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Recent advances in catalytic enantioselective
carbometallation of cyclopropenes and
cyclobutenes

xabc

Chuiyi Lin,® Qianghui Wu,? Yu Wang,® Qinglei Chong*® and Fanke Meng

Enantioenriched small carbocycles are key structures in numerous natural products and pharmaceutically
important molecules as well as vital intermediates in organic synthesis. Although various catalytic
approaches for the construction of such molecules from acyclic precursors have been developed, direct
enantioselective functionalization of preformed three-membered and four-membered rings represents the
most straightforward and modular strategy, enabling rapid and diversified synthesis of enantioenriched
cyclopropanes and cyclobutanes from a single set of starting materials without the need for the
incorporation of specific functional groups. In this Feature Article, we have summarized the recent
advances in catalytic enantioselective functionalization of cyclopropenes and cyclobutenes through
carbometallation. The plausible mechanisms of such reactions and future of this field are also discussed.

1. Introduction

Enantioenriched small carbocycles, namely cyclopropanes and
cyclobutanes, are crucial structures in natural products and
pharmaceutically important molecules (Scheme 1).! Moreover,
such moieties represent useful and versatile building blocks
and intermediates in organic synthesis.”> However, it is challenging
to construct enantioenriched cyclopropanes and cyclobutanes due
to their inherent high energy arising from the ring strain. It is also
nontrivial for the chiral catalysts to accurately control stereo-
selectivity. Although catalytic approaches for the synthesis of
enantioenriched small carbocycles from acyclic starting materials
through cyclization have been developed, such methods suffer
from the requirement of specific functional groups and significant
limitations on substrate scope.® An alternative strategy is catalytic
enantioselective functionalization of preformed three- and four-
membered rings. The advantage is that a high diversity of func-
tional groups can be directly introduced from a single set of
starting materials without the requisite of pre-installation of a
specific functional group.” In this context, C-H functionalization
of cyclopropanes® and cyclobutanes® constitutes a straightforward
approach in the presence of a directing group. However, the
substituents that can be incorporated have remained limited.
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A more versatile strategy is catalytic enantioselective functionaliza-
tion of small cyclic alkenes that enable the introduction of a
broader scope of functional groups. A higher diversity of reaction
types can be achieved as well.

Carbometallation of alkenes represents one of the most
important elementary steps for carbon-carbon bond formation.
Taking advantage of the higher reactivity activated by the ring
strain, it is an attractive strategy for incorporating carbon-based
substituents onto the small cyclic scaffolds through catalytic
enantioselective carbometallation (Scheme 2). However, there
are huge challenges to achieve such processes, as the possible
oxidative cleavage of the strained small carbocycles induced by
the metal-based catalysts has to be suppressed. A suitable
choice of chiral ligand is crucial for the efficiency of carbome-
tallation, particularly for nonpolar alkenes, as well as accurate
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Scheme 2 Strategy for catalytic enantioselective carbometallation of
small cyclic alkenes.

control of stereoselectivity. It should be noted that an elegant
review on regio- and diastereoselective carbometallation of
cyclopropenes has been disclosed by Marek and co-workers.”
In this Feature Article, we have summarized recent advances in
catalytic enantioselective carbometallation of cyclopropenes
and cyclobutenes, particularly focusing on enantioselective
transformations and incorporating progress on enantio-
selective reactions of cyclobutenes. The plausible mechanisms
and future of this field are discussed.

2. Catalytic enantioselective
carbometallation of cyclopropenes

Enantioenriched cyclopropanes are common motifs in biologi-
cally active molecules and natural products, as well as impor-
tant intermediates in organic synthesis (Scheme 1). Therefore,
approaches for enantioselective incorporation of carbon-based
substituents onto the three-membered rings to access enan-
tioenriched cyclopropanes are in high demand. Although pio-
neering works on catalytic enantioselective carbometallation of
cyclopropenes with highly reactive organometallic reagents
have been reported, only simple alkyl and phenyl groups can
be introduced due to the requirement of stoichiometric sensi-
tive organometallic reagents that require multistep processes
and are difficult to handle.® Such limitation prompted research
on enantioselective carbometallation with more robust carbon-
based precursors and catalytically in situ generated organo-
metallic species.

