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Cyclopropanols have attracted significant attention in organic synthesis as versatile three-carbon syn-
thons, as this readily available class of donor-activated cyclopropanes undergoes miscellaneous trans-
formations, either via ring-opening or with retention of the cyclopropane ring. This review summarizes
stereoselective and stereoretentive transformations suitable for asymmetric synthesis. The utility of cyclo-
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propanols is discussed for two main strategies: (i) substrate-controlled transformations using enantiomeri-
cally enriched cyclopropanol intermediates through a traditional approach, and (ii) the use of nonchiral or
racemic cyclopropanols, where asymmetric induction is achieved through a chiral catalyst, representing a

rsc.li/lobc direction that has recently emerged.
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1. Introduction

Cyclopropanols and related oxocyclopropanes are versatile
intermediates and valuable C; building blocks in organic syn-
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thesis, attracting significant interest in recent decades."® The
popularity of these cyclopropane derivatives stems from ease
of preparation®'° and diverse reactivity, primarily in ring
cleavage reactions. The latter occur under mild conditions,
driven by the release of the cyclopropane ring strain (28 kcal
mol ™) and facilitated by virtue of an electron-donating oxy-
substituent (Scheme 1a)."* This unique combination of struc-
tural features makes cyclopropanols 1 (Y = H) and their deriva-
tives (Y # H) particularly sensitive to electrophilic reagents and
single electron oxidants, which induce either heterolytic or
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(a) Overview of cyclopropanol chemistry
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(b) Cyclopropanol intermediates in asymmetric synthesis
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Scheme 1

homolytic cleavage of the cyclopropane C-C bonds adjacent to
oxygen and produce metal homoenolates A (path a) or p-keto
radicals B (path b) as transient species, respectively.'™®
Additional ring-opening opportunities are offered by cationic
cyclopropyl-allyl rearrangement (path c), which delivers transi-
ent allylic cations C, and by ring expansion via semipinacol
rearrangement, resulting in cyclobutanones 2 (path d). Beyond
these mainstream ring cleavage processes, cyclopropanols can
serve as precursors to other cyclopropane derivatives, notably
through the formal substitution of an oxy substituent (path e)
and very recently emerging examples of C-H functionalization
methodologies (path f).
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(a) Overview of cyclopropanol chemistry. (b) Cyclopropanols as intermediates in asymmetric synthesis.

The aim of this review is to illuminate the diversity of
stereoselective and stereoretentive transformations of cyclopro-
panols, suitable for asymmetric synthesis. We focused primar-
ily, but not exclusively, on developments from the past decade,
especially those not covered in previous reviews.'>'>™'* The
reported transformations have been categorized into two main
strategies (Scheme 1b). In the first part (section 2), we review
transformations in which the stereochemical integrity of the
original stereocenters in the starting cyclopropanols is pre-
served in the products. This group of traditional methods was
the first to emerge historically and it employs enantiomerically
enriched cyclopropanol intermediates, available from the
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chiral pool or through asymmetric synthesis. The second strat-
egy (section 3) appeared very recently and it uses readily avail-
able nonchiral or racemic cyclopropanols to generate prochiral
intermediates, with asymmetric induction provided by a chiral
catalyst.

2. Enantioenriched cyclopropanol
intermediates: substrate-controlled
transformations

2.1. Enantioselective synthesis of cyclopropanols

Within this strategy, the stereochemical outcome is governed
by the cyclopropanol substrate itself, necessitating the preser-
vation of the original stereocenters and enantiomeric purity.
Consequently, the synthesis of enantiomerically pure cyclo-
propanols is essential for this approach and represents the
main challenge. Here, we only briefly outline the methods for
preparing enantiomerically enriched cyclopropanols and
discuss current limitations. A comprehensive description is
outside the scope of this review. Recent focused review
articles can be recommended for a more detailed overview of
the topic.'®*?

The primary strategies for the preparation of enantio-
enriched cyclopropanols are presented in Scheme 2. These
include functional group interconversion in cyclopropane pre-
cursors (method a), cyclopropanation of esters with alkoxytita-
nacyclopropane reagents (the Kulinkovich reaction, method
b),"® cyclopropanation of alkenes with carbenes and carbe-
noids (method c; eg, the Simmons-Smith reaction),"”
addition reactions to cyclopropenes (method d),"®'? and intra-
molecular 1,3-cyclization of homoenolates®® and similar 1,3-
dipolar synthons (method e).>!"** Finally, given the easy access
to racemic cyclopropanols, kinetic resolution (method f) is a
compelling addition to synthetic methods a-e.

As a rule, the preparation of enantioenriched cyclopropa-
nols from the chiral pool by means of substrate-controlled
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Scheme 2  Strategies (a—f) for the preparation of enantiomerically
enriched cyclopropanols. Approaches b—d and f for which asymmetric
catalytic versions are known, are marked with a green highlight.
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asymmetric induction is a relatively straightforward task by
using all these approaches and has been extensively applied in
the synthesis of natural and bioactive products via cyclopropa-
nol intermediates.”*"*?

In the functional group interconversion methods, Baeyer-
Villiger oxidation of cyclopropyl ketones 2 is historically the
first method** used to prepare enantiopure cyclopropanols
(Scheme 3a). This method preserves the configuration and
enantiomeric purity of the starting cyclopropyl ketone.
Recently, this transformation was applied to the synthesis of
cyclopropoxy building block 4 for the preparation of the anti-
viral drug grazoprevir.>>

Another general and widely applied method following the
same strategy is based on the oxidation of readily available
organoelement derivatives of cyclopropane (M = B, Si, Cu, Mg,
Li) with peroxide-type oxidants (Scheme 3b). This oxidation
generally occurs under mild conditions with retention of con-
figuration and enantiomeric purity. Most commonly, enantio-
pure organoboron derivatives of cyclopropane are used as pre-
cursors.”® Marek and co-workers showed that organocopper
and organomagnesium derivatives (e.g., 6), which are available
via chiral phosphine ligand-controlled carbocupration®” or car-
bomagnesiation'® of cyclopropenes (5), could be used simi-
larly. Notably, the carbomagnesiation method" can also
operate as a catalytic asymmetric reaction, affording the
respective cyclopropanol products with 80-98% ee and excel-
lent diastereoselectivity. Another notable general methodology
was developed recently by Lindsay and co-workers.”®
They demonstrated that diverse enantioenriched (94-96% ee)
1,2-disubstituted cyclopropanols 1 could be obtained from
optically active sulfonylcyclopropanes 7 by oxidation of cyclo-
propyllithium derivatives 8 followed by treatment of inter-
mediate 1-sulfonylcyclopropanols 9 with Grignard reagents
(Scheme 3b).

By contrast to the chiral pool approaches, asymmetric syn-
thesis enabled by a chiral catalyst can be challenging due to a
lack of enantioselectivity, substrate scope limitations, or the
total absence of an asymmetric variant. For example, the
Kulinkovich reaction is predominantly used in the synthesis of
nonchiral or racemic cyclopropanols, and can be equally suc-
cessful for substrate-controlled cyclopropanation of chiral
esters and/or alkenes.>???° However, its asymmetric variant,
based on the use of titanium(iv) TADDOLate complexes,”" is
much less frequently utilized. This is because it may deliver
variable yields and enantioselectivities depending on the cyclo-
propanol product, and achieving high 84-87% ee values
requires stoichiometric amounts (1-2 equiv.) of chiral titanium
alkoxide (Scheme 4).**** The catalytic version (10-20 mol% of
the titanium catalyst) results in decreased ee values,** likely
due to the degradation of pentacoordinated titanium “ate-
type” intermediates into less sterically hindered tetrahedral
species.*® The mechanism-driven design of chiral ligands that
prevent this degradation and stabilize or mimic the spatial
structure of the ate complex intermediates may be crucial for
developing a robust and highly enantioselective catalytic
method.

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Preparation of enantiomerically pure cyclopropanols via functional group interconversion and through addition to cyclopropenes.
General methods and examples of recent developments. TFFA = trifluoroacetic anhydride.
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Scheme 4 Recent examples of the asymmetric construction of cyclo-
propanols via enantioselective Kulinkovich reaction.

Kinetic resolution of cyclopropyl acetate esters via enzy-
matic hydrolysis with Candida antarctica B lipase (CAL-B) was
first demonstrated by Pietruszka and co-workers in the late
1990s.>> Following this seminal work, non-enzymatic methods
remained unexploited until very recently, when Yoshikai and
co-workers reported the first examples.’®?” Thus, enantiomeri-
cally enriched cyclopropanol (S,S)-1a was obtained in 32%
yield and 84% ee via kinetic resolution through a ring-opening
reaction using diethyl zinc and amino alcohol (1R,25)-14 as

This journal is © The Royal Society of Chemistry 2025
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Scheme 5 Kinetic resolution of cyclopropanol 1a by Yoshikai and co-
workers.

the catalytic system (Scheme 5).>” However, the theoretical
maximum yield of 50% represents a significant limitation of
the kinetic resolution approach. Consequently, the develop-
ment of dynamic kinetic resolution methods is highly appeal-
ing. Observations that cyclopropanols can undergo reversible
ring-opening and ring-closure through the respective metal
homoenolates,®® the configurational lability of stereocenters in
organometallic compounds,®® and the generation of a single
cyclopropanol diastereomer by intramolecular cyclization of
diastereomeric p-metalloketone intermediates®® suggest the
feasibility of such methods, which are currently lacking.

