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cyclopentenylcarboxyesters†
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The optically-enriched cyclopentylborane derivatives containing consecutive stereogenic centers are of

great use for the construction of chiral cyclopentanes. The preceding examples are limited to specialized

substrates and suffer from a lack of generality, and the access to consecutive stereogenic centers remains

elusive. Here we disclose a copper catalyzed conjugative borylation of cyclopentenylcarboxyesters, for

accessing cyclopentyl boronates bearing a consecutive stereogenic center in a diastereoselective and

enantioselective fashion. This method could be scaled up and the C–B bond in products could be easily

transformed in late-stage functionalization. Furthermore, modeling for rationalization of the enantio-

selectivity and diastereoselectivity is proposed, which suggested that borylcupration is probably the

enantio-determining step while the proton-decupration is the diastereo-determining step.

Five membered chiral carbocycles containing consecutive
stereogenic centers are prevalently embedded in the structure
of natural products and biologically active molecules (Fig. 1).1

Enantioenriched cyclopentylboranes can serve as versatile
building blocks for the synthesis of an array of chiral cyclopen-
tanes, owing to the great convertibility of the C–B bond to a
variety of functional groups stereospecifically.2 Consequently,
synthetic methods for the catalytic stereoselective preparation
of cyclopentylboranes are highly desired. Cyclization of boro-
nates or borylative cyclizations may access cyclopentylborane
frameworks.3 However, the catalytic stereoselective cyclization
of cyclopentylboranes remains a notorious challenge.4

Alternatively, a practical and reliable way for accessing
enantio-enriched cyclopentyl boronates would be via the asym-
metric catalytic hydroborylation of cycloalkene derivatives.5 In
the last decade, notable advances toward asymmetric hydro-
borylation of cyclopentenes have been developed (Scheme 1a).
For instance, Yun and Shibasaki reported copper catalyzed
enantioselective conjugate borylation of substituted cyclopen-
tenones, respectively.6 Ito and co-workers developed enantio-
selective hydroborylation of cyclopentadiene with B2pin2.

7

Later, the same group disclosed the enantioselective synthesis

of cyclopentyl homoallylboronates using racemic cyclopentyl
homoallic ethers in the presence of copper catalysts.8 However,
these preceding examples with good enantioselectivities are
limited to specialized substrates and suffer from a lack of gen-
erality and substrate scope. Moreover, accessing cyclopentyl
boronates bearing multi-stereogenic centers remains elusive to
date. This discrepancy is even more remarkable, given that the
diastereoselective and enantioselective hydroborylations of
cyclopropene and cyclobutene derivatives have been widely
reported.9,10 It is worth mentioning that the diastereo-
selectivity control might benefit from the rigid backbones of
small rings such as cyclopropene and cyclobutene, while rela-
tively flexible 5-membered rings could be more challenging.

Inspired by the stereoselective hydroborylation of cyclopro-
penylcarboxyesters and cyclobutenylcarboxyesters,9,10 we
would like to develop a general, complementary approach to
access optically-enriched boronyl-cyclopentylcarboxyesters.
Here we disclose an efficient, clean and operationally simple
method to access an array of optically-enriched boronyl cyclo-

Fig. 1 Representative bioactive or natural cyclopentyl compounds
bearing stereogenic centers.
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pentylcarboxyester derivatives, by using a copper catalyzed
stereoselective hydroborylation. The formed richly functiona-
lized products can be easily applied in further transformation.

To surmount this challenge, cyclopentene 1-carboxyester 1a
was selected as the model substrate and treated with B2pin2 in
the presence of 5 mol% copper and various chiral phosphine
ligands (Table 1, entries 1–7). Even though several ligands
such as Duphos (L3) and Taniaphos (L6) have been employed
in addressing the notorious enantioselectivity issues of asym-
metric hydroborylation of cyclopentenes,6a,8 these ligands did
not provide satisfactory results under preoptimized conditions
(entries 1–6). Instead, the ferrocene derived Josiphos ligand
showed a diastereomeric ratio of 1 : 3 with 83% yield and up to
78% ee (entry 7), with the trans-2a isomer being the major
product. Then, we tried to decrease the reaction temperature
for further optimization. Strikingly, when the reaction was set
up at −50 °C, the diastereoselectivity was inverted to 8 : 1 com-
pared to that under the reaction conditions at room tempera-
ture, affording the cis-2a isomer as the major product with
95 : 5 er and trans-2a as the minor product with 93 : 7 er. The
inverted diastereoselectivity indicates the cis-2a might be kine-
tically favored while trans-2a tends to be thermodynamically
favored. No significant variation in enantioselectivity but a
huge discrepancy in diastereoselectivity was observed when
using sterically more demanding alcohols (see ESI Table S1†).
The relative configuration of cis-2a was initially suggested by
nOe NMR analysis (see ESI Fig. S3†). Its absolute configuration
was later confirmed by single-crystal X-ray diffraction.