Organoboron compounds represent a class of more robust
reagents with high diversity and functional group tolerance
albeit with lower reactivity. Marek and co-workers reported the
first example of Rh-catalyzed enantioselective carbometallation
of cyclopropenes with aryl boronic acids (Scheme 3).° A wide
range of aryl groups can be introduced, albeit with the incom-
patibility of heteroaryls. Mechanistic studies revealed that the
reaction proceeded through carbometallation of cyclopropenes
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View Article Online

ChemComm
2 mol % [Rh(OMe)(cod)]»
- 5 mol % 3 R! R2 pthj {_PCy,
RUR 1.0 equiv K,COg y Fe e
+ Ar-B(OH), -
toluene/1,4-dioxane/H,0 Ar [N
2 (2:2:1), 45°C, 36 h 4 3
(3.0 equiv)
Ph, M Ph%\ Ph, M
78% yield 65% yleld 63% yield 50% yleld
93:7 dr, 98:2 er 92:8 dr, 99:1 er 93:7 dr, 94:6 er 937dr9199r
C' Me_ Me
o Oy
Ph Br
85% yleld 85% yleld 57% yield 61% yield
94:6 dr, 97:3 er 98:2dr, 95:5 er >98:2 dr, 82:18 er 94:6 er

Scheme 3 Rh-catalyzed enantioselective hydroarylation of cyclopropenes.

followed by protonation with H,O as a co-solvent (Scheme 4a).
The proposed catalytic cycle is shown in Scheme 4b. Transme-
tallation with the aryl boronic acid generated Rh-Ar species,
which underwent enantioselective carbometallation of cyclo-
propenes to afford a cyclopropyl-Rh intermediate and subse-
quent protonation to release the product and regenerate the
catalyst.

Subsequently, we developed a complementary Co-catalyzed
protocol for enantioselective hydroarylation of cyclopropenes
(Scheme 5)."° 2-Furyl and 2-benzofuryl boronic acids were well
tolerated. Unlike the Rh-catalyzed process, performing the
reaction in the presence of CD;0D resulted in no deuterium
incorporation, indicating that the proton source for the proto-
nation of the C-Co bond came from the boronic acid.

In contrast to hydroarylation of cyclopropenes, enantio-
selective hydroalkenylation of cyclopropenes is more challeng-
ing due to the difficulty to generate alkenyl-metal reagents and
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Scheme 4 Mechanistic studies and proposed catalytic cycle. (a) Reaction
with D,O. (b) The proposed catalytic cycle.
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Scheme 5 Co-catalyzed enantioselective hydroarylation of cyclopropenes.

instability of such species. A pioneering Cu-catalyzed enantio-
selective hydroalkenylation of cyclopropenes with alkenyl-Al
reagents was disclosed, albeit with significant limitations for
the substrate scope and inefficient control of stereoselectivity
(Scheme 6).'" As the alkenyl-Al reagents were prepared through
hydroalumination of alkynes, the substitution pattern was lim-
ited to (E)-1,2-disubstituted alkenyls. Inseparable side products
from direct alkyl addition were observed in most cases. There-
fore, enantioselective hydroalkenylation of cyclopropenes with
alkenylborons is in high demand.

We applied our Co-catalyzed system to transformations with
alkenylboron reagents 9, and found that the Co complex
derived from bisphosphine 10 promoted the reaction, enabling
the incorporation of (E)-, (2)-disubstituted and trisubstituted
alkenyl groups that are otherwise difficult to access with other
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Scheme 6 Cu-catalyzed enantioselective hydroalkenylation of cyclopro-
penes with alkenyl-Al reagents.
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Scheme 7 Co-catalyzed enantioselective hydroalkenylation of cyclopro-
penes with alkenylboronic acids.

organometallic reagents in high efficiency and stereoselectivity
(Scheme 7).'* Highly functionalized cyclopropane 1c and di-
enylboron 12 can be fused followed by hydrolysis of the ester to
afford an analogue of retinoid X receptor agonist 13 with
97:3 er as a single diastereomer (Scheme 7).