2.2. Stereo-retentive ring opening into f-functionalized
carbonyl compounds

The ring-opening of enantioenriched cyclopropanols is the
most commonly applied method. This approach dates back to
the 1960s with the works of DePuy and co-workers,>* who per-
formed stereochemical studies on the ring-opening reactions
of an optically active cyclopropanol 1b to elucidate the mecha-
nism of ring cleavage (Scheme 6). They demonstrated that the

Org. Biomol. Chem., 2025, 23, 992-1015 | 995


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ob01746c

Open Access Article. Published on 04 December 2024. Downloaded on 3/5/2026 2:32:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review
(AcO)Hg O Hg(OAc),  retention D* Ph o]
T Me 3 OH D Me
Ph 4
16 L H—Z-PI”Me | (+)-18
Ph
Ph o] (-)>-1b Ph o]
—
Br Me t-BuOBr inversion oD~ D Me
(a) 17 (-)-18
(b)

Q OH . E O
Me,,,[)J\R1 Hd "’R1 +E UL

0] (ii) ¢ R
Rz R2? §2
19 1 20
+ MX,
(iii)
oM M---0 I R O
/ | cross-coupling
H—l\/"R1 —_ K_/kRW D .
R? R2 Ez
1-M A 21

Scheme 6 (a) Early results of DePuy and co-workers on the stereo-
chemistry of ring-opening reactions of optically active cyclopropanol
1b. (b) Current approaches (i)—(iii) for the synthesis of a-alkyl ketones by
regioselective C1-C3 ring opening of cyclopropanols.

ring opening of 1b occurred at the most substituted C1-C2
bond with inversion and retention of configuration at the C-2
stereocenter in aqueous base and acid, respectively.>*
Subsequently, the same group provided evidence for the inver-
sion of configuration at the point of electrophilic attack upon
the action of electrophilic halogens*® and mercury(u) acetate.*'
Importantly, the reaction of 1b with the latter predominantly
occurred via cleavage of the C1-C3 bond without affecting the
stereocenter at C-2. These seminal results have paved the way
for creating stereocenters in acyclic systems via the ring-
opening reactions of chiral cyclopropanol intermediates, par-
ticularly in the synthesis of chiral a-alkyl ketones. It is crucial
to note that carbonyl compounds with an a-stereocenter are
prone to racemization under acidic or basic conditions. Hence,
the reaction conditions become essential for preserving the
C-2 stereocenter intact. Known transformations that meet this
criterion are detailed in this section below. Unfortunately,
despite the relatively large number of known ring-opening
transformations of cyclopropanols into functionalized carbo-
nyl compounds, data on product epimerization and the behav-
iour of 1,2-disubstituted cyclopropanols are still lacking for
many newly discovered reactions. We believe that the stereo-
chemical aspects of such newly discovered transformations
should be rigorously investigated whenever possible. It is
essential to include 1,2-disubstituted cyclopropanols, prefer-
ably in enantiomerically enriched form, in the substrate scope.

C1-C3 regioselectivity of the ring-opening is usually
observed in the catalytic isomerization of 1,2-dialkylsubsti-
tuted cyclopropanols to a-methyl ketones 19 (Scheme 6b, path
i), reactions with halogen or carbon-centered electrophiles
(path ii), and transition metal-promoted generation of homoe-
nolates A (path iii). 2-Aryl- or heteroaryl-substituted cyclopro-
panols (e.g. 1b) may not follow the same regioselectivity rule

996 | Org. Biomol. Chem., 2025, 23, 992-1015
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favouring C1-C2 cleavage due to electrophilic attack at the acti-
vated benzylic C-2 carbon.

Isomerization to a-methyl ketones can be easily performed
by heating 1,2-disubstituted cyclopropanols in the presence of
potassium hydroxide.** However, strongly basic conditions are
detrimental to the epimerization-sensitive o-stereocenter.
Therefore, alternative catalytic systems, including [Pt(C,H,)
Cl], (Zeise’s dimer),”** Pd/C,*>*® EtZnCH,I” and Mg
(OMe),,*® are shown to be suitable for the task (Scheme 7).
Mechanistically, these reactions likely involve the generation of
homoenolate (p-metalloketone) intermediates, followed by a
protodemetallation step. For example, the application of a
platinum catalyst was first reported by Hoberg and Jennings,*?
followed by Funk and co-workers** who additionally demon-
strated similar catalytic properties of a dimeric iridium
complex, [Cp*IrCl,],. The reaction with the Pt complex was
proposed to occur via the insertion of Pt into the C1-C3 bond
of the cyclopropane ring following by rearrangement of the
metallacyclobutane intermediate A into the corresponding Pt
homoenolate B (Scheme 7a).** Although the original articles
described the preparation of racemic ketones (e.g., 19a and
19b), Cha and co-workers demonstrated stereo-retentive iso-
merization using a platinum catalyst to prepare a-methyl
ketone 19c, a key intermediate in the synthesis of the ingenol

core.*® Recently, Newhouse and co-workers successfully
reagents:

OH [Pt(CaH4)Clylp, EZNCHjl, o
/ Pd/C, Mg(OMe), | I§
"1 Me,,,

H 52 R |) R4

R

1 R2 19

(a) [Pt(CaH4)Cly], (Zeise's dimer, 2-10 mol%),
Et,0 or THF or DCM, r.t, 10-20 h

i e HO
Me  Me Ph Cl o [P]
é/ \II/K’ ia | Ry
(e} 1
19a 19 RE A R
82% yield 94% yield

Application in total synthesis:

19¢ ingenol core (-)-xylogranatopyridine B

(b) 10-fold w/w excess of Mg(OMe),, hexane, 40 °C, 45 min

Ph

(R)-19f, 90% yield,
40-60% ee
(cp: 88-84% ee)

19d, 81% yield, 89:1 d.r.
(cp: 91:9d.r)

19e, 83% yield, 94:6 d.r.
(cp: >99:1 d.r)

Scheme 7 Stereo-retentive isomerization of cyclopropanols into

a-methyl ketones (cp = cyclopropanol).

This journal is © The Royal Society of Chemistry 2025
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employed similar conditions for the isomerization of a chiral
cyclopropanol intermediate in the final stage of the total syn-
thesis of (—)-xylogranatopyridine B.*

Hurski and co-workers discovered magnesium methylate,
Mg(OMe),, as a non-precious metal catalyst for the stereo-
retentive isomerization of a broad range of 1,2-disubstituted
cyclopropanols,® including enantiomerically pure steroid-
derived substrates.>® The respective a-methyl ketone products
(e.g., 19d and 19e, Scheme 7b) were obtained in good yields
with negligible epimerization. The reagent acts as a mild base,
and the magnesium cation is likely coordinating to the cyclo-
propanol hydroxyl group during the reaction. However, notable
epimerization (degradation of ee up to 20-40%) was noted for
ketone (R)-19f with a free hydroxy group in the side chain.** By
contrast, epimerization was absent in structurally similar silyl-
protected products (e.g., 19d). These results suggest that the
use hydroxyl-protecting groups for the side-chain hydroxyls
might be crucial for preserving enantiomeric purity in this
method.

Ring-opening with electrophilic halogenating reagents (e.g.,
Br,, NBS, or t-BuOBr as synthetic equivalents of Br*)*® also pro-
ceeds in a stereo-retentive fashion if it occurs along the C1-C3
bond. The halogenating agent can be conveniently generated
in situ by oxidizing a halide anion with CAN®' or through elec-
trolysis.”> p-Halogenated ketones, especially bromine and
iodine derivatives with a-hydrogens, are prone to dehydrohalo-
genation to form o-methylene ketones. Nevertheless,
B-halogenated ketones, for which the elimination process is
impossible or sluggish due to the absence of a-hydrogens or
conformational restrictions, can be isolated and used in
various C-C bond-forming reactions. Among recent examples,
ring-opening bromination with NBS was applied by Abad and
co-workers in the synthesis of atisene diterpene for the con-
struction of its C4 quaternary stereocenter (Scheme 8a).>®
Hurski and co-workers developed an electrochemical protocol
for the ring-opening bromination and iodination of 1,2-di-
substituted cyclopropanols, demonstrating that diastereomeri-
cally pure p-bromoketone 22b can be used in nickel-catalysed
cross-electrophile coupling with 2-bromopropene to produce
an o-substituted ketone 23.°> No epimerization was observed
during the ring-opening and cross-coupling steps. Moreover, a
number of other copper- and nickel-catalysed C-C coupling
methods behaved similarly.

For C-C bond forming reactions, regioselective C1-C3
ring-opening of trimethylsiloxycyclopropanes through intra-
molecular alkylation with a pendant carbon-centered elec-
trophile (oxocarbenium ion) was reported by Cha and co-
workers (Scheme 9).>* The reaction enabled the stereo-
selective preparation of all-cis-2,3,6-trisubstituted tetrahy-
dropyranes (e.g., 25) and occurred without epimerization of
the a-stereocenter adjacent to the carbonyl group. This work
represents a rare example of stereoselective metal-free ring-
opening transformation of cyclopropanols yielding a C-C
bond. However, the majority of known methods rely on
the generation of metal homoenolate (p-metalloketone)
intermediates.?”