With the optimized reaction conditions in hand, the reac-
tion was further investigated with an array of cyclopentenylcar-
boxyesters to seek the scope of asymmetric conjugate hydro-
borylation. In general, the reaction tolerates a wide range of
diaryl methyl carboxyesters with different steric and electronic
properties. As depicted in Table 2, methyl substituted at the

ortho- and para-positions of the phenyl group could deliver the
products in good diastereoselectivity and 95 : 5 enantiomeric
ratio (2b and 2c). In addition, substrates with meta-Me substi-
tution, long alkyl chain substitution or multi alkyl substitution
on the phenyl group were also tried; however, notorious race-
mate separation issues in HPLC were observed due to the low
polarity of the carbocycle scaffold (see ESI Fig. S1†). Excellent
stereoselectivity was afforded with the substrates bearing an
electron-donating group such as the –SMe group (2d). Notably,
the boronyl cyclopentylcarboxyesters bearing electron-donating
groups are easily oxidized. Electron-deficient groups, including
mono and di-substituted –CF3 groups, were accommodated
under these reaction conditions (2e and 2f ). Halogens F, Cl,
and Br were all tolerated (2g–2i), which could be used for
potential further transformation handles. Additionally, the
nitrile functional group was also tolerated and potentially
applicable in further modification (2j). The reaction is not
limited to phenyl substituted types; the carboxylesters bearing
biphenyl, bis-benzo[1,3]dioxol and fluorenyl groups could
deliver moderate to good enantioselectivity (2k–2m). Besides,

Scheme 1 Catalytic hydroborylation of cyclopentenyl derivatives.

Table 1 Reaction developmenta

Entry L* T (°C) Yield (%)
Dr

er

cis : trans cis-2a trans-2b

1 L1 rt 74 1 : 2 60 : 40 58 : 42
2 L2 rt 75 1 : 2 18 : 82 30 : 70
3 L3 rt 85 1 : 1 60 : 40 59 : 41
4 L4 rt 74 1 : 2 62 : 38 86 : 14
5 L5 rt 91 1 : 2 40 : 60 24 : 76
6 L6 rt 45 1 : 4 52 : 48 88 : 12
7 L7 rt 83 1 : 3 76 : 24 89 : 11
8 L7 −50 94 8 : 1 95 : 5 93 : 7

a Reactions were performed with substrate 1a (0.1 mmol), B2Pin2
(0.12 mmol, 1.2 equiv.), Cu(MeCN)4PF6 (5 mol%), ligands (6 mol%),
tBuOK (0.5 equiv.), MeOH (2 equiv.) in tetrahydrofuran (2 mL); yields
are for the isolated compounds; diastereomeric ratio (dr) and enantio-
meric ratio (er) were determined by HPLC analysis.
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dinaphthyl methyl carboxylesters gave the corresponding boro-
nate products with up to 95 : 5 er. Notably, 2-naphthyl (1n) and
1-naththyl (1o) substituted esters showed great discrepancy in
terms of diastereoselectivity (15 : 1 dr of 2n and 1 : 1 dr of 2o,
respectively). The absolute configuration of boronyl cyclo-
pentylcarboxyesters was assigned by analogy with cis-2a.

To further demonstrate the synthetic utility of the products
derived from our method, several practical applications were
investigated (Scheme 2). First, 2 mmol scale (0.6 g) stereo-
selective hydroborylation of 1a was carried out. The reaction
furnished 0.78 g of 2a in 96% yield with 8 : 1 diastereo-
selectivity and 95 : 5 enantioselectivity (Scheme 2a). The result-

ing borylated products offered extraordinary synthetic utility
for further transformation. Boronate cis-2a could be oxidatively
hydrolyzed to the corresponding alcohol 3 with complete
retention of stereogenic centers. Besides, the pinacol ester of
cis-2a could easily transfer to difluoroborolactone 4 after the
treatment with KHF2.

With the aim of gathering preliminary insights into the
mechanism, control experiments were performed (Scheme 2b).
When deuterated methanol MeOD was applied, the reaction
afforded the corresponding product cis-2a-D with 91% incor-
poration of deuterium, clearly indicating the protonation of
methanol (eqn (1)). Then, an intermolecular competition
experiment with MeOH and MeOD was also carried out, and a
ratio of 83 : 17 between cis-2a and cis-2a-D was afforded with
an estimated KIE of 4.5 (ESI Fig. S2†),11 indicating that the
protonation step might be the rate-determining step (eqn
(3)).12 Moreover, control experiments exhibited no significant
isomerization of cis-2a to trans-2a under the reaction con-
ditions, suggesting an irreversible decupration step in the cata-
lytic cycle (eqn (3)).