A series of preliminary mechanistic studies were conducted.
Reaction of deuterated cyclopropene 1d delivered a single
diastereomer of the product 14, suggesting that syn-addition
of alkenyl-Co species to the cyclopropene occurred and proto-
nation of the stereogenic C-Co bond was stereoretentive
(Scheme 8a). Competitive kinetic isotope effect experiments
revealed that cleavage of the O-H bond might be the rate-
determining step (Scheme 8b). Based on all the observations, we
proposed the possible catalytic cycle (Scheme 8c). Transmetallation
of the alkenylboronic acid 9a with the phosphine-Co(u) complex
assisted by K,COj; generated alkenyl-Co(u) species II, which under-
went enantioselective carbometallation with cyclopropene 1b to
afford cyclopropyl-Co intermediate III. Protonation of the C-Co
bond with the boronic acid provided the hydroalkenylation product
17 and regenerated the catalyst.

Besides protonation of the cyclopropyl-metal formed through
transmetallation with organoboron reagents, transformations with
another electrophile that enabled catalytic enantioselective difunc-
tionalization of cyclopropenes are more attractive and challenging.
Although processes involving highly sensitive organometallic
reagents, such as Grignard, organozinc, or organoaluminum

This journal is © The Royal Society of Chemistry 2024
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Scheme 8 Mechanistic studies and proposed catalytic cycle for Co-
catalyzed enantioselective hydroalkenylation of cyclopropenes. (a) Reac-
tion with deuterated cyclopropene. (b) Competitive kinetic isotope effect
experiments. (c) The proposed catalytic cycle.
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reagents, to generate cyclopropyl-metal species followed by
trapping with an extra operation or step for addition of electro-
philes have been revealed, direct three-component reactions of
more robust organoboron reagents with the electrophiles in the
same vessel provided better functional group tolerance and incor-
porated higher diversity of substituents. Zhang and co-workers
reported a Cu-catalyzed three-component protocol for diastereo-
and enantioselective difunctionalization of cyclopropenes with
arylboron reagents and electrophilic O-benzoyl hydroxylamines
(Scheme 9a)."* The reactions proceeded through transmetallation
with arylboron reagents to form aryl-Cu intermediates followed by
carbocupration of the cyclopropenes, delivering cyclopropyl-Cu
species that reacted with O-benzoyl hydroxylamines. An aryl and
an amino group can be installed simultaneously in a single
transformation with high diastereo- and enantioselectivity. Exten-
sion of this system to alkenylboron reagents resulted in a Cu-
catalyzed three-component diastereo- and enantioselective alkeny-
lamination of cyclopropenes (Scheme 9b).'* A variety of (E)-1,2-
disubstituted alkenyl and aminyl groups can be introduced onto
the cyclopropane scaffold in high diastereo- and enantioselectivity.

Catalytic in situ generation of organometallic species pro-
vided another attractive strategy for carbometallation of cyclo-
propenes in mild conditions with broad substrate scope and
high functional group tolerance. Inspired by the precedence on
Co-induced ring-opening of cyclopropanols to form Co-
homoenolates in situ,"> we developed a Co-catalyzed protocol
for enantioselective hydroalkylation of cyclopropenes with in situ
generated Co-homoenolates from cyclopropanols, furnishing a
wide range of enantioenriched cyclopropanes and enabling the
introduction of functionalized alkyl groups in high efficiency,
diastereo- and enantioselectivity (Scheme 10)."® The transforma-
tions proceeded without the need for any additive with 100%

This journal is © The Royal Society of Chemistry 2024
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Scheme 9 Cu-catalyzed three-component diastereo- and enantio-
selective difunctionalization of cyclopropenes. (a) Cu-catalyzed diastereo-
and enantioselective arylamination of cyclopropenes. (b) Cu-catalyzed
diastereo- and enantioselective alkenylamination of cyclopropenes.

atom economy. Basic anion OAc™ was crucial for the reactivity,
working as a proton shuttle to facilitate coordination of the
cyclopropanols to the Co center.