This journal is © The Royal Society of Chemistry 2025
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Scheme 9 Stereoselective synthesis of 2,4,6-trisubstituted tetrahydro-
pyrans reported by Cha and co-workers.

The stereoselective metal-mediated processes usually
proceed via heterolytic C1-C3 bond cleavage that retains the
C2 stereocenter, followed by carbon-carbon or carbon-hetero-
atom cross-coupling reactions. Typically, this mode of ring
opening occurs with electrophilic metal species that do not
exhibit single-electron oxidant properties. Examples include
transition metals with a single preferred oxidation state (e.g.,
Hg", Zn™) or low-valent derivatives of noble metals (e.g., Pd",
Ru") that react in a two-electron transfer mode. In contrast,
this mode of reactivity is less common for the first-row tran-
sition metals, which tend to react via single-electron transfer
(SET). Conversely, single-electron oxidation of cyclopropanols
triggers homolytic C1-C2 bond cleavage, leading to racemiza-
tion at C2 due to the formation of secondary p-keto radicals, a
reaction typically observed with Fe™ or Mn".>>"°
Nevertheless, pro-chiral p-keto radicals can still be employed
in catalyst- or substrate-controlled enantioselective transform-
ations (as described in section 3). For certain first-row tran-
sition metals (e.g., Ni, Cu), the preferred mechanism of ring-
opening can be influenced by factors such as the oxidation
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state of the metal, ligand properties, substrate structure,
solvent, and temperature. These factors can result in the gene-
ration of either C1-C3 or C1-C2 ring opening products or their
mixtures.””

Stereoselective copper-catalysed ring-opening cross-coup-
ling of enantiomerically enriched zinc cyclopropoxides 1-Zn
(Scheme 10) with allylic and propargylic bromides was demon-
strated by Nomura and Matsubara,>® who generated these
species by the reactions of optically active a,f-epoxy ketones
or o-sulfonyloxy ketones with bis(iodozincio)methane.
Subsequently, similar reactions were thoroughly investigated
by Cha and co-workers®®®' Cyclopropanols were converted
into zinc cyclopropoxides by the reaction with diethylzinc and
further engaged in copper-catalysed carbon-carbon bond-
forming reactions with allyl, propargyl, alkynyl halides, phos-
phates, sulfonates,® or allenes.®” The ring-opening cross-coup-
ling with acyl chlorides was achieved under palladium cataly-
sis.>® The reactions were shown to be suitable for the enantio-
selective preparation of a-substituted ketones. For example,
the densely functionalized ketone 28 was obtained using this
approach.>®

Palladium(u) complexes catalyse ring-opening cross-coup-
ling of cyclopropanols with aryl, vinyl, benzyl halides, triflates,
arenes, N-acyl-glutarimides, alkynes, and carbon monoxide
(Scheme 11).*>*% Arylation, alkenylation, and carbonylation
occur in a stereo-retentive fashion. Thus, Cheng and Walsh
reported ring-opening arylation of enantiomerically enriched
cyclopropanol 1c to prepare a-benzyloctanal (S)-29 in 65%
yield without noticeable loss of enantiomeric purity.®* More
recently, Dai and co-workers described a carbonylative ring-
opening lactonization of 1,2-disubstituted cyclopropanols to
prepare fused bicyclic lactones.®* The reaction proceeds via
diastereoselective generation of an organopalladium hemiace-
tal B from the respective homoenolate A, followed by carbon

monoxide insertion and lactonization. This method was
0ZnX XZn----0 E O
N 11 E* |
H—!/"'R1 I —— ""H\R1 P—— ”“,)LR1
F [Cu or Pd]
R? 1.zn Ra Ro

Typical electrophiles E*:

R R, i o
,\4 ,/\ = Br R z
’/\x ¥ R/ ¥ A
X = Hal, OPO(OEt), or OMs
OBn OH
: 0B 0
Me”™ Y ~.: Me =20
OPiv 5o EtyZn, then Me” Y~ Y “Me
. CuCN-2L(Cl SPiv A
61% yield 28
A~ ~OPO(OEt), wNo
) OTBS

OTBS

J
Z o1

Scheme 10 Stereo-retentive cross-couplings via zinc homoenolates.
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Scheme 11 Stereo-retentive cross-couplings via palladium(n)
homoenolates.
applied in the synthesis of the natural products

a-levantanolide®® and paeonilide.®*

Ru(n)-catalysed ring opening of 1-allenyl- and 1-alkynylcy-
clopropanols occurred along the C1-C3 bond, followed by
cyclization of the respective Ru(un) homoenolates into cyclopen-
tenones and cyclobutanones (Scheme 12a).°® However, since
only racemic cyclopropanols have been tested in this reaction,
the preservation of stereochemistry remains uncertain.

Chang and co-workers developed a Rh-catalysed amidative
ring-opening of 1,2-disubstituted cyclopropanols by reacting
them with dioxazolones 32 (Scheme 12b).®” The method deli-
vers p-acylaminoketones (e.g., 33) via stereo-retentive ring
opening along the C1-C3 bond, which generates a nitrenoid
rhodium homoenolate complex A. This is followed by
migratory nitrene insertion to form the carbon-nitrogen bond.

As recently reported by Yoshikai and co-workers, nickel-cat-
alysed ring-opening allylation is notable as a rare example of
regioselective C1-C3 bond cleavage reactions mediated by non-
precious metals (Scheme 13a).°® The reaction presumably
occurs via a Ni(u)-homoenolate intermediate. However, only
racemic cyclopropanols were tested and the preservation of
stereochemistry at C2 was not confirmed.

This journal is © The Royal Society of Chemistry 2025
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Scheme 12

(a) Ru-catalysed ring expansion of 1-allenylcyclopropanols into cyclopentenones reported by Cha and co-workers. (b) Rh-catalysed

ring-opening amidation of cyclopropanols reported by Chang and co-workers. NFTB = nonafluoro-tert-butyl alcohol.
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Scheme 13 (a) Regioselective Ni-catalysed ring-opening allylation
reported by Yoshikai and co-workers. (b) Stereoselective Cu-catalysed
ring-opening cyclization to tetrahydrofurans and tetrahydropyrans
developed by Dai and co-workers.

Dai and co-workers described a regioselective and stereo-
selective copper-catalysed ring-opening cyclization of diaster-
eomerically pure cyclopropanols 1, bearing a secondary
alcohol side chain (Scheme 13b). The reaction produced tetra-
hydrofurans 36 in up to 91% yield and tetrahydropyranes 37,
albeit with reduced efficiency (up to 41% yield).®® The respect-

This journal is © The Royal Society of Chemistry 2025

ive cyclic ethers were produced as single diastereomers, with
the stereochemical configuration determined by the configur-
ation of the cyclopropanol precursor. Tetrahydrofuran 36h was
also produced in enantioenriched form (92% ee) from the
corresponding enantioenriched homoallylic alcohol 1h (92%
ee). The stereochemistry of the secondary alcohol side chain
was found to affect the yields of the diastereomeric tetrahydro-
furan products (e.g., 1h vs. 1i), thus highlighting its crucial
role in determining the cyclopropanol ring-opening pathways.
These observations were rationalized by assuming the gene-
ration of copper(u) chelate complex A from 1h, with the phenyl
group residing in the less sterically hindered pseudo-equator-
ial position and avoiding steric repulsion with the methylene
group of the cyclopropane ring that is observed in complex A’,
which is generated from 1i. Subsequent regioselective C1-C3
bond cleavage of the cyclopropane affords copper(i) homoeno-
late B, which in turn produces 36h after oxidation to Cu™ fol-
lowed by reductive elimination of Cu' to form the C-O bond.
The method was applied to the diastereoselective synthesis of
racemic hyperiones A and B.

2.3. Stereospecific ring expansion into cyclobutanones and
p-lactams

Lindsay and co-workers established a general methodology to
access various enantioenriched 1-substituted cyclopropanol
derivatives 38 by reacting 1-sulfonylcyclopropanols 9, acting as
cyclopropanone surrogates, with carbon or nitrogen nucleo-
philes (Scheme 14).>®7%7! Generation of an electron-deficient
center in the a-position to the cyclopropane ring by treatment
of 38 with an electrophilic reagent or a Lewis acid results in a
semipinacol rearrangement, leading to ring expansion into
cyclobutanones. Notably, the reaction occurs with preservation
of the enantiomeric purity of the starting cyclopropanol 9 or
with only negligible erosion. Following this general strategy,
enantiomerically pure (>99% ee) p-lactam 40 was prepared by
the isomerization of hemiaminal 39 triggered by aluminum tri-
flate as a Lewis acid (Scheme 14a).”® The ring expansion was
achieved in two steps without isolating the intermediate 39.
Similarly, 1-vinyl-substituted cyclopropanols 41, obtained by
the reaction of 9 with vinyl magnesium bromides, undergo
ring  expansion to  enantioenriched (96-99%  ee)
a-methylenecyclobutanones 42 upon treatment with electro-
philic bromine (Scheme 14b).”* Strong protic acid (HCl) or

Org. Biomol. Chem., 2025, 23, 992-1015 | 999
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Scheme 14 Stereospecific ring expansion of enantioenriched cyclopropanol derivatives into cyclobutanones, y-lactones and p-lactams.

treatment with electrophilic oxygen (mCPBA) resulted in analo-
gous ring expansion reactions of 41, yielding the respective
enantioenriched cyclobutanone products 43, 44 or y-lactone
45. As another example, spiro[3.3]heptan-1-one 46 was
obtained in 63% yield by an AlCl;-mediated strain-relocating
semipinacol rearrangement of cyclopropanol intermediate 47
(Scheme 14c).”® A high enantiomeric purity of 96% ee was
achieved, evidencing only insignificant degradation of the
enantiomeric purity of the starting 1-sulfonylcyclopropanol 9a.