The copper catalyzed conjugate borylation has been demon-
strated to occur through a cis-addition process.13 However, in
this study, the cis configuration of compounds 2 caused by a
“trans-hydroborylative addition” was present as the major
isomer. It clearly indicated the involvement of Cu-enolate
species in the catalytic cycle, which is isomerized from the car-
bocupration keto species.14 On the basis of the literature, Cu-

Table 2 Scope of the reactiona

a Reactions were performed with substrate 1 (0.1 mmol), B2Pin2
(0.12 mmol, 1.2 equiv.), Cu(MeCN)4PF6 (5 mol%), ligands (6 mol%),
tBuOK (0.5 equiv.), MeOH (2 equiv.) in tetrahydrofuran (2 mL) at
−60 °C, yields are for the isolated compounds; diastereoselectivities
(dr) were determined by HPLC analysis. b Reactions were performed at
−50 °C. c Sodium tert-pentoxide (tAmONa) 0.5 equiv. was used.
d Products could be easily oxidized.

Scheme 2 Synthetic applications and control experiments.

Research Article Organic Chemistry Frontiers

2104 | Org. Chem. Front., 2024, 11, 2102–2107 This journal is © the Partner Organisations 2024

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
by

 T
H

E
 L

IB
R

A
R

Y
 O

F 
H

A
N

G
Z

H
O

U
 N

O
R

M
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
5/

28
/2

02
4 

7:
18

:3
3 

A
M

. 
View Article Online

https://doi.org/10.1039/d4qo00114a


enolate species in the hydroborylation of α,β-unsaturated ester
tends to follow a stepwise mechanism rather than a concerted
pathway.15 Hence, we considered to use modeling calculation
to rationalize the high level of enantioselectivity in the pres-
ence of L7. First, the possible configurations of π complexes
were proposed as shown in Fig. 2a, in which the copper was
located in prochiral faces of the cyclopentene ring. The DFT
calculations suggested that when the copper approached the
Re face of the cyclopentene ring, the resulting Cu-enolate
species A was found to be more stable, while its enantiomer B
would be 12.6 kJ mol−1 less favored. Even though it did not
provide a detailed transition state analysis, this result clearly
showed an estimate of the relatively favored configuration that
leads to the major isomer.

In terms of diastereoselectivity, after the tautomerization of
the carbocupration keto species, the proton source preferred
to approach the carbocupration enolate species from the oppo-
site side of the adjacent boryl group to avoid steric repulsion
(C in Fig. 2b), which is the key process for the diastereo-
selective proton-decupration. Moreover, a plausible six-mem-
bered transition state in model C featuring a geometry with
higher stability might be involved.

Accordingly, a tentative mechanism is proposed and dis-
played in Scheme 3. As the initiator of the reaction, Cu-Bpin
species I with the bisphosphine ligand was formed by a σ-
bond metathesis of copper tert-butoxide species with B2pin2.

16

This species tends to coordinate to the double bonds and a cis-
addition gives carbocupration keto species II. This borylcupra-
tion process is supposed to be the enantio-determining step.
The stereospecific protonation of species II by methanol could
occur rapidly at room temperature, affording the corres-
ponding trans-2 as the major product. In parallel, carbocupra-
tion keto species II is potentially in equilibrium with Cu-
enolate species III via a keto–enol isomerization. The main

driving force would be the steric hindrance between the
bisphosphine ligand and diaryl methyl carboxyesters, and the
enolate form might be kinetically favored. Then, a diastereo-
selective protonation of III followed to afford the cis-2 products
and the regeneration of the copper-alkoxide species. Notably,
the level of diastereoselectivity might be a compromised result
of proton-decupration of both II and III, although the isomeri-
zation process is likely to be favored (k2 > k1) at lower
temperature.

Conclusions

In summary, we have developed an efficient diastereoselective
and enantioselective method to synthesize boronyl-cyclopentyl-
carboxyesters, by using a copper catalyzed conjugate hydrobor-
ylation of cyclopentenylcarboxyesters. Our methodology
enables access to an array of enantio-enriched boronyl-cyclo-
pentylcarboxyesters bearing consecutive stereogenic centers.
The corresponding products represent highly attractive
reagents for further synthetic utility. Both enantioselective and
diastereoselective models are proposed to rationalize the
selectivity, and the rate-determining step, the enantio-deter-
mining step and the diastereo-determining step are all care-
fully explored. This study will enrich the toolbox of the stereo-
selective synthesis of chiral carbocycles containing consecutive
stereogenic centers, illustrating the practical application of
using cyclopentyl boronates as platform structures in diverse
fields.

