alcohols could be
obtained as single diastereomers over the 4 stereogenic centers
(Scheme 9f).*

Even more interesting was the necessity to have a Lewis basic
moiety to control the diastereoselectivity of the carbinol center
(compare 25a—d with 25e,fin Scheme 8h).** This requirement
underlines a potential chelation of the carbonyl group of the
acylsilane with a metal associated with the heteroatom, forcing
the bulky Me;Si group to point away from the cyclopropyl core.
As the reaction with acylsilane showed excellent diastereose-
lectivity, one could use the reactivity of the resulting a-silyl

2855

carbinol to undergo a stereoinvertive protiodesilylation reaction
by addition of tBuOK in protic DMSO to provide the respective
secondary alcohols 26 with excellent diastereomeric ratios,
alleviating the limitation previously mentioned (Scheme 10).”"

2.2. Carbometalation Reactions on sp?-Disubstituted
Cyclopropene Derivatives

With the broad experience that was acquired in the
carbometalation reaction of sp*-monosubstituted cyclopro-
penes, it was only natural to further push the boundaries of
potentially accessible cyclopropanes by extending our chemistry
to the carbometalation of sp’-disubstituted cyclopropenes.
Despite the obvious expected difficulties due to the lack of
reliable access to the required starting materials coupled with the
potential high torsional strain that would be generated, we
envisioned the synthesis of fully substituted stereodefined

https://doi.org/10.1021/acs.accounts.2c00424
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Scheme 9. Reaction of Cyclopropyl Magnesium Species with Prochiral Electrophiles

a, Copper-catalyzed alkenyl magnesiation reactions and subsequent reactions with aldehydes

b, Selected examples

HOCH2 \|Pr

20a
75%

R2 = o
\C\MQBF R o\ JJ\ R HOGH, HO\R4
R = Mg| R* TH = N
Cul (10 mol%) B2 [ THF B2 H
Et,0, 0°C, 30 mn Cspr R'H | poc,30min  Cs® R'H
4 thenH;0* 20
HOCH, \|Pr HOCH, O':'ph HOCH, O"\'ph
H PnH ¥ H meH
20b 20c 20d
7% 1% 68%
E.Z > 98:02 ZE 101 ZE 101

Z:E10:1
dr>95:05:0:0:0:0:0:.0

dr>95:05:0:0:0:0:0:.0

dr>95:05:0:0:0:0:0:.0 dr> 95:05:0:0:0:0:0:0

¢, Copper-catalyzed alkyl magnesiation reactions and subsequent reactions with acylsilanes

COEL R MgBr (1 equiv), LiCl (1 equiv)

CuBreMe»S (5 mol%)

Toluene, -50 °C

d, Selected examples

ON-O, SiMes
Me Ph
Bu

21a
52%

dr99:01:0.0:.0:.0.0

ON-0, SiMe,
Me, Ph
Hex
21b
54%

dr99:01:0:0.0:0.0

N o, SR
EtO 1 MgBr s|R3 R’ N
-25 °C, 2h R
sp3 CSP3 21
_SiMe, ON-O, SiMe,
Ve, Tol
Hex
21c 21d
65% 70%

dr99:01:0:0:0:0.0 dr99:01:0:0:.0:.0.0

e, Copper-catalyzed alkyl magnesiation reactions of cyclopropenyl amide and subsequent reactions with acylsilanes

CONMe; R1MgBr (1 equiv), LICI (1 equiv)

CuBreMesS (5 mol%)

. Me2 OHO SR,
S|R

Toluene, -50 °C

—25 °C,2h

Me,N ; MgBr

Me
[ Ph
H

23a
70%
dr99:01:0:0:0:0:0:0

Bu

23d
1%

dr95:05:0:0:0:0:0:0

O
Me,\z/l’: HO SiMe,

: CH,CH,Ph
Bu H H
23c

63%
dr99:01:0:0:0:0:0:0

23d
69%
dr95:05:0:0:0:0:0:.0

g, Tandem copper-catalyzed carbomagnesiation and reaction with acylsilanes on variously substituted

cyclopropenes

h, Selected examples

MeOCH, HO SiMes

Ph

Me

PhCH,CH, ,_|| H

25a
64%

3 p2
RER® ReMgBr (1 equiv), LICI (1 equiv) R \SiMes
CuBrMe,S (5 mol%) Cs;ﬁA _RS” SiMey sn\/|e3 N
Toluene, -50 °C e MgBr “then H,OF H,0* 3 R3 Y
HO
M";OCHz ’ \SiMes MI—;OCHZ HQ\\SiMes MeOCHz SiMles
| Ph | Ph N
Bu H OH Bu CH; H
25b 25¢ 25d
84% 95% 72%

dr98:02:0:0:.0:.0:0.0

" SiMes
e
| Ph
BU GH, H
25e
40%
dr58:42

dr98:02:0:0:0.0:0.0 dr98:02:0:0:0:0:0:0

HO
" H " \SiMe;
e
| Ph
PhCH,CHz  H
25f
51%
dr75:25

cyclopropanes through the same type of regio- and diaster-
eoselective carbometalation reaction. Two complementary

conceptual designs were considered for a successful regiose-
lective carbometalation reaction, and two different starting
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Scheme 10. Protiodesilylation of Cyclopropyl Silyl Methanols