2.4. Miscellaneous ring-opening reactions

Only a few examples of unconventional (non-homoenolate-
type) transition-metal-mediated stereoselective ring-opening
reactions of cyclopropanols to carbonyl compounds have been
reported.

Stereoselective one-pot generation of enantioenriched
copper cyclopropoxides 50 and their transformation into
a,a-disubstituted f,y-unsaturated aldehydes 51 was described
by Marek and co-workers (Scheme 15).>” The carbocupration
of cyclopropene 48 was completely syn-stereoselective due to
the directing properties of the acetoxymethyl substituent.
Oxidation of organocopper derivative 49 occurred with reten-
tion of configuration, followed by a ring-opening process in 50
facilitated by the presence of the acetoxy leaving group at C2.
As a result, aldehydes 51 with a quaternary a-stereocenter were
obtained with 86% ee, without degradation of the enantio-
meric purity of the starting material.

Shortly thereafter, the same group reported the prepa-
ration of similar aldehyde products via a palladium-cata-
lysed ring-opening cross-coupling of w-ene cyclopropanols

1000 | Org. Biomol. Chem., 2025, 23, 992-1015

1) [RCUCN]L, =70 °C

R = Me, n-Bu Ph
Ph,,, 2)-70°Ctort.
OAc then H* O%-,/&
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=R E—— =R
[Cu] 2 (I)_) 3
O &0
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Scheme 15 Stereoselective one-pot formation of aldehydes 51 from
cyclopropene 48 via generation and ring-opening of copper cycloprop-
oxide 50.

(e.g., 1j in Scheme 16).”> The reaction mechanism is notably
distinct from the mainstream Pd-homoenolate rearrange-
ment and begins with the Heck arylation of the terminal
alkene moiety, triggering ‘metal walking’ of the palladium
atom along the alkyl side chain. At the terminal point, cyclo-
propane ring fragmentation and elimination of H[Pd]X
result in aldehydes 52 with a quaternary a-stereocenter,
obtained with the same enantiomeric ratios as the starting
cyclopropanol 1j.

The same group employed a transition metal “chain-
walking” strategy to enable iridium-catalysed double bond
migration in cis-1,2-disubstituted cyclopropanols 53, leading

This journal is © The Royal Society of Chemistry 2025
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Scheme 16 Pd-catalysed remote ring-opening of w-ene cyclopropa-
nols reported by Marek and co-workers.

to the in situ generation of 1,2-divinylcyclopropanes 54
(Scheme 17).”* A subsequent Cope rearrangement of 54 pro-
duced bicyclic cycloheptanones 55, a common motif in natural
products, in 34-77% yield and with high diastereoselectivity
(>20:1 dr). Although this reaction may be suitable for prepar-
ing enantiomerically pure products from non-racemic sub-
strates, enantiomerically enriched cyclopropanols were not
validated.

Jeon and co-workers described an unprecedented rhodium-
catalysed transformation of cyclopropyl acetates 55 into dioxa-
silolanes 57 (Scheme 18).”* First, iridium-catalysed hydrosilyl-
ation of the acetate group was performed, producing hemiace-
tals 56 with a Si-H moiety. The subsequent rhodium-catalysed
ring-opening reaction led to atypical functionalization at the
C1 carbon, rather than at C2 or C3, via highly regioselective
cleavage of the less substituted C1-C3 bond, facilitated by the
application of a tris(pyrazolyl)borate [Tp(CF;),Na(THF)]
ligand. The reaction of 1,2-disubstituted cyclopropanols pro-
ceeded in a highly diastereoselective manner, presumably due
to m-coordination between the rhodium atom and the C1 aryl
substituent in intermediate 59, which resulted in a tightly
organized geometry. Despite the high diastereoselectivity and
preservation of the C2 stereocenter, enantioenriched cyclopro-
panol substrates have not been tested to confirm the preser-
vation of enantiomeric purity in this transformation.

1. [Ir(cod)Cl], (1 mol%), PCy3 (6 mol%),
NaBArF (2.5 mol%), DCE, rt. to 85 °C
2. TBAF, AcOH, THF, 0°C to rt.

T80,
( w)m

Me
53 )t 55
(n=1-2, m=1-3) | 4 examples,
via ) 34-77% yield,
n >20:1d.r.
OTBS
54

Scheme 17 Diastereoselective synthesis of bicyclic cycloheptanones
reported by Marek and co-workers. cod = cyclooctadiene, Arf = 3,5-bis
(trifluoromethyl)phenyl.
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Scheme 18 Ring-opening silylation of cyclopropanols reported by
Jeon and co-workers (coe = cyclooctene, nbd = norbornadiene, nbe =
norbornene).

Xu, Doyle, and co-workers reported the synthesis of chiral
spiroketals 64 via a one-pot sequence starting with rhodium-
catalysed asymmetric cyclopropanation of 2-aryl- or alkyl-sub-
stituted 4,4-dimethyl-5-methylene-4,5-dihydrooxazoles 61 with
TBS-protected enoldiazoacetates 62, followed by synchronous
ring-opening and intramolecular cyclization of the intermedi-
ate donor-acceptor cyclopropanes 63 (Scheme 19).”> The ring-
opening process was triggered by tetrabutylammonium fluor-
ide and completed within a few minutes. Spiroketals 64 were
obtained in 53-86% yield over two steps with 95-99% ee. The
presence of the silylated enol unit in 62 was crucial for achiev-
ing high enantioselectivity. When an alkene was reacted with

Me. Me M
Me € 2
N [RA] (1 mol%) FOR
N0 ] N HGH OH
R! CO,R DCM, r.t., overnight >’O\o
N, R
61 I
TBS
TBSC 63 F-
62
TBAF | 5min
[Rh] = tBu, ORh
oo 11 CO,R?
N O-fRh Me
ci o Me :/\S_
o e
cl f cl \Se) 19 examples,
4 1 —86% Vi
R 53-86% yield,
Rhy(S-TCPTTL), 95-99% o6

Scheme 19 Enantioselective synthesis of spiroketals 64 reported by
Xu, Doyle and co-workers. S-TCPTTL = (S)-4,5,6,7-tetrachloro-alpha-
(1,1-dimethylethyl)-1,3-dihydro-1,3-dioxo-2H-isoindole-2-acetato
ligand, TBAF = tetrabutylammonium fluoride.
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diazoacetoacetate, product 64 formed directly, but its enantio-
meric purity was only 69% ee, presumably because the isomer-
ization of the intermediate donor-acceptor cyclopropane pro-
ceeded via a stepwise, rather than synchronous, mechanism.

2.5.
ring

Transformations with preservation of the cyclopropane

Interconversion to other cyclopropane derivatives via displace-
ment of oxy substituents is much less common than ring-
opening reactions but is certainly not a less important aspect
of cyclopropanol reactivity. The uncommon nature of these
transformations stems from the specific bonding properties of
cyclopropane and its high ring strain, which result in disrota-
tory ring opening to an allyl cation after the heterolytic break-
ing of the carbon-oxygen bond, unless cyclopropyl-allyl
rearrangement is prohibited by steric constraints or conju-
gation with donor substituents."””®’” Consequently, the
majority of known nucleophilic displacement reactions
proceed via alternative mechanistic pathways, such as elimin-
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1Kk, 99% ee 110 °C, 18 h
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Scheme 20 Enantiospecific conversion of cyclopropanols into cyclo-

propylamines via a ring-opening and ring-closure sequence.
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ation-addition,*”””® including the generation of transition
metal n-complexes as intermediates.”® Importantly, the substi-
tution reactions occur in a stereoselective manner, allowing for
the asymmetric synthesis of cyclopropane derivatives.”””°

Recently, the Rousseaux group introduced several new
opportunities to achieve formal substitution of the hydroxyl
group in cyclopropanols while preserving the cyclopropane
ring. The conversion of readily available secondary cyclopropa-
nols (e.g., 1k in Scheme 20) into pharmaceutically relevant
cyclopropylamines (e.g., 65a) was accomplished by utilizing
the electrophilic properties of the carbonyl group in Zn homo-
enolates (e.g., 66), obtained through the ring-opening reac-
tion.® The homoenolate intermediates readily reacted with
secondary amines, producing the corresponding iminium
intermediates (e.g., 67), which underwent facile ring closure
resulting in the formation of cyclopropylamines. While the
described transformation necessitates the disruption of the
three-membered ring, it proceeds in a highly diastereoselective
manner, resulting in the almost exclusive formation of trans-
cyclopropylamine products, even from cis-cyclopropanol sub-
strates. This phenomenon was ascribed to minimization of
1,3-allylic strain in the iminium intermediate during the ring-
closure step. Even more importantly, enantioenriched cyclo-
propanol 1k (99% ee) yielded cyclopropylamines 65 with a
high level of enantiomeric purity (88-92% ee), evidencing only
insignificant degradation of the enantiomeric purity of the
starting material.