To gain some insight into the mechanism, a series of
experiments were performed. Treatment of deuterated cyclo-
propane 1d with cyclopropanol 24a in the presence of Co

Etn..q
1 R2 R OH 7.5mol % Co(OAc), R! JR? P Et
R A 7.5 mol % 25 /
* o R Et
MeCN, 10°C, 12 h o
24 o 26
(2.0 equiv) Et
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Ph, Me
/ (o) (o)
(o)
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Z
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Scheme 10 Co-catalyzed enantioselective hydroalkylation of cyclopro-
penes with Co homoenolates.
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complex derived from phosphine 25 afforded 27 as a
single diastereomer, suggesting that similar to our Co-
catalyzed enantioselective hydroarylation and hydroalkenyla-
tion processes,'®'? syn addition of the cyclopropene occurred
and protonation of the C-Co bond was stereoselective
(Scheme 11a). Competitive kinetic isotope experiments revealed
that cleavage of the O-H bond might be the rate-determining
step (Scheme 11b). Reaction of deuterated cyclopropanol 24b-D
delivered ketone 29 with the incorporation of deuterium at the
o position of the ketone, implying that enolization of the Co
homoenolate intermediate occurred (Scheme 11c). The possible
catalytic cycle was proposed, as shown in Scheme 11d. The
basic OAc™ facilitated deprotonation of the cyclopropanol and
ring-opening to form Co homoenolate VII, which underwent
carbometallation of cyclopropene to furnish cyclopropyl-Co
species X. Protonation of the C-Co bond provided the product
and regenerated the catalyst.

Based on the same concept, in situ deprotonation of term-
inal alkynes to generate alkynyl-metal species followed
by enantioselective carbometallation of cyclopropenes provided
an atom-economical strategy for the enantioselective

[e]
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. 24b-D 7.5 mol % Co(OAc), o
- 7.5 mol % 25
©O5equv) * (05equy) ——————~ PH Me OMe
Ph Me MeCN, 23 °C, 40 min 10% D
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Scheme 11 Mechanistic studies and proposed catalytic cycle for Co-
catalyzed enantioselective hydroalkylation of cyclopropenes with Co
homoenolates. (a) Reaction with deuterated cyclopropene. (b) Competi-
tive kinetic isotope effect experiments. (c) Control experiments. (d) The
proposed catalytic cycle.
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introduction of an alkynyl group onto three-membered rings.
Hou and co-workers described a chiral half-sandwich Gd-based
catalyst 31 that promoted enantioselective hydroalkynylation of
cyclopropenes through alkynyl-Gd addition to cyclopropenes
followed by protonation of the C-Gd bond (Scheme 12)."”
broad scope of aryl-, alkyl-and silyl-substituted terminal alkynes
can be incorporated to furnish the enantioenriched alkynyl
cyclopropanes.

Subsequently, Marek and co-workers disclosed a Pd-
catalyzed protocol for enantioselective alkynylation of cyclopro-
penes with terminal alkynes (Scheme 13)."® A wide range of
aryl-substituted alkynes, 1,3-diynes and enynes can be con-
verted in high efficiency, diastereo- and enantioselectivity.