Me,N_ O Me,N_ O
HO 2
» wSiMes , \ HO
R BuOK (1 equiv) R s
7] R DMSO/H,0 (5:1) 7] R
R'H H it, 12 h H

H H
26a 26b 26¢ 26d
68% 63% 44% 54%

dr 91:09:0:0:0:0:0:0 dr 91:09:0:0:0:0:0:0 dr 91:09:0:0:0:0:0:0 dr 91:09:0:0:0:0:0:0

Scheme 11. Regioselective Carbometalation Reaction of sp>-Disubstituted Cyclopropenes

a, Electronically biased substrates b, Directed addition

R! OH R2MaB R’ OH 1 2 1 OH
., gbr - ' R, OH R“MgBr R,
/4 [Cu] (10 mol%) R2\£R3 ! Aﬁ/.. 3 [Cu] (10 mol%! R2 R*
Cop Y then E-X Cop ¥ 1 Gy R then ExX Cop™ Hn’YR3
E substrate 4
lY -Cqp ‘R3-x \ directed ‘ RE-X
O;Z[M] regioselective M) : O;:[M] ~~yR3 regioselective O
g R v addition < R2 ; ! < R% Ko addition R2 f\
R’ R1 Y E R! R1 5 YR?
Cope Cope ' Csp3 Csp3

Scheme 12. Regioselective Carbometalation Reaction of Cyclopropenyl Silanes

a, Electronically biased substrate - alkyl vs silyl b, Selected examples

R2MgBr :
1 1 : H y—OH H
R/—OH  Ccul (10 mol%) ZRK Og’ ; & g O H, /—CH
Et,0, rt, 2 h RALRT 1 MM Me/A,CO2H MeQAAF
Cep3™ 97 ISI] then R3-X Ceo? 28 "[Si] \ BuU ‘SiMe,Ph  Bu "SiMe Bu ‘SiMe,Ph
' 28a 28b 28¢c
R3.X : 79% 73% 78%
E dr> 95:05:0:0 dr > 95:05:0:0 dr>95:05:0:0
M . . :
02,[ ] regioselective O M H ,—OH Me, ,~OH Ph. ,—~OH
R% . addition R2 ! ¢ g 2
1 [Si] ,  Pr H Me H Me =
R R [Si] & A~ S,
Cep Cop? : Bu /SI Hex SiMesH Bu SiMesH
E 28d 28e 28f
' 71% 81% 59%
v dr>95:05.0.0 dr > 95:05:0:0 dr> 95:05:0:0
¢, Failed reactions
H ,—OH MeMgBr E H ,—OH iPrMgBr y Ph _y~OH MeMgBr
[Cu] (10 mol%) [Cu] (10 mol%) [Cu] (10 mol%)
A — % — % — %
Bu SiMe,tBu : Bu SiMe,Ph EBu SiMesPh

materials were prepared. The first (Scheme 11a), inspired by our on the two sp* carbon centers of the double bond that would

experience in the carbometalation of sp?-monosubstituted lead, after carbometalation, to the formation of an electronically

cyclopropenes, leaned on inherently two different substituents stabilized cyclopropyl metal species. The second approach
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Scheme 13. Carbometalation of sp*-zz-Substituted Cyclopropenes

a, Electronically biased substrate - alkyl vs. 7-system

o :

R! }-OR R2MgBr R! J-OR i

[Cu] (10 mol%) R2 R2 i

_ 4 '

Ceps Cep2sp then R%-X Cep3” CTep2ep |
v --M] regioselective O-e.o_ M] '
S R2 c __addition RO-<‘/ R2 / i
spsp ——————————> i

R' Cop2sp !

Cep3 sp® ;

H, /—OH
Et \A_/\/
B %
A
Me

Ph Ph Ph
30a 30b 30c
79% 53% 63%
dr>98:02:0:0 dr>98:02:0:0 dr>98:02:0:0

b, Selected examples

H, CO.Et H CO,Et H, CO,Et
Me H Me\A/\/ H %
Et"  “Ph Et"  “Ph %
29a 29b 29¢
86% 63% 55%
dr>98:02:0:0 dr>98:02:0:0 dr>98:02:0:0
H, CO-Et Me, COoEt COQEt
Me\A/\/ Me 7
But 7 s Bu  Ph
()
29d 29e 29f
63% 57% 79%
dr>98:02:0:0 dr > 98:02:0:0 dr> 98:02:0:0

Me, /~OH H,
Et\&\/ Me\&

Me, ,—OH
Et\é;\/

K “, & “, OH .,
Bu //( Ph(CHy); \\ Bu \\
Ph Ph (CH5),Ph (CHy)oPh
30d 31a 31b
66% 43% 44%
dr > 98:02:0:0 dr>98:02:0:0 dr>98:02:0:0

Scheme 14. Directed Carbometalation

a, Directed carbometalation

R!/-OH R2MgBr R! /—OH
/&H/.. [Cu] (10 mol%) R2 Z{ E
YNR————————™™ S,
Ceps ; then E-X  Cgpd (‘jn’YR
substrate
directed E-X
O;:[M]\\(R regioselective O
R* o addition
R1
Cspa Cops ”

* solvent influence ?