Homolytic cleavage of the carbon-oxygen bond offers an
additional workaround to circumvent ring opening and access
substitution products through the functionalization of cyclo-
propyl radical intermediate A (Scheme 21). This concept was
pioneered by Rousseaux and co-workers,® who achieved Ni-
catalysed C(sp®)-O arylation of cyclopropanols via installation
of a redox-active thiocarbamate leaving group. Besides the
unique reactivity, complete diastereoselectivity was observed,
with the relative cis- and trans-configuration of 66 preserved
(>20:1 dr) in arylation products 67. Since cyclopropyl radicals
may undergo rapid configurational inversion (k ~ 10% s7),
the preservation of stereochemistry evidences fast recombina-

examples: SR
trans-67 IEDh from trans-66:
{7 1 .
A OMe 28% yield, >20:1 d.r.
>
Et....q
) % from cis-66:
cis-67  Ph 18% yield, >20:1 d.r.
OMe
B - O O from trans-66:
| & Me Q\ JU L 81% yield, 16:1 d.r.
:'S” 'N° "OMe from cis-66:
trans-68  Ar !
Ph 70% yield, 4:1 d.r.

(Ar = 4-MeOCgHy)

Scheme 21 Stereoselective conversion of tertiary cyclopropanol thiocarbamates 66 into aryl-substituted cyclopropanes 67 and cyclopropanethiol

carbamates 68.
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tion of radical A with Ni(u) in a solvent cage. The synthetic
utility of the approach was further expanded by the same
group, demonstrating iridium-photocatalysed rearrangement
of 66 into cyclopropanethiol carbamates (e.g,, 68).%
Interestingly, the diastereomeric ratio of trans-68 varied based
on the diastereomer of the starting material 66 subjected to
the reaction conditions, which aligns with the configurational
inversion of intermediate cyclopropyl radicals. Although these
transformations are only favourable for cyclopropanol sub-
strates capable of producing resonance-stabilized cyclopropyl
radicals (e.g., by an o-aryl substituent), the unconventional
reactivity marks a significant milestone in cyclopropanol
chemistry. The diastereoselective nature of these transform-
ations and intact C2 stereocenter imply that the use of enantio-
pure cyclopropanol substrates should proceed with the preser-
vation of enantiomeric purity.

3. Cyclopropanols as prochiral
intermediates: catalyst-controlled
asymmetric transformations

3.1. Transition-metal-induced ring-opening reactions

The use of readily available racemic or nonchiral cyclopropa-
nols as prochiral building blocks offers an appealing alterna-
tive to the strategy described above, avoiding the necessity to
prepare enantiomerically pure cyclopropanol intermediates.
However, it introduces another challenge inherent to asym-
metric catalysis: the identification of an appropriate chiral
catalyst that enables a high level of asymmetric induction.
This research direction is conceptually novel to cyclopropanol
chemistry, having gained significant attention only in the last
decade. This surge of interest is undoubtedly inspired by the
tremendous progress and breakthroughs in asymmetric cataly-
sis achieved since 2000. Although the number of known
examples of these transformations is currently relatively small,
the field holds great promise for further developments.

Mechanistically, most of the reported methods involve the
generation of metal homoenolates from cyclopropanols by uti-
lizing cobalt, copper, nickel, and zinc complexes. The process
can occur directly through a ring-opening reaction with a tran-
sition metal complex, or via the generation of p-keto radicals,
followed by recombination with a metal. The subsequent coup-
ling reaction forms a carbon-carbon bond with a new stereo-
genic centre, with asymmetric induction enabled by a chiral
ligand coordinated to the metal. Importantly, the process can
be performed in a catalytic manner.

In 2018, Yoshikai and co-workers reported the first example
of enantioselective cobalt-catalysed ring opening of nonchiral
1-phenylcyclopropanol (1, R = Ph, Scheme 22a).** The group
developed the synthesis of cyclopentenols (e.g., 69) by reacting
cyclopropanols with alkynes, catalysed by Co-phosphine com-
plexes. The ring opening of tertiary cyclopropanols was
achieved using a catalytic Co(1) species, generated by reducing
CoBr, with Zn in the presence of diphosphine ligands, with

This journal is © The Royal Society of Chemistry 2025
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DABCO serving as a proton shuttle. It was demonstrated that
cyclopentenol 69 could be prepared with 93% ee and 28%
yield when the reaction was performed in the presence of the
chiral phosphine ligand (R,R)-QuinoxP*.

Subsequently, the Yoshikai and Meng groups reported that
the cyclopropanol-derived Co homoenolates A could also par-
ticipate in the carbometallation of strained alkenes, with the
reactions proceeding enantioselectively in the presence of
chiral phosphine ligands. The Yoshikai group further devel-
oped a chemodivergent and enantioselective ring-opening
addition of cyclopropanols to oxabicyclic alkenes
(Scheme 22b).%* Depending on the nature of the Co-precatalyst
counterion, the reaction furnishes either ring-opening pro-
ducts 70 (with CoCl,) or hydroalkylation products 71 [with Co
(OAc),]. The reaction proceeded efficiently for a wide range of
substrates, delivering the corresponding products in up to
99% yield and up to 94% ee, with excellent enantioselectivity
enabled by the (R,R)-bdpp ligand.

Following the same approach, the Meng group developed a
diastereo- and enantioselective hydroalkylation of cyclopro-
penes (Scheme 22¢).*® This transformation, promoted by a
cobalt complex with the (R,R)-Et-DUPHOS ligand, was effective
across a wide range of cyclopropanol and cyclopropene sub-
strates. The acetate counterion acted as a hydrogen-atom
abstractor, facilitating the initial coordination of the cyclopro-
panol to the metal centre, thereby eliminating the need for a
stoichiometric amount of base (Scheme 22¢, conditions I). An
exception was observed with 1-alkoxycarbonyl-substituted
cyclopropanols, where the electron-withdrawing nature of the
alkoxycarbonyl group reduced the ability to coordinate to the
metal centre, resulting in diminished reactivity. In this case,
better results were achieved in the presence of DABCO and
MeOH as promoters (Scheme 22¢, conditions II), though with
somewhat lower yields (36-59%) and enantioselectivities
(46-90%) compared to those obtained with 1-aryl- and alkenyl-
substituted cyclopropanols (59-99% yields, 72-96% ee).

This methodology was further extended to achieve the
enantioselective hydroalkylation of 1-alkoxycarbonyl-substi-
tuted cyclobutenes 75 (Scheme 22d, conditions I).*” The rela-
tively lower olefinic strain (1.9 kcal mol™") compared to cyclo-
propenes (27.7 keal mol™?) resulted in the reduced reactivity of
cyclobutenes and required elevated temperatures for the reac-
tion. The addition of metallic zinc was essential for the
reduction of Co™ to Co' which possessed higher affinity to the
alkene functionality and promoted its coordination. While
electron-rich ligands proved to be inefficient, the highest yield
of 84% for product 73 (R = 4-MeOC¢H,) with 86% ee was
achieved using the phosphine-oxazoline ligand L1. Further
examples of cyclopropanol substrates provided the corres-
ponding hydroalkylation products 73 in yields of 55-99% and
86-90% ee. In contrast, the enantioselective hydroalkylation of
succinimide-fused cyclobutene 76 gave the best outcome (89%
yield, 80% ee) in the presence of phosphine ligand L2 and
under different reaction conditions (Scheme 22d, conditions
II). The hydroalkylation reactions could potentially be
accompanied by a competitive process of f-H elimination in A,
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Scheme 22 Enantioselective cobalt-catalysed ring opening reactions of 1-substituted cyclopropanols via generation of cobalt homoenolates.

followed by the conjugate addition of cobalt hydride to enone
complex B, forming enolate C. Although this process was com-
pletely suppressed in the hydroalkylation of cyclopropenes and
cyclobutenes, the Meng group later demonstrated its utility in
enantioselective ring-opening coupling of cyclopropanols with
Ts-protected aldimines (Scheme 22¢).*® The optimal outcome
was observed with oxazoline ligand L3, where steric repulsion
with the bulky tosyl group of the aldimine substrate directed
the formation of the major diastereomers of p-amino ketones
77, obtained in 41-95% yield, 62-96% ee, and up to 92:8
diastereoselectivity.