3. Catalytic enantioselective
carbometallation of cyclobutenes

Enantioenriched cyclobutanes widely exist in natural products
and pharmaceutically important molecules, and are useful
building blocks in organic synthesis (Scheme 1). Therefore, the
development of a general and modular strategy for the enantio-
selective introduction of highly diversified and functionalized
units onto the four-membered scaffolds is sought after. Enantio-
selective carbometallation of cyclobutenes represents a straightfor-
ward approach for direct incorporation of a carbon-based
substituent onto the cyclobutanes. However, in contrast to cyclo-
propenes, cyclobutenes are much less reactive. The sluggish
reactivity arose from relatively lower olefinic strain (1.9 kcal mol )
compared with that in cyclopropenes (27.7 keal mol ") and bicyclic
olefins (norbornene: 4.8 kcal mol *).'® Although few protocols
for Cu-catalyzed enantioselective activated cyclobutenes with
dialkylzinc reagents have been disclosed,”® approaches for
catalytic enantioselective introduction of other carbon-based sub-
stituents with high diversity and functional group tolerance and

R' R? H . R R
. / 5 mol % 31
R Et,0,25°C,24h
4
1 30 R 32
(1.5 equiv)

88% yield 68% yield 70% yield 65% yield
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MeO MeO
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Scheme 12 Gd-catalyzed
cyclopropenes.

enantioselective hydroalkynylation  of
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Scheme 13 Pd-catalyzed enantioselective hydroalkynylation of cyclopropenes.

transformations of unactivated cyclobutenes have remained far
less developed.

Enantioselective carbometallation of cyclobutenes with aryl-
boron reagents was challenging due to the relatively low
reactivity of arylborons and cyclobutenes. Pioneering work on
Rh-catalyzed enantioselective arylation of ester-activated cyclo-
butenes with arylboronic acids to afford a broad scope of
enantioenriched disubstituted cyclobutanes was reported by
Lin and co-workers (Scheme 14).*

More recently, Fletcher and co-workers disclosed a series of
Rh-catalyzed enantioselective transformations of unactivated
cyclobutenes initiated by carbometallation with arylboronic
acids followed by several different pathways (Scheme 15).>?
Reactions of cyclobutenes fused by a five-membered ring with
a wide range of arylboronic acids afforded arylation products
through aryl-Rh addition followed by cascade B-H elimination
and reinsertion with subsequent protonation (Scheme 15a and b).
Transformations of cyclobutenes with arylboronic acids pro-
ceeded through enantioselective carbometallation followed
by a chain-walking process terminated by B-O elimination

Ph
o Q 1.5 mol % [Rh(C,H,)Cl], \\\\Q
=

+ A~B(OH), 3.3 mol % 36
Ph 2.0 equiv KOH
35 2 toluene/H,0 (10:1) Ar 37
(2.0 equiv) 30°C, 24 h

\LQ \LQ '\\\Q A%:HE%
TR

Ar = 4-OCF3CgH,4
90% |e]d 96% vyield 96% vyield
991dr94555er>991dr91585er 32:1dr, 98:2 er

Scheme 14 Rh-catalyzed enantioselective arylation of ester-activated
cyclobutenes.

This journal is © The Royal Society of Chemistry 2024

View Article Online

ChemComm
a 2.5 mol % [Rh(cod)OH], A,
D:X + ArB(OH), 6.0 mol % 39 El:x
toluene/dioxane/H,O
38 2 (25:25:1), 23 °C, 16 h 40
(2.0 equiv) Ar TH+
lAr—Rh -

e
Ar, Ar, Ar,, Ar, /
% — Cx— Cx— Cx!
F{h\\‘ I B i

1 Rh /

,Rh ,Rh
b
2.5 mol % [Rh(cod)OH]2
NBn + Ar-B(OH), 6.0 mol % 7
toluene/dioxane/H,O
(25:25:1), 23°C, 16 h
(2.0 equw)
Ar-Rh
(o}
Ar, Ar, o Ar
NBn — NBn —=
R ;
0 ,th 0 Rh o
H
¢ A, OAc Ar, ECO Ac Ar, I:<:0Ac
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OAc AL, OAc
OAc 2.5 mol % [Rh( d)g?:?waya |<
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Scheme 15 Rh-catalyzed enantioselective cascade arylation of cyclobu-
tenes. (a) Rh-catalyzed enantioselective cascade arylation of bicyclic
cyclobutenes. (b) Rh-catalyzed enantioselective 1,5-addition to a non-
conjugated B,y-unsaturated carbonyl compound. (c) Remote substitution.