* nature of Y ?
en=>72

(®r ;['Y'] i
R' YR i

b, Selected examples

H, ,—OH H, —OH H, /~OH
Et H Et H Et\A:H
Me” '(');OH Me” Y");OH Me" '(7‘4’ OH
32a 32b 32¢
53% 95% 78%
r.r>98.2 r.r95:5 r.r 69:31
dr>98:02:0:0 dr>98:02:0:0 dr>98:02:0:0
H ,~OH H ,~OMe H ,—OH
Hex H Et Z  Me H
Me®  fAOBn  me”  TEOBn e fOTBS
32d 32e 32f
73% 57% 83%
r.ro4:6 r.r>98:.02 r.r>98:02
dr>98:02:0:0 dr>98:02:0:0 dr >98:02:0:0
H OH H, OH H__ OH
Et H Et H Et\£H

M ()2’ OTHP g™

"(')Z/NMGQ Me\“‘ “r Ph

32¢g 32h 32i
53% 53% 87%
r.r>98.2 r.r>98:.02 r.r64:36
dr>98:02:0:0 dr>98:02:0:0 dr >98:02:0:0

would consider a template effect, based on a Lewis basic group
tethered on one sp>-carbon center that would control the
regioselectivity of the organometallic addition (Scheme 11b).
2.2.1. Electronically Biased Substates. Silyl groups have
been known from previous studies to stabilize geminated
carbanions.”” Based on this fundamental principle, coupled with
the facile access to disubstituted cyclopropenyl silanes by
lithiation—silylation sequence of sp>-monosubstituted cyclo-
propenes, we have investigated the copper-catalyzed carbomag-
nesiation of cyclopropenylsilanes 27 in a nonpolar solvent. We
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were pleased to observe that primary alkyl Grignard reagents
could successfully be added to the strained double bond of 27
with a perfect regioselectivity (Scheme 12a). Motivated by the
goal to synthesize stereodefined polysubstituted cyclopropanes
as a single diastereomer, we stereospecifically trapped the
reactive cyclopropyl magnesium bromide intermediate with
various electrophiles to provide the first example of defined
hexa-substituted cyclopropane 28f as a single isomer (Scheme
12b).** It is however important to note that the transformation
is very sensitive to steric hindrance and although several silyl
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Scheme 15. Regio- and Diastereoselective Carbometalation Reaction of Cyclopropenyllithium Species

a, Allylmetalation of cyclopropenyl lithium

b, Selected examples

HsC3'
35d
55%
dr>98:02.0.0

AllyIMgBr i 5
H R’ ZnBr, HR' !
Et,0, -50 °C, 4 h Cop? 5 g2 | HCs
Cops 33 M then E'-X S 05 El ! 35a
and E2-X / ; 68%
ij = CH,OLi E2y |
: OH
o-MFX o ol R
H 1 HsCs ‘I
&, H (M] H B 35¢
sp 1 0
M ! 50%
P~ /4 4 | dr>98:02

Scheme 16. Carbometalation Reactions of Achiral Cyclopropenes with sp*>-Hybridized Nucleophiles