The enantioselective catalytic conjugate addition of zinc
homoenolates, generated from 1-substituted cyclopropanols 1,
to o,B-unsaturated ketones 78 was first demonstrated by
Yoshikai and co-workers (Scheme 23).>° Importantly, this reac-
tion was promoted by substoichiometric amounts of a zinc
complex, formed in situ from diethylzinc and the chiral amino-
alcohol 14. The reaction likely proceeds via zinc homoenolate
species A, which further coordinates with enone 78 to form a
bimetallic associate complex B. The 1,4-addition to the enone

1004 | Org. Biomol. Chem., 2025, 23, 992-1015
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Scheme 23 Enantioselective conjugate addition of catalytically gener-
ated zinc homoenolates.
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in complex B, followed by proton transfer, yields product 79
and regenerates the catalyst. The resulting 1,6-diketones 79
undergo aldol-type cyclization, furnishing cyclopentene pro-
ducts 80 with an asymmetric centre. Aryl-, alkenyl-, and alkyl-
substituted cyclopropanol substrates successfully
employed in this reaction, delivering carbocycles 80 in 34-93%
yield and 24-94% ee.

Later, the same research group discovered an unpre-
cedented transformation of zinc cyclopropoxides 1-Zn into bi-
metallic zinc species B, formed as a result of the deprotonation
of homoenolate A with diethylzinc (Scheme 24a).>° Bimetallic
species B was capable of reacting with electrophiles similarly
to allylzinc reagents. The reactions of B with aldehydes 81 pro-
ceeded with high y-regioselectivity, producing 1,2-diols with
diastereoselectivities of up to >20:1 in favour of the anti-diol
products (Scheme 24b). To rationalize the anti-selectivity, DFT
calculations revealed that the transition state leading to the
anti-1,2-diol (anti-TS) was 1.0 kcal mol™" lower in energy than
the syn-TS. In the chair-like 6-membered transition state, the
coordination of the aldehyde to both the enolate and homoe-
nolate zinc atoms favours the pseudoaxial orientation of the
phenyl group in anti-TS over the pseudoequatorial orientation
in syn-TS, due to two gauche interactions involving the alde-
hyde substituent in the latter. Bimetallic zinc species B also
showed promise for use in asymmetric synthesis: when cincho-
nidine (2.2 equiv.) was added as a chiral inducer, the reaction
produced 1,2-diol 82a with a moderate 68% ee.

Very recently, Kanemoto and Yoshikai applied the bi-
metallic zinc species generated from 1-aryl-substituted cyclo-
propanols 1 to the enantioselective hydroxyallylation of cyclo-
propenes 83 (Scheme 25).°° In this reaction, cycloalkene 83
underwent carbometallation on the less sterically hindered

were

(@  oznEt O---ZnEt Etyzn E0N
2 O---ZnEt
g | —
PN A A
1-Zn A B
Et,Zn (2 equiv.), OH
(b) OH O| bpy (1 equiv.) H
XML, 2O, A
R® THF 23°C,12h  R' OH
1 81 82,
45-86% vyield,
up to 20:1 d.r.
_E _E
O-Zn t O-Zn t
R! J‘y\’\ RA\/\\’\
HY_O--Zn-Et vs RA_b--zn-Et
R2? anti-TS (preferred) H syn-TS
OH
Z K Ph
Ph OH
82a,
52% yield, 5:1 d.r.,
68% ee

cinchonidine (2.2 equiv.)

Scheme 24 Dia- and enantioselective reactions of cyclopropanols
through enolized zinc homoenolates.
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Scheme 25 Enantioselective hydroxyallylation of cyclopropenes with
cyclopropanols.

side. The reaction was promoted by chiral aminoalcohol-
derived NHC ligand 84, yielding hydroxyallylation products 85
in 47-76% yield, 82-88% ee, and high diastereomeric purity
(>20:1 dr).

Enantioselective copper-catalysed reactions via the gene-
ration of copper(i) homoenolates were demonstrated in the
ring-opening allylation of tertiary cyclopropanols 1 with
allylic phosphates by Yin, Trost and Sawamura groups
(Scheme 26).°*"% Yin and co-workers introduced a method-
ology utilizing a Cu(i) catalyst ligated with chiral NHC
ligands derived from imidazolium salts (R,R)-L4 and (R,R)-
L5 (Scheme 26a).°" The latter ligand was found to be more
suitable for constructing challenging quaternary carbon
stereocenters in compounds (S)-87b. Following this method-
ology, a wide range of allylation products (S)-87a,b were
obtained in yields of 63-98% and enantioselectivities of
80-97% ee.

Trost and co-workers described a similar methodology uti-
lizing a bimetallic Cu/Zn complex generated in situ from the
NHC-ProPhenol ligand L6 (Scheme 26b).°> The reaction of
cyclopropanols with ZnEt, delivered Zn-homoenolates, which
in turn produced the corresponding Cu(i) derivatives through
transmetalation. The subsequent reaction with allylic phos-
phates resulted in the predominant formation of S-configured
y-vinyl ketone products 87c, in 51-87% yield and 70-92% ee,
including the assembly of quaternary carbon stereocenters.
DFT studies supported the preferred nucleophilic attack of the
formed Cu(1) homoenolate at the Si face of the allyl phosphate,
as the opposite Re-face attack was unfavourable due to signifi-
cant steric repulsion between the allyl fragment and phenyl
groups of the prolinol moiety. The synthetic utility of this
method was demonstrated through the asymmetric synthesis
of the fish deterrent (+)-sporochnol A.

Sawamura and co-workers explored a methodology based
on the use of a chiral NHC ligand for copper(i), derived from
the imidazolium salt (S,5)-L7 (Scheme 26c).”* The lithium ion,
introduced with ¢-BuOLi base, was shown to be crucial for
achieving a high 80% yield and 89% ee for the allylation
product (R)-87d. Cooperative bimetallic Li-Cu activation,
assisting in the generation of the homoenolate, was demon-
strated through a DFT study. Enantioselectivity in the syn-Sy2’
attack of the Cu-homoenolate on the allyl phosphate was gov-
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Scheme 26 Enantioselective copper-catalysed ring-opening cross-coupling of cyclopropanols with allylic phosphates via generation of transient

copper() homoenolates.

erned by C-H/r interactions between the allyl phosphate and
the N-naphthoxy group of the chiral catalyst.

Single electron oxidation of cyclopropanols to generate
B-keto radicals provides an alternative strategy. Until recently,
an asymmetric version of this transformation remained
elusive. In 2020, the Liu group reported the first examples, uti-
lizing copper catalysts ligated with chiral bisoxazoline (BOX)
ligands L8-L10 (Scheme 27a).°* Enantioselective ring-opening
cyanation was achieved with TMSCN by trapping f-keto rad-
icals B with copper dicyanide species, generated through oxi-
dation of a Cu'-complex with benzoyl peroxide for cyclopropa-
nols 1, or N-fluorobenzenesulfonimide (NFSI) for cyclopropa-
none acetals 88. For the ring opening of cyclopropanols 1 (R =
Me, Et, n-Pr), the ligand (1R,2S)-L8 provided p-cyanoketones 89
in 40-91% yield and 85-95% ee, with the R-configuration of
the stereogenic centre confirmed by comparison of the specific
rotation of selected compound with the literature values.
Conversely, the ring-opening reaction of cyclopropanone
acetals 88 (R = Me, Et, i-Pr, Bn) produced p-cyanoesters 90 as
S-enantiomers in 42-75% yield and 87-97% ee in the presence
of (1S,2R)-L9. The preparative value was demonstrated through
the 2-step synthesis of the GABA receptor agonist (R)-baclofen.
However, the substrate scope is limited to 2-aryl-substituted
cyclopropanols, which produce resonance-stabilized benzylic-
type p-keto radicals.

The same group developed an enantioselective version of
copper-catalysed ring-opening trifluoromethylation of cyclo-
propanols using Togni-I reagent as both an oxidant and a CF;
source (Scheme 27b).°> The non-asymmetric version of this

1006 | Org. Biomol. Chem., 2025, 23, 992-1015

reaction yields a mixture of isomeric B-CF; ketone products
when applied to 1,2-disubstituted cyclopropanols, except for
2-aryl-substituted substrates.”® These 2-aryl-substituted sub-
strates were also employed in the asymmetric version, produ-
cing the respective p-CF; ketones (S)-91 in 42-74% yield and
59-95% ee, with asymmetric induction facilitated by the qui-
nolinyl-containing bisoxazoline ligand (S,S)-L10 for the copper
catalyst. The electrophilic nature of the trifluoromethylation
reagent played a crucial role in achieving high enantio-
selectivity. The use of a nucleophilic CF; source, such as
TMSCEF3, led to competitive coordination of the CF; anion with
the copper centre, resulting in the decomposition of the chiral
copper complex and consequently poor enantioselectivity.
The developed protocol was applied in the 3-step synthesis
of an (R)-CFs;-modified analogue of the calcimimetic agent
cinacalcet.