(pathway a, Scheme 15c¢). When electron-deficient boronic acids
were used, an alternative pathway for carbometallation fol-
lowed by 1,4-Rh migration and protonation was observed
(pathway b, Scheme 15c).

The same group also extended the concept to enantio-
selective arylation of cyclobutanone ketals (Scheme 16).*
Ring-opening products were generated through regio- and
enantioselective carbometallation followed by -O elimination.

Lu and co-workers reported a Pd-catalyzed protocol for
divergent enantioselective functionalization of cyclobutenes
triggered by aryl-Pd addition with aryl iodides (Scheme 17).>*
A new monodentate P-stereogenic phosphine ligand 50
was developed. In the presence of HCOONa, B-H elimination
followed by re-insertion and protonation delivered formal
hydroarylation products 51, whereas 1,3-diarylation occurred
with arylboronic acids through chain-walking followed by
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Scheme 16 Rh-catalyzed enantioselective arylation of cyclobutanone
ketals.

transmetallation and transformations with tetraarylborates
provided 1,2-diarylation products 53 without chain-walking.
The authors also demonstrated that deuterated cyclobutanes
with deuterium at different sites could be generated by proper
combination of deuterated reagents.

Besides all the precedents on enantioselective carbometalla-
tion of cyclobutenes with aryl nucleophiles, we developed a
series of cobalt-catalyzed protocols for enantioselective carbo-
metallation of cyclobutenes with cobalt homoenolates, alkynyl
and allyl nucleophiles.>® Unlike reactions of cobalt homoeno-
lates with cyclopropenes that provided high efficiency even at
cryogenic conditions,"® elevated temperature was required for
transformations of ester-activated cyclobutenes (Scheme 18a).
Addition of Zn to reduce the Co(u1) complex to Co(x) species was
crucial for the reactivity, as the Co() complex had higher
affinity to the alkenes, assisting coordination of the substrate
to the Co center. Phosphinooxazoline ligand 55 was found to give
high enantioselectivity. A broad scope of cyclopropanols bearing
aryl, alkenyl and alkyl groups were able to undergo the reactions
with high diastereo- and enantioselectivity, enabling the incor-
poration of a high diversity of densely functionalized alkyl groups
onto the cyclobutane scaffold. Ligands with stronger c-donation
were required for transformations with unactivated cyclobutenes.
Only the Co complex derived from bisphosphine 57a was able to
promote the reaction of cyclobutene fused with succinimide 41

0
Ar} A

1.5 equiv HCO,Na \D
EtOH, 40°C, 72 h w,<
51
0
o}

[o]
5 mol % Pdy(dba)zeCHCly o Arl A
NBn + Ar'_| 20 mol % 50 3.0 equ Ar“B(OH), NBn
3.0 equiv Cs,CO4 /\<
20

a1y t-AmylOH A
3. o equw O > 50°C, 72 h 52

PS (0]

Ph.__O B ls0equ SN

~ O T .0 equiv NaB(Ar°), NBR
B 3.0 equiv K3PO, (
Me Me +BuOH, 35°C, 72 h Ar® \

50 53

Scheme 17 Pd-catalyzed divergent enantioselective arylation of
cyclobutenes.
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NBoc 15 mol % NaOMe  MeO
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59 24a 61
(1.5 equiv) 93% yield
NBoc NBoc

) Me,N

o]

82% yield 73% yield

Cyo Pho

78% yield
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Scheme 18 Co-catalyzed hydroalkylation of cyclobutenes with Co
homoenolates. (a) Enantioselective 1,4-addition to ester-activated cyclo-
butenes. (b) Reaction with the nonpolar cyclobutene. (c) Reactions with
cyclobutenes bearing a quaternary center.