a, Metal catalyzed addition reactions to achiral cyclopropenes

b, Enantioselective copper-catalyzed carbozincation reaction

1 ) i R,2Zn 5
2 | i
R R RIM' R2R : CU(CH3CN)4PF5 (0.5 mol%) : PAr,
/ cat [M?L* R3 RE Ar R! (R)-DTBM-SEGPHOS (055 mol%) . R' | O PAr,
> I % o =, i
14 then R*-X H ™M ! / THF.0%C / ! <o O
1 then !
" ! 14 R3.X R? 37 R® 1 (R)-DTBM-SEGPHOS
REX ! Ar = 3,5-diBu-4-OMePh
D/astereose/ect/wty 2 i
(M catalyst-controlled , My Ph Me CO-Et Ph Me
( selective addition, A= | M Aﬂ
R? X R? Hoo Et Ef
| 37a 37b 37¢ 37d 37e
Enant/ose/ect/wty ! 85% 97% Q2% 47% 83%
:. dr>98:02 dr>98:02:0.0 dr98:02:0:0 dr>98:02 dr93:07
' er93.07 er 93.07 er93:.07 er90:10 er82:18
___________________________________________________________
¢, Enantioselective copper-catalyzed carbomagnesiation reaction i d, Enantioselective synthesis of cyclopropanol and
R2MaB , i cyclopropylamine derivatives
gl = PCy, ':
CU(CH;CN)4PFg (5 mol%) 1 : ’ ’ 1
(R,S)-Josiphos (7.5 mol%) | “Me rAL R Ar R Ar, R
Ar, e MgBr, (50 mol%) Ar, Me i Fé | A Same as ¢, : o 3
/ Et,0,0°C,05t02h / ! % PPh; i then CuCN2LiCl NR
then i L14 then R 34 OH  RY 49 )
14 R3.X R? 37 E i (R,S)-Josiphos i Ph(CO)ONR; or BuOOLi
Ph Me Ph Me Ph Me Ph, Me Ph Me | Ph, Me
E”  “H T4 °H o M T N Hex COH 1 &”  “on
37f 379 37h 37i 37§ i 38a 38b 38c
70% 80% 85% 52% 75% ! 51% 70% 54%
dr 98:02 dr>98:02 dr>98:02 dr>98:02:0:0 dr>98:02:0:0 i dr>98:02:0:0 dr>98:02:0:0 dr>98:02:0:0
er95:.05 er95:.05 er99:01 er 94.06 er98:02 ! er90:10 er97:.03 er94:.06
Ph Me Me Me Ph Ph i p-MePh_ Me Ph, Me
H HexABr Hex H H E iPr OH N/\ Pr NBn,
37k 37 37m 37n i 38d 39a O 3%
64% 85% 85% 63% ! 62% 65% 60%
dr> 98:02 dr>98:02 dr>98:02 dr>98:02 i dr>98:02:0:0 dr>98:02:0:0 dr>98:02:0:0
er99:01 er90:10 er 94.06 er 95:.05 er98.02 er 98:02 er 98:02

substituents could be used, larger substituents on the silyl group
impede the reaction to proceed [compare the successful
formation of 28a when the cyclopropenyl silane possesses the
SiMe,Ph group with the failed addition of the same Grignard
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reagent with cyclopropenyl silane having a SiMe,tBu group
(Scheme 12c). In consequence, only in the case of the less
sterically demanding silyl group (SiMe,H), we could prepare the
fully (hexa)-substituted cyclopropane 28.

https://doi.org/10.1021/acs.accounts.2c00424
Acc. Chem. Res. 2022, 55, 2848—2868


https://pubs.acs.org/doi/10.1021/acs.accounts.2c00424?fig=sch15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00424?fig=sch15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00424?fig=sch16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00424?fig=sch16&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.2c00424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

Scheme 17. Carbometalation Reactions of Achiral Cyclopropenes with sp- and sp>-Hybridized Nucleophiles

a, Enantioselective copper-catalyzed vinylalumination reaction
R—=
HAI(/BU),
Al(/BU),

A

EtxZn (1 equiv.)

Ar R' CuTC (10 mol%) Ar, R!
(R)-DTBM-SEGPHOS (11 mol%) %
" Et,0, 0 °C, 8 h H
then HO* RS 40
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cl / /\A
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40b

62%
dr94:06
er85:15

40a

68%
dr96:04
erg82:18

40c

62%
dr94:06
er8z2:18

Ph Me

tBu/\/A\H Bn

40d

53%
dr95:05
er79:21

40e
56%
dr>95:05
er87:13

¢, Enantioselective cobalt-catalyzed vinylation reaction

3 : ]
R®  B(OH), : FQ
o e @
, CoCl, (10 mol%) . : P—
Ar, R Ligand (10 mol%) Ar, R H /Q
. K,CO3 (200 mol%) / R 4
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14 o H 2
70°C, 12 h 40 R
Selected examples
Ph Me Ph Me Ph, Me Ph Me
&/\CGHWCQ P o,k
40f 40g 40h 40i
80% 76% 87% 37%
dr> 95.05 dr>95.05 dr> 9505 dr> 95.05
er99:01 er99:01 er99:01 er94:06

b, Enantioselective rhodium-catalyzed arylation reaction

ArB(OH),
[Rh(OMecod)], (2 mol%)

Ar R! (R, S)-Josiphos (5 mol%) 1
0 K,CO; (100 mol%) Ar, R
Toluene, 1-4-dioxanne/H,O
14 45°C, 36 h Ar
a1
Selected examples
Ph _Me Ph, Me Ph Me
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41a 41b d1c
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Ph_Ph Bu, Me
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41d 41e
82% 57%
er96:04 dr>98:02
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d, Enantioselective palladium-catalyzed alkynylation reaction

R

99

H
— : PAr,
Ar, Me Pd(acac), (5 mol%) Ar, Me : PA
A (R)-DM-BINAP (7.5 mol%) ; : "2
Et,0, rt, 16 h :
14 :
42 R | (R)}-DM-BINAP
Selected examples LALT3SdIMePh
Ph _Me Ph, Me Ph, Me
& N N
42a Ph o 42p CeHapF  42¢ CeHymF
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er98:02 er 96:04 er93.07
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S NS
42d 42e Ph
65% Ph  57%
dr95:05 dr 95:05
er97:03 er 94:06