The first example of an asymmetric nickel-catalysed ring-
opening cross-coupling reaction of cyclopropanols with bro-
moarenes was reported by Wang and Li in 2022.°” This process
combines photoredox and Ni catalysis to generate secondary
B-keto radicals B from cyclopropanols 1l (Scheme 28) via
proton-coupled electron transfer (PCET) from a photoexcited
iridium complex, with collidine acting as a base. The recombi-
nation of the p-keto radical with a chiral Ni complex results in
the corresponding Ni homoenolate A, which subsequently par-
ticipates in cross-coupling with a bromoarene. The substrate
scope included 1,2-disubstituted cyclopropanols 11 bearing a
silyl-protected hydroxymethyl group, delivering the respective
B-arylated ketones ($)-92 in 50-83% yield and 76-90% ee, with

This journal is © The Royal Society of Chemistry 2025
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Scheme 28 Enantioselective nickel-catalysed ring-opening cross-coupling of cyclopropanols with bromoarenes.

asymmetric induction facilitated by the adamantyl-substituted
oxazoline ligand (S)-L11. The silyl-protected hydroxymethyl
group in 11 was essential for achieving high enantioselectivity,
as 2-methyl- or 2-benzyl-substituted cyclopropanols yielded
f-arylated products with reduced enantioselectivities of
36-40% ee. This protocol was demonstrated to be suitable for
late-stage functionalization of complex bioactive molecules,
such as fenofibrate, lithocholic acid, and isoxepac. It was also

This journal is © The Royal Society of Chemistry 2025

applied in a concise synthesis of an analogue of the marine
natural product ent-calyxolane B.

Besides radical and homoenolate chemistry, transition
metal catalysis was shown to be effective in enantio-
selective ring expansion reactions of cyclopropanols. In
2017, Voituriez described a gold-promoted enantioselective
transformation of 1-vinyl-1-ethoxycyclopropanes 96 into
cyclobutanones 97 (Scheme 29).°® Previously, only a
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Hm

)
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E—

98 russujaponol D

| PAr,AuCl
! PAr,AuCl

Ar = 4-MeO-3,5-(t-Bu),CgH,

MeO
MeO

[Au] =

Scheme 29 Enantioselective gold-catalysed ring expansion of vinyl-substituted cyclopropanol ethers.

diastereoselective version of the ring-expansion cyclization
reported by Echavarren.’® The transformation
was catalysed by the [(R)-MeO-DTBM-BIPHEP-(AuCl),]
complex. The developed protocol was applied for the con-
struction of the tricyclic backbone of the natural product
russujaponol D.

was

3.2. Asymmetric organocatalytic transformations involving
ring opening of cyclopropanols

Over the last decades, organocatalysis has proved to be an
efficient tool for the synthesis of enantiomerically enriched
compounds as an alternative to metal and enzyme-mediated
catalysis.'® Various activation modes and reaction types can

(a) Alexakis

be employed and generally the developed methods do not
require an inert atmosphere or harsh reaction conditions.

The Alexakis group developed a series of enantioselective
halogenative semipinacol rearrangements catalysed by chiral
phosphoric acids (Scheme 30a).'°" While both substrate 99
and halogenating agent 100 are simultaneously activated by
chiral catalyst 102, the reaction is induced by stereoselective
electrophilic halogenation of the vinylic moiety, triggering a
[1,2]-alkyl shift. The reaction is driven by strain-releasing ring-
expansion and yields spirocyclobutanones 101 with a high
level of stereocontrol (80-94% ee). Recently, an alternative to
the halogenation concept was introduced by Jacobsen and co-
workers.'®> The described protio-semipinacol rearrangement

X=F Br, |
HO &
R (,‘\,+ 102 (5-10 mol%), base s Ar
W QIR A (K,
X+ Rl P
hs o~ /on
R" g9 100 : O o
69-93% yield, e Ar
- 80-94% ee, 102
. - L|cat ) X 14:1to >20:1d.r.
HO Xeat | A Nx [2yshitt
R WP uL
J 1
(b) Jacobsen
104 (10 mol%), o)
OH HCI (5 mol%) . tBu O Ph
R —_— N A ~\_Ph
toluene, 0-5 °C, Me \[]/\N N
12-24 h MeThn & H H
103 105, 14 examples, 104
75-98% yield,
l T 88-94% ee
OH ¥ OH OH )
U
VH/R —_— vj/R —_— V%/R
1
Cl--H~ Cl H Cl H

Scheme 30 Enantioselective organocatalytic semipinacol rearrangements of cyclopropanols.
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reaction is based on co-catalysis between a strong Brensted
acid and chiral hydrogen-bond donor 104. The method pro-
vides access to highly enantioenriched cyclobutanones 105
obtained with 88-94% ee (Scheme 30b). Through a series of
mechanistic studies, the authors concluded that the reaction
proceeded through a stepwise pathway where protonation of
the alkene was the rate-determining step. Nevertheless, the
concerted pathway cannot be ruled out completely. Chen, Tu

|| 107 (10 mol%), \‘"
OH H3BO3
OH (0]
PhCF3;, 25°C
DABCO+(SO,), 106 108, 27 examples,
36-87% yield,
1 80-98% ee
H' o UR?

R3 R®

o
I
| H-N RINy 570 HN
A 00 20t —— ° o
\ -z \\
H—N H-N,
e {
B c
Me/I\ CF,
N H HN
: ; N

MeO. o) CFs
SOk
107

Scheme 31 Asymmetric sulfonylation of naphthalene-2-ols by cyclo-
propanol-derived y-keto sulfinates.

111 V R'
TMSO (10 mol /o)o o ;
KHMDS (10 mol%)
COLAr - - -1COLAr
i 4AMS, THF O: ;\
R 78 °C - RT, 4h rR R
()-109 12
+ 0 16 examples,
E 30-81% yield
| 55-98% ee
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and Bao have also demonstrated an enantioselective sulfenyla-
tion/semipinacol rearrangement on the only example of
1-vinyl-substituted cyclopropanol by using a chiral Lewis base
and a chiral Brgnsted acid as cocatalysts.'*®

An example of enantioselective sulfonylation promoted by
quinine-derived squaramide catalyst 107 was presented by Ye
and Wu (Scheme 31).'®* It was shown previously by the
authors that y-keto sulfinate intermediate A could be generated
in situ by the reaction of cyclopropanols with sulfur dioxide
and subsequently trapped by a variety of electrophiles.'®®
Thus, nucleophilic addition of A to allene intermediate B,
formed from naphthalene-2-ols in a presence of chiral base
107, produced axially chiral (S)-(E)-1-((1-alkylsulfonyl)-2-arylvi-
nyl)naphtalen-2-ols 108 in 36-87% yield and 80-98% ee.

A covalent catalysis strategy was reported by Lupton and co-
workers.'% In their study, chiral N-heterocyclic carbene (NHC)
organocatalyst 111A was employed to activate acyl fluoride 110
by generating the corresponding acyl azolium intermediate B
and releasing a fluorine anion, which was responsible for
O-TMS deprotection of donor-acceptor cyclopropane 109
(Scheme 32). TMS-deprotected cyclopropoxide C readily under-
goes the ring-opening reaction leading to the formation of
enolate D. Nucleophilic 1,2-addition of the enolate to the acyl
azolium intermediate was followed by Claisen rearrangement.
In the final steps, an intramolecular aldol reaction provides a
five-member carbocycle with three adjacent stereogenic
centres. The catalytic cycle is closed by p-lactonization of the
cyclic intermediate to yield product 112 as a single diastereo-
mer (in most cases) with moderate to excellent enantiomeric
purity (55-98% ee).

Merging organocatalysis with other activation modes invol-
ving the formation of highly reactive radical species, such as
photo- and electrochemistry, provided access to reaction path-

11

KHMDS
>/ vt \S\
TMSF
110 1M11A
J\ﬁ? p

\/\;\

?é OAr
e

tBu’+ B
RR O
HMOAr
(0] D
ArO E_
tBu’+

Scheme 32 Enantioselective [3 + 2] annulation of a,f-unsaturated acyl azoliums and donor—acceptor cyclopropanes.
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ways, which were otherwise impossible to reach under classical
thermochemical conditions.'®” The method reported by the
Melchiorre group is a great example of such a synergetic
approach, which employs cleavage of the cyclopropanol ring
(Scheme 33).'%% The described transformation relies on the oxi-
dative properties of the photoexcited iminium ion A. This ion
forms through the condensation of cinnamyl aldehyde with
the chiral t-proline-derived catalyst 114, followed by activation
with visible light. Being a strong oxidant, the excited iminium
ion abstracts an electron from electron-rich cyclopropanol
leading to cleavage of the cyclopropyl ring and formation of
B-keto radical cation C. Subsequent radical-radical coupling is

114 (20 mol%),
TFA (30 mol%),
1,1*-biphenyl (1 equiv.)

R O

HO,
og
HP single LED (415 nm) R Ar

CH4CN, 0°C R
14-36 h 115
17 examples,
43-89% yield
90-99% ee
F 8:1t0 >20:1d.r.

115 F\Z_)O 113
TFA
H
hv
114

*
H,0 B
FsC, F.
HO_R' R O CFs N
F o OTDS o
'k H ¢ H-cr, N | A
D
ek FiC 114
F 1
F
N
Kt I
Ar &‘)B Z"H B
YT T M R
R OH RN OH
L 2
c R4
Scheme 33  Enantioselective photochemical organocascade catalysis

to enable formal [3 + 2] cycloaddition of cyclopropanols and cinnamyl
aldehydes.