(Scheme 18b). We modified the ligand as we previously reported,
and revealed that phosphine 57b that contains electron-deficient
aryls retarded the reaction, whereas transformation in the
presence of bisphosphine 57c bearing phenyls substituted with
a strong electron-donating group slightly improved the enantio-
selectivity. We further found that more sterically congested unac-
tivated cyclobutenes containing a spirocycle could be converted
regioselectively in the presence of the Co complex formed in situ
from imidazolinium salt 60 (Scheme 18c). As expected, only the
strong o-donor N-heterocyclic carbene ligand provided the reac-
tivity. The regioselectivity might result from the longer distance
between the carbon and cobalt than that between carbon and the
homoenolate chain in the transition state of carbometallation
with cobalt homoenolate, as the C-Co bond is longer than the
C-C bond. The Co terminus is less sensitive to steric hindrance,
and locating the Co center adjacent to the quaternary carbon is
favored.

Parallel kinetic isotope effect experiments implied that proton
transfer might not be the rate-determining step (Scheme 19a).
Similar to reactions with cyclopropenes,'® the proposed catalytic
cycle is shown in Scheme 19b. Coordination of cyclopropanol 24b
to the Co center and deprotonation assisted by basic counterion

This journal is © The Royal Society of Chemistry 2024
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Scheme 19 Mechanistic studies and proposed catalytic cycle for Co-
catalyzed enantioselective hydroalkylation of cyclobutenes with Co
homoenolates. (a) Parallel kinetic isotope effect experiments. (b) The
proposed catalytic cycle.

(OAc™) generated the Co homoenolate XIV, which underwent
enantioselective carbometallation followed by protonation to
afford the product and regenerate the catalyst.

We next attempted to incorporate an alkynyl group onto the
four-membered rings. The facile coordination of the Co() center
to the alkyne enabled deprotonation of the alkyne by a basic
counterion (OAc™) to generate an alkynyl-Co intermediate.
Although enantioselective cobalt-catalyzed alkynyl addition to
conjugated dienes,*® allenes,”” bridged bicyclic alkenes,”® and
enones® has been developed, metal-catalyzed hydroalkynylation
of less strained cyclobutenes in the absence of an activated group
remained unknown. By taking advantage of this nature of the
Co(1) complex, we have disclosed the first example of enantio-
selective alkynylation of unactivated cyclobutenes promoted by a
Co-based catalyst (Scheme 20).>> It was found that only electron-
rich bisphosphine 63 bearing P-stereogenic centers induced high
enantioselectivity for reactions of cyclobutenes fused with succi-
nimide. Cyclobutenes containing a wide range of aryls and alkyls
can be transformed with silyl-substituted terminal alkynes with
high efficiency and stereoselectivity.

We also conducted a series of preliminary mechanistic
studies. Reaction with deuterated alkyne 30a-D afforded enan-
tioenriched cyclobutene 64-D with a deuterated stereogenic

This journal is © The Royal Society of Chemistry 2024
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Scheme 20 Co-catalyzed enantioselective hydroalkynylation of cyclo-
butenes with terminal alkynes.

center, indicating that syn alkynyl-Co addition occurred and
protonation of the resulting C-Co bond was stereoretentive
(Scheme 21a). Parallel competitive isotope effect experiments
suggested that the proton transfer process might not be the
rate-determining step (Scheme 21b). The proposed catalytic
cycle is shown in Scheme 21c. Activation of the C-H bond of
the terminal alkyne by the Co(1) complex to form the alkynyl-Co

a 5 5 mol % Co(OAc), b H o]
b 5 mol % 63
NBn + / 10 mol % Mn NBn
i-Pr.Si DMSO, 40 °C, 12 h
i-PrgSi // H Y
i-PrgSi
M 30a-D s 64-D
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24a 4 H b
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oeq PraSi
41 64
Parallel kinetic isotope effect experiments
KIE = 1.58
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i-Pr3Si
DMSO, 40 °C
24a-D : y /-
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c TN
64 P P
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C 30a
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P XVl
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Scheme 21 Mechanistic studies and proposed catalytic cycle for Co-
catalyzed enantioselective hydroalkynylation of cyclobutenes. (a) Reaction
with deuterated alkyne. (b) Parallel kinetic isotope effect experiments.
(c) The proposed catalytic cycle.
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Scheme 22 Co-catalyzed enantioselective cascade allyl addition to
cyclobutenes.

species XIX followed by addition to cyclobutenes furnished
cyclobutyl-Co intermediate XXI, which underwent stereo-
selective protonation to release the product 64 and regenerate
the catalyst.