Considering this transformation as only a partial success, we
were motivated to further pursue our quest toward the
formation of hexa-substituted three-membered rings as a single
diastereomer. Therefore, we turned our attention to the
synthesis of sp*-z-substituted cyclopropenes, namely aryl-,
vinyl-, and alkynyl-cyclopropene derivatives. We hypothesized
that conjugation of the newly formed carbon—metal bond to the
7-system should induce a regioselective addition (Scheme 13a).
Indeed, all these three subclasses demonstrated excellent regio-
and diastereoselectivities to provide the corresponding poly-
substituted cyclopropanes 29—31 as single diastereomers
(Scheme 13b).*

Primary alkyl Grignard reagents as well as allyl, benzyl, and
even secondary nucleophiles (in the case of vinyl- and alkynyl-
cyclopropenes) showed a good reactivity. The organometallic
intermediate proved to be configurationally stable and could be
trapped by addition of allyl and propargyl bromide, carbon
dioxide, DMF, or Se metal. By the synthesis of several
persubstituted cyclopropyl rings bearing three vicinal quaternary
centers (29e and 29f; 30d and 31b), we demonstrated the
strength and versatility of this approach.”

2.2.2. Directed Addition. Our second approach for a
regioselective carbometalation reaction of sp>-disubstituted
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cyclopropenes is rooted in the concept of template inducing
proximity effect (Scheme 14). Although successfully used for the
regiodivergent carbometalation of alkynes'' and for the
synthesis of various alkylidenecyclopropanes,®™ a comprehen-
sive and systematic investigation on the effect of heteroatom-
directing the regioselectivity of addition on cyclopropene was
still missing, along with the ability to synthesize poly alkylated
saturated cyclopropanes. Hence, we started analyzing the
various parameters influencing the directing ability of a tethered
Lewis basic group (Scheme 14a). The best combination was
found to be two methylene units between the cyclopropene and
the directing group along with the use of low polarity solvent, as
the longer alkyl tether shows a decreased regioselectivity. Under
these conditions, the differentiation between the two electroni-
cally similar carbon atoms on the double bond allowed the
synthesis of polysubstituted cyclopropane as single regio- and
diastereomers. We were pleased to find that linear and branched
primary alkyl, allyl, and aryl Grignard reagents were able to
undergo a smooth addition (Scheme 14b). Several oxygen-
based Lewis bases, including the bulky tbutyldimethyl silyl
protected alcohol 32f, were able to direct the addition with a
complete regioselectivity. Nitrogen group 32g equally delivered
the expected product with an excellent regioselectivity. Even a
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Scheme 18. Sequence of Carbometalation—Oxidation—Ring Fragmentation on Cyclopropenyl Esters

a, Enantiodivergent tandem carbometalation - oxidation
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% gBr O-MgBr
Cul (10 mol%) Etow Eto%y 9 BMgO._ !
Et,0, - 30 °C -350 i g
2 . H 3H 35°C, 30 min H e, EtO Cyo R'
Syn-facial sp sp
regio- and Tsyn 435yn
diastereoselective
carbometalation Hy0*
path a o
EtO,C~ H
CS,;3 R?
CO,Et Transfer of chiral information 44
B B e e TP > Enantiomers
Ceps H (0]
6 Transfer of chiral information
EtO,C” > H
1
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0 3
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regio- and 7anti 43,
diastereoselective
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b, Selected examples
(0] (0] (0] (0]
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BU Me Hex Me Pr Me HsCsCHz Me
44a 44b 44c 44d
75% 88% 74% 73%
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Path b EtO,C H EtO.C R H Et0,C" H EtO,C H
Me Bu Me Hex Hex Bu Mé CHoCeHa
44a 44b 44e 44d
56% 54% 52% 51%
er91:09

weak electron donor such as a z-system allowed, to some extent,
a preference between the two competing regioisomers (32i).
Trapping the organometallic intermediate with a carbon
electrophile led to a penta-sp-substituted cyclopropane 32e.*

2.2.3. Miscellaneous. Cyclopropenyllithium 33 represents
a particular case of sp>-disubstituted alkene that smoothly reacts
with allylmagnesium bromide in the presence of zinc salt to give
the corresponding cyclopropyl 1,1-bismetalated species 34, as
a stable intermediate (Scheme 15a).** The presence of
intermediate 34 was evidenced by the transformation of the
latter into the corresponding 1,1-bisiodo cyclopropyl species
35a (by addition of I,) or by the formation of alkylidenecyclo-
propane 35b (by addition of an aldehyde, Scheme 15b). The
diastereoselectivity of the reaction was subsequently probed by
the allylzincation of functionalized cyclopropenyllithium de-
rivatives and trapped with I, to afford the gem-diiodo
cyclopropane product 35c. From previous studies on the
formation of geminated bismetallic species, internal chelation
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was able to differentiate the reactivity of the two metals toward
two different electrophiles. The chelation of the oxygen atom to
the metal M, decreases the reactivity of the latter, and thus, the
nonchelated metal M, reacts preferentially with the first
electrophile. Then, the chelated metal M, subsequently reacts
with the second electrophile to lead to the functionalized
product (i.e, 35d, Scheme 15b) as a single diastereoisomer for
the creation of the three stereogenic centers.