Author contributions

Y. Y. developed the methodology of hydroborylation, syn-
thesized the substrates and studied the scope of the reaction;
M. H., C. C. and H. Z. helped in synthesizing the substrates;
Z. Li and G. L. supervised M. H. P. Zhang designed the study,

Fig. 2 Proposed enantio- and diastereoselectivity models for the con-
jugate borylation.

Scheme 3 Plausible mechanism.

Organic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2024 Org. Chem. Front., 2024, 11, 2102–2107 | 2105

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
by

 T
H

E
 L

IB
R

A
R

Y
 O

F 
H

A
N

G
Z

H
O

U
 N

O
R

M
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
5/

28
/2

02
4 

7:
18

:3
3 

A
M

. 
View Article Online

https://doi.org/10.1039/d4qo00114a


supervised it and wrote the paper. All authors contributed to
amending the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors are thankful for the research funding under refer-
ence LQ23B020003 of Natural Science Foundation of Zhejiang
and 2021QDL005 of Hangzhou Normal University, China.

Notes and references

1 (a) S. K. Prajapti, S. Shrivastava, U. Bihade, A. K. Gupta,
V. G. M. Naidu, U. C. Banerjee and B. N. Babu,
MedChemComm, 2015, 6, 839; (b) J. T. Malinowski,
R. J. Sharpe and J. S. Johnson, Enantioselective Synthesis
of Pactamycin, a Complex Antitumor Antibiotic, Science,
2013, 340, 180; (c) H. Irita, T. Hashimoto, Y. Fukuyama and
Y. Asakawa, Herbertane-type sesquiterpenoids from the
liverwort Herbertus sakuraii, Phytochemistry, 2000, 55, 247;
(d) T. Irie, M. Suzuki, E. Kurosawa and T. Masamune,
Laurinterol and debromolaurinterol, constituents from
laurencia intermedia, Tetrahedron Lett., 1966, 7, 1837;
(e) T. Irie, M. Suzuki, E. Kurosawa and T. Masamune,
Laurinterol, debromolaurinterol and isolaurinterol, con-
stituents of Laurencia intermedia Yamada, Tetrahedron,
1970, 26, 3271; (f ) G. A. Lengyel, R. C. Frank and
W. S. Horne, Hairpin Folding Behavior of Mixed α/
β-Peptides in Aqueous Solution, J. Am. Chem. Soc., 2011,
133, 4246; (g) P.-C. Wang, J.-M. Fang, K.-C. Tsai, S.-Y. Wang,
W.-I. Huang, Y.-C. Tseng, Y.-E. Cheng, T.-J. R. Cheng and
C.-H. Wong, Peramivir Phosphonate Derivatives as
Influenza Neuraminidase Inhibitors, J. Med. Chem., 2016,
59, 5297; (h) M.-T. Gutierrez-Lugo and C. A. Bewley,
Susceptibility and mode of binding of the Mycobacterium
tuberculosis cysteinyl transferase mycothiol ligase to tRNA
synthetase inhibitors, Bioorg. Med. Chem. Lett., 2011, 21,
2480; (i) O. Boutureira, M. I. Matheu, Y. Díaz and
S. Castillón, Advances in the enantioselective synthesis of
carbocyclic nucleosides, Chem. Soc. Rev., 2013, 42, 5056.

2 (a) Hydroboration, ed. M. Zaidlewicz, John Wiley & Sons,
New York, 2005; (b) D. G. Hall, in Boronic Acids Preparation
and Applications on Organic Synthesis and Medicine, ed.
D. G. Hall, Wiley-VCH, 2011, ch. 1, pp. 1–133; (c) W. Ming,
H. S. Soor, X. Liu, A. Trofimova, A. K. Yudin and
T. B. Marder, α-Aminoboronates: recent advances in their
preparation and synthetic applications, Chem. Soc. Rev.,
2021, 50, 12151; (d) S. J. Geier, C. M. Vogels, J. A. Melanson
and S. A. Westcott, The transition metal-catalysed hydro-
boration reaction, Chem. Soc. Rev., 2022, 51, 8877;
(e) A. Whyte, A. Torelli, B. Mirabi, A. Zhang and

M. Lautens, Copper-Catalyzed Borylative
Difunctionalization of π-Systems, ACS Catal., 2020, 10,
11578.

3 (a) E. Buñuel and D. J. Cárdenas, Borylative Cyclization
Reactions, Eur. J. Org. Chem., 2016, 5446; (b) W. S. Yoon,
J. T. Han and J. Yun, Divergent Access