O, (air)
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followed by an aldol reaction and hydrolysis provides enantio-
merically enriched product 115 and regenerates the catalyst. It
is worth noting that the catalyst used in this study is a modi-
fied version of the Jorgensen-Hayashi catalyst, with fluorine
substituents in the pyrrolidine ring, which enhance its redox
stability under the reaction conditions. Under the optimal
reaction conditions, formal [3 + 2] cycloaddition products 115
were isolated in 43-89% yield and 90-99% ee.

In addition to generating transient prochiral intermediates
from cyclopropanols, stable prochiral intermediates can also
be formed. This alternative strategy provides a foundation for
developing one-pot tandem or cascade enantioselective trans-
formations and presents an opportunity to integrate various
catalytic approaches. In 2017, Kananovich and co-workers
reported a route to enantiomerically enriched (R)-epoxy
ketones 116 through prochiral 1,2-dioxolane intermediates
117a (equilibrating with p-peroxyketones 117b) generated by
Mn(m)-catalysed aerobic oxidation of tertiary cyclopropanols
(Scheme 34).'°° The formation of (R)-116 in 58-84% yield and
80-97% ee was achieved by treatment of 117 with a strong
organic base (1,8-diazabicyclo[5.4.0Jundec-7-ene, DBU) in the
presence of the poly--leucine (PLL) catalyst immobilized on
silica gel. The method was subsequently applied in a short syn-
thesis of chlamydocin, a natural histone deacetylase inhibitor
with an (S)-epoxy ketone warhead, by using the poly-p-leucine
(PDL) catalyst.'*°

3.3. Asymmetric transformations with preservation of the
cyclopropane ring

The unique bonding properties and increased acidity of C-H
bonds in cyclopropane (pK, ~ 46) present an opportunity for
C-H functionalization. Until very recently, transition-metal-
mediated C-H activation methodologies remained elusive for
oxo-substituted cyclopropanes, although corresponding stereo-
and regioselective reactions are well established for other
cyclopropane derivates, including cyclopropylamines.’*" This
limitation arises from the high susceptibility of electron-rich
C-C bonds in cyclopropanol derivatives to cleavage by elec-
tron-deficient transition metals. An alternative approach could
involve directed metalation with organolithium bases.'*?
While this method occurs stereoselectively, no asymmetric ver-
sions have yet been reported.

OH Mn(acac); (0.5 mol%) HO><);0 PELIS105,0E0 i
1 n : s Ny
R THF, 0°C R THF, -25 °C 0 W 2
1 117a (R)-11_6 E /—4 o
58-84% yield, O>N HN
80-97% ee
> * (11 examples) Ph NH HN" o =
H Z H T 1 hlamydoci
o i i chlamydocin
N NH -H* # L
N Y O OOH Ha_é\( ?
: . —  |noFe]
poly-L-leucine (PLL) 117b °

(bound to PLL)

Scheme 34 Enantioselective one-pot synthesis of a,3-epoxy ketones via aerobic oxidation of cyclopropanols.
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In 2023, Gao and Xu reported the first and currently only
example of an asymmetric transition-metal-mediated C-H
functionalization methodology for cyclopropanol derivatives
(Scheme 35).""* The authors developed a general protocol for
iridium-catalysed site- and stereoselective borylation of
cycloalkanols, using carbamates as the directing group. The
reaction of 1-substituted cyclopropyl carbamates 117 led to
their facile desymmetrization, delivering borylated products
118 with 85-95% ee, with asymmetric induction enabled by
chiral bidentate boryl ligand L12 (Scheme 35a). Racemic trans-
2-substituted cyclopropyl carbamates (+)-119 underwent
kinetic resolution under similar conditions, producing bory-
lated cyclopropanes 120 with high enantiomeric purity
(90-95% ee), while the enantiomerically enriched starting
cyclopropyl carbamates 119 were recovered with 60-89% ee
(Scheme 35Db).

Another elegant the challenging C-H
functionalization problem was reported by Sekiguchi and
Yoshikai, who demonstrated a formal C-H allylation of cyclo-
propanols 1 via ring opening to generate enolized homoeno-
late species A, acting as a latent «o,f-bisnucleophile
(Scheme 36).%” The addition of Morita-Baylis-Hillman carbon-
ate 121 to the enolate unit in A produces zinc homoenolate B,
which undergoes ring closure to restore the cyclopropane ring
in cyclopropoxide C, eventually yielding cyclopropyl-fused
a-alkylidene-3-valerolactones 122 in a diastereoselective
fashion. Several chiral amino alcohol ligands were screened,

solution to

(a) desymmetrization
[IrCl(cod)], (2.5 mol%),

Q o (S,5)-L12 (5 mol%), Q
1 Bopiny
RN RN .
R> n-hexane, 70 °C, 24 h R 1—Bp|n
17 R' = i-Pr or other alkyl 118 H
40 examples,
Ph Ph 49-99% yield,
\ 85-95% ee
A S
Mezsi\ 1-Ad
Ph
(S,S)-L12
(b) kinetic resolution
same conditions, (0]
B,pin, (0.6 equiv.) >—O
> RON W<
)<l \ 2 ! —==Bpin
R
(%) 119 120
, '»_ - 9 examples,
R2N H/\l 17-48% yield,
R 90-95% ee
119
34-40% yield,
60-89% ee

Scheme 35 Enantioselective
cyclopropyl carbamates.

iridium-catalysed C-H borylation of
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Et,Zn (10 mol%), .
|-|C)>q (0] OBoc | (15 mol%) [e) Z R
+ F—— |
MeO R W
R )Hrk MS 4A, DMSO, R
1 121 60 °C, 24 h 122
26 examples,
J 26-75% yield
0[zn] MeO Z R Z R
D — [Zn]
[Zn] -coO, R\‘\
[Zn]
(e}
(0] Z “Ph
A Ph_Ph Ph_ Ph
W
Ph E' Me\‘)QOH Me\‘)<OH
N N
122a < Q
49% yield, 17% ee (with L13)
26% yield, 18% ee (with L14) (S)-L13 (S)-L14

Scheme 36 Zinc-catalysed p-functionalization of cyclopropanols via
enolized homoenolate.

with the highest efficiency (up to 75% yield) achieved using
the azetidine derivative (S)-L13. However, only minor asym-
metric induction (up to 18% ee) was observed with L13 and
similar amino alcohol ligands (e.g., L14). Despite the low ee,
the process establishes a unique and highly diastereoselective
approach to access densely functionalized cyclopropanol
derivatives via a ring-opening/ring-closing sequence.

4. Conclusions and perspectives

The chemistry of cyclopropanols has proved to be essential in
addressing intricate synthetic challenges, offering elegant
shortcuts to access a diverse array of valuable compounds. In
this review, we presented the current landscape of transform-
ations suitable for asymmetric synthesis via cyclopropanol
intermediates, pinpointing areas that further
exploration.

Enantioenriched cyclopropanols are powerful synthetic
intermediates in stereoretentive ring-opening reactions,
offering straightforward routes to branched skeletons and qua-
ternary stereocenters that are challenging to construct by other
means. However, the limited availability of enantioenriched
cyclopropanols (unless derived from a chiral pool) remains a
significant bottleneck. To address this challenge, further
advances in the catalytic asymmetric synthesis of enantiomeri-
cally pure cyclopropanols are required, while currently
unknown dynamic kinetic resolution strategies could offer a
valuable complementary approach. Additionally, stereochemi-
cal outcomes should be systematically studied in new trans-
formations using enantiomerically enriched cyclopropanol
substrates.

warrant
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Enantioselective catalytic transformations of nonchiral
cyclopropanols as prochiral substrates or racemic cyclopropa-
nols in stereoablative reactions are conceptually novel syn-
thetic strategies and their emergence marks a significant mile-
stone in the field. This approach, though still in its infancy,
offers promising new avenues for asymmetric catalysis, par-
ticularly in the formation of challenging carbon-carbon and
carbon-heteroatom bonds with high stereocontrol. However, it
is crucial to expand it further beyond the mainstream use of
cyclopropanols as synthetic equivalents of homoenolates to
other reactivity modes, yet unexplored in the asymmetric
domain (e.g, cationic cyclopropyl-allyl rearrangement).
Mechanistic studies that shed light on the structure of reactive
intermediates and the origin of asymmetric induction in these
transformations are required as a prerequisite for their rational
development.

Due to their challenging nature, asymmetric transform-
ations that preserve the cyclopropane ring remain underex-
plored. In this area, recent studies have established new stereo-
selective reaction pathways, such as ring-opening followed by
ring closure and the generation of cyclopropyl radicals via
homolytic cleavage of the C-O bond.

Continued exploration of both established and novel reac-
tivity patterns, coupled with the development of more accessi-
ble and highly enantioselective methods grounded in mechan-
istic understanding, will be essential to further unlock the syn-
thetic potential of cyclopropanols in asymmetric synthesis. We
hope that the overview of methods summarized in this article
will serve as a useful guide for asymmetric synthesis based on
cyclopropanols, provide a “triangulation strategy”> for plan-
ning the total synthesis of natural products, and promote
further developments in the area.
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