2.3. Carbometalation Reactions on Achiral Cyclopropene
Derivatives

As the outset of our research with achiral cyclopropenes, it was
clear that a chiral catalyst would be required to perform an
enantiotopic (left or right) and diastereotopic (top or bottom
when R' # R?) facial selection (Scheme 16a). As several
enantioselective additions have already been reported and
recently reviewed," > we will just summarize a few recent
examples underlining the power of metal-catalyzed enantiose-
lective carbometalation reaction of achiral cyclopropenes. Our
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Scheme 19. Sequence of Carbometalation—Oxidation—Selective Ring Fragmentation on Cyclopropenyl Acetates

a, Combined carbometalation - oxidation - fragmentation b, Selected examples

1
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Scheme 20. Sequence of Carbometalation—Homologation—Selective Ring Fragmentation on Cyclopropenyl Esters

a, Sequence diastereodivergent carbometalation - zinc homologation - fragmentation
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Scheme 21. Sequence of Carbometalation—Acylation—Brook Rearrangement—Selective Ring Fragmentation on Cyclopropenyl

Esters

a, Diastereoselective carbometalation - acylation - Brook rearrangement - fragmentation sequence

1. R1-MgBr(1 equiv); LiCl (1 equiv); CuBr-Me,S (5 mol%)
Toluene, -50 °C
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Ph SiMe; Ph
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52a Ph™ 52p 52¢ 52d
70% 65% 64% 72% ph

initial study started by the enantioselective copper-catalyzed
carbozincation reaction in the presence of (R)-DTBM-
SEGPHOS to provide the desired products in excellent yields
and enantioselectivities with perfect diastereoselectivities
(Scheme 16b). The configurational stability of the cyclo-
propyl-zinc intermediate allowed directly, or after trans-
metalation, subsequent functionalization for the creation of an
additional controlled stereocenter (Scheme 16b).*” However,
the scope of the reaction was rather limited (i.e., Ph,Zn already
gave lower enantiomeric ratio, i.e., 37e), and it was then
necessary to extend this concept to a larger variety of carbon
nucleophiles. Therefore, an extension of this chemistry to
Grignard reagents was considered. Although Grignard reagents
are easy to synthesize, with potentially a very large variation of
the alkyl groups, enantioselective catalysis with alkyl magnesium
halide is usually more difficult to control due to their high
reactivity*' and structural complexity.*

We were pleased to observe a constant highly enantioselective
copper-catalyzed addition of Grignard reagents, in the presence
of 0.5 equiv of MgBr, and Josiphos as ligand, to provide the
corresponding cyclopropanes possessing a rather large scope of
nucleophiles. The particularly high enantioselectivity observed
for the addition of secondary alkyl magnesium bromide species
(37h and 37k) should be noted. By subsequent addition of an
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electrophile, polysubstituted cyclopropanes were obtained as
single diastereomers with high enantiomeric ratios. In all cases,
the nucleophile reacts with an anti diastereofacial preference to
the aryl group (Scheme 16c).” As an interesting group of
electrophiles, the addition of oxenoid or electrophilic aminating
reagents allowed the formation of enantiomerically enriched
cyclopropanol and cyclopropyl amine derivatives (Scheme
16d).* This approach allows the introduction of a large variety
of sp>-hybridized nucleophiles with excellent selectivities.
However, the addition of sp>-hybridized Grignard reagents led
to a racemic product. Further continuing our quest to provide a
general and complete tool for a rapid access to differently
substituted cyclopropanes, we started first to investigate the
copper-catalyzed vinylalumination reaction in the presence (R)-
DTBM-SEGPHOS as chiral ligand (Scheme 17a). Importantly,
we found that the addition of Et,Zn was crucial to promote a
clean and reproducible vinylmetalation of cyclopropenes, most
probably by an initial transmetalation of the corresponding vinyl
aluminum to its Zn counterpart helping the second and final
transmetalation into the copper species. However, the selectivity
was only moderate reaching a maximum of 90:10 enantiomeric
ratios in the best cases.* To overcome this limitation, an
alternative Co-catalyzed alkenyl boronic acid strategy was
successfully developed (Scheme 17c), and very high enantio-
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Scheme 22. Sequence of Carbometalation—Acylation—Brook Rearrangement—Selective Ring Fragmentation on Cyclopropenyl

Methoxy Methanols

a, Diastereoselective carbometalation - acylation - Brook rearrangement - fragmentation sequence

1. R1-MgBr(1 equiv); LiCl (1 equiv); CuBreSMe, (5 mol%) ..
Toluene, -50 °C

Toluene, - 30 to -20 °C

OMe 2
Ar” SiMes,
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Cops 53 4.50°C,12h
5.3 N HCI
MeomMgBr

1
sp3//

MgBr Csps
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b, Selected examples
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meric and diastereomeric ratios were observed for a very large
number of spz-hybridized boronic acids.** In a similar vein, the
Rh-catalyzed enantioselective arylation was previously devel-
oped by using aryl boronic acids, and the scope was again broad,
thanks to the numerous commercially available aryl boronic
acids, even for symmetrical cyclopropenes (41d, Scheme
17b) * Finally, pleased by the successful addition of sp*> and
sp>-hybridized nucleophiles to cyclopropenes, we turned our
attention to the last missing nucleophiles, namely sp-
nucleophiles (alkynyl derivatives).