We also investigated the enantioselective functionalization of
cyclobutenes initiated by allyl-Co addition. Only one pioneering
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Scheme 23 Mechanistic studies and proposed catalytic cycle for Co-
catalyzed enantioselective cascade allyl addition to cyclobutenes. (a) Reac-
tion in the presence of CDsOD. (b) Reaction with deuterated allylboron
reagent. (c) Radical trapping experiment. (d) The proposed catalytic cycle.
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instance of Co-catalyzed enantioselective allyl-Co addition to the
more strained bridged bicyclic alkenes has been reported by
Zhao and co-workers.*® For the less reactive cyclobutenes, this
process remained challenging and elusive. Unexpectedly, appli-
cation of the phosphine-Co complex derived from 63 to the
transformation of cyclobutene with potassium trifluoroborate 65
furnished the ring-opening product 66 in 79% yield with
98.5:1.5 er (Scheme 22). The cyclobutane generated from hydro-
allylation was not observed. A wide range of cyclobutenes con-
taining alkyls, and aryls can be converted to the ring-opening
products in high efficiency and stereoselectivity. Functional
groups, such as cyano, ketone, and heteroaryls, are well toler-
ated. Similar to the alkynylation, the succinimide moiety was
necessary for the reactivity.

To investigate the mechanism for the ring-opening process,
we have conducted a series of experiments. Reaction of 41 with
65 in the presence of CD;OD enabled D incorporation at the
a-position of the amide, suggesting that protonation of the
C-Co bond occurred at this position (Scheme 23a). Treatment of
41 with deuterated allylboron 65-D furnished 68, implying that the
allylic C-H bond was cleaved followed by the formation of a C-Co
bond at the allylic site and simultaneously the cleaved C-H bond
migrated to the four-membered ring skeleton (Scheme 23b). The
initial allyl-Co addition to the cyclobutene 41 with subsequent
1,3-Co shift on the sp*hybridized carbons might account for the
observations. The addition of BHT didn’t retard the reaction,
indicating that a radical process might not be involved in the 1,3-
Co migration process (Scheme 23c). As shown in the proposed
catalytic cycle (Scheme 23d), allyl-Co species XXII generated from
transmetallation with allylboron 65 underwent carbometallation
of cyclobutene 41 to produce intermediate XXV. 1,3-Co migration
followed by B-carbon elimination enabled a ring-opening process
and delivered intermediate XXVII, which was protonated with
MeOH to release the product 66 and regenerate the catalyst.

4. Conclusions

Catalytic enantioselective functionalization of small cyclic
alkenes has emerged as an important strategy for the construc-
tion of enantioenriched cyclopropanes and cyclobutanes.
Carbometallation of cyclopropenes and cyclobutenes provided
a straightforward and versatile approach to incorporate a high
diversity of carbon-based nucleophiles into the small ring
scaffolds. Different transition metal-based catalysts have been
developed, enabling highly efficient and stereoselective synthe-
sis of a broad scope of small cyclic building blocks. Although
promising, there are still many crucial challenges unaddressed.
For example, high catalyst loadings are always required in these
processes. It would be desirable to develop a more efficient
catalytic system with higher turnover number. Moreover, trans-
formation of the C-metal bond generated from carbometalla-
tion of small cyclic alkenes is limited to protonation.
Difunctionalization of cyclopropenes and cyclobutenes through
direct conversion of the C-metal bond remained far less devel-
oped. In addition, there is a lack of general strategy for

This journal is © The Royal Society of Chemistry 2024
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enantioselective establishment of a quaternary stereogenic
center. We believe that the concept of enantioselective desym-
metrization of cyclopropenes and cyclobutenes will continue to
show its unique advantages and attract more and more interest
from both academia and industry.
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