To answer this last remaining limitation, the Pd-catalyzed
addition of alkynes, diynes, and even enynes was developed
using (R)-DM-BINAP as chiral ligand, and in all cases, excellent
selectivities were obtained (Scheme 16d)."

3. COMBINED DIASTEREOSELECTIVE
CARBOMETALATION: SELECTIVE

CARBON—-CARBON BOND CLEAVAGE

In contrast to classical cyclopropanation of alkenes, an
additional advantage of the diastereoselective (and/or enantio-
selective) carbometalation reaction of cyclopropenes is that the
resulting cyclopropyl metal species can eventually undergo,
through specific in situ reactions, a selective carbon—carbon
bond cleavage to produce interesting acyclic molecular back-
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bones. By a judicious design of the molecular architecture of the
substrate, the diastereoselectivity generated during the carbo-
metalation step could be translated in the enantioselective
formation of a carbon stereocenter located at a different position
in the product (Scheme 18). For instance, the syn-facial directed
diastereoselective copper-carbomagnesiation of cyclopropenyl
ester 6 leads to the formation of cyclopropyl magnesium species
74 that undergoes an oxidation reaction with simple oxygen to
produce the corresponding cyclopropanolate 43, as two
diastereomers at the carbinol center. In 43, a ‘push—pull’
effect induced on one hand by the magnesium cyclopropanolate
and on the other hand, by the presence on the electron
withdrawing group promotes a rapid fragmentation to give the
acyclic aldehyde 44 after hydrolysis. The chiral information on
the starting cyclopropene is therefore transferred through the
carbometalation process to the quaternary carbon stereocenter
of the aldehyde. When the same cyclopropenyl ester 6 was
treated with an organocuprate, an anti-facial carbometalation
reaction was observed, and the resulting cyclopropyl copper 7,4
could then stereoretentively be oxidized by the addition of
lithium oxenoid to provide copper cyclopropanolate 43
The same selective carbon—carbon bond fragmentation
produces the enantiomer of 44 with excellent selectivity. From
the same starting material, by simply changing the nature of the
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Scheme 23. Carbometalation—Acylation—Ring Expansion Sequence

a, Diastereoselective carbometalation - acylation - carbene formation - expansion sequence

1) R*MgBr (1 equiv), LiCI (1 equiv), CuBr-Me,S (5 mol%)

R3 R2 4 g3
- toluene, -50 °C, 1 h R B 8 R2
2) ArCOSiMe; -30to -20 °C, 2.5 h \E(
’
R 3) THF, 25°C, 1to 2 h A
24 4) H;0* 57
MgBr
I
R2 o _. R2
R4 .‘\SlMe3 R4 . Ar
I\ AT ’ |
R’ R3 H R’ R3 H
25MgBr 56

b, Selected examples

CH,OMe CH,OMe

2-Naphthyl 3-MeCgHg4
57a
72% 55% 65% 62%
dr98:2 dr98:2 dr98:2 dr98:2

organometallic species for the carbometalation step, both
enantiomers of the products were, at will, obtained (Scheme
18b)."7 A slight change in the design of the starting
cyclopropenyl substrate might lead to a completely different
molecular architecture of the final product. For instance, if the
cyclopropenyl methanol acetates 45 are now used, the syn-facial
carbocupration lead to the unique formation of the cyclopropyl
copper 46,,. In this case, although a cuprate was used, the steric
hindrance induced by the substituent R* impedes all anti-
addition to occur (Scheme 19a). Oxidation with lithium oxenoid
leads to the formation of a cyclopropanolate species that
undergoes a spontaneous fragmentation to give butenal 47
possessing a quaternary carbon stereocenter in excellent yield
and selectivity (Scheme 19b).*

Keeping now the structure of the starting material constant
(i.e, 6) but changing the nature of the homologation step, a
third type of molecular backbone could be envisaged. The
sequence would still consist in a syn-facial (path a, Scheme 20a)
or anti-facial (path b, Scheme 20a) carbometalation reaction,
controlled by the nature of the solvent, followed by a
homologation with a zinc carbenoid that would in situ generate
a cyclopropyl methyl zinc intermediate 48. This intermediate
would undergo a spontaneous selective ring fragmentation to
produce the corresponding two enantiomers of the allylic
substrates 49 possessing a quaternary carbon stereocenter
(Scheme 20b).

The zinc homologation is easily performed in situ by mixing
Et,Zn and CH,, in the reaction flask. However, the presence of
additional ligands was necessary to increase the reactivity of the
zinc homologation. This sequence of syn- or anti-diastereose-
lective carbometalation—zinc homologation and finally carbon—
carbon bond cleavage allow the easy transformation of
enantiomerically enriched cyclopropenyl esters into acyclic
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allylic moieties bearing quaternary carbon stereocenters in a
single-pot operation through the formation of two new carbon—
carbon bonds.'® Using now the cyclopropenyl amide derivative
22, a sequence of copper-catalyzed carbometalation, addition of
acylsilane, Brook rearrangement—fragmentation could lead to
the formation of J-ketoamide 52 possessing the quaternary
carbon stereocenter (Scheme 21). Indeed, we have previously
described that the copper-catalyzed carbomagnesiation of 22
followed by reaction with acylsilane led to the formation of a
single diastereomer of polysubstituted a-cyclopropyl magne-
sium silanolate 23MgBr when toluene was used as solvent
(Scheme 9e). Then, the simple addition of THF as an additional
cosolvent and stirring the reaction mixture at room temperature
for 2 h promotes a 1,2-Brook rearrangement. The rearrangement
product 50 subsequently induces a selective ring fragmentation
to give d-ketoamide 52.”> Interestingly, the formation of 52
results from a Brook rearrangement proceeding with a complete
inversion of configuration at the benzylic carbon center before
ring fragmentation (Scheme 21b). Additionally, a mild
hydrolysis allows the isolation of E-enol ethers 51.

If no electron-withdrawing group is present (ester or amide),
the Brook rearrangement does not promote the ring
fragmentation. However, by generating a more nucleophilic
species from the Brook rearrangement, one could hope that a
selective carbon—carbon bond cleavage would still be possible in
the presence of an appropriate leaving group. Various
substituted cyclopropyl methyl ethers 53 were therefore
carbometalated, and the resulting cyclopropyl magnesium
intermediates were treated with acylsilane to provide the
corresponding a-alkoxysilane intermediates. Then, addition of
2 equiv of RLi in THF in situ generated a magnesiate that indeed
underwent the expected Brook rearrangement and fragmenta-
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tion to first give the corresponding enol ethers 54 and ketones
55 after acidic hydrolysis (Scheme 22).%**

Interestingly, and although less common, a-alkoxysilane
could also serve as a source of carbene,” and we were
wondering if the intermediate cyclopropyl-containing a-
hydroxysilane 25MgBr (Scheme 9f) could be used to trigger
the formation of a carbene 56 that would undergo a selective
ring expansion into polysubstituted cyclobutenes 57 (Scheme
23). Obviously, to allow this transformation, the electron-
withdrawing group should be removed to avoid the
fragmentation previously described. Several cyclopropenes 21
possessing different R* and R® groups were submitted to the
sequence of copper-catalyzed carbomagnesiation reaction
followed by reaction with acylsilane. THF was then added to
the intermediate 25MgBr to promote the Brook rearrangement.
As no ring fragmentation could be observed due to the lack of
push—pull effect, the a-hydroxysilane undergoes an a-
elimination to provide the carbene intermediate 56.

Then, a very selective carbon—carbon bond migration occurs
to provide cyclobutene 57 as a single diastereomer.”** It should
be noted that no ring expansion was observed when only a
secondary alcohol was present (no C—Si bond), underlining
that the Brook rearrangement is essential to promote the
formation of the carbene intermediate 56. Rules were proposed
for the selectivity of the ring expansion.

4. SUMMARY

After a decade of research focusing on the carbometalation
reactions of cyclopropenes as a tool to synthesize stereodefined
cyclopropanes, we learned and keep learning about the unique
properties, reactivity, and behavior of these carbocycles. Many
subclasses of cyclopropanes are now synthetically available
through this method. By judicious retrosynthetic analysis and
clever design of the starting cyclopropenyl substrate as well as by
the proper choice of the nucleophilic partner, different
cyclopropane derivatives are easily accessible in stereodefined
manner. Substitution patterns include alkyl, allyl, aryl, vinyl,
alkynyl, silyl substituents that decorate the cyclopropyl core as
well as heteroatom functionalities as alcohols and amines; all of
these in anti or syn relationships, from minimal trisubstituted
cyclopropanes up to persubstituted cyclopropanes. Never-
theless, some challenges are yet unmet such as the formation
of polysubstituted spiropentanes as single diastereomers. In
addition, steric factors might prevent functionalization of the
resulting cyclopropyl metal due to an increase of steric
interactions with the increase of degree of substitution.
Furthermore, efficient synthetic routes to starting cyclopropenes
remain a significant limitation, particularly for the cyclo-
propenation of internal alkynes. Despite all of those, we are
now closer than ever to be able to synthesize any desirable
cyclopropane at will from a common precursor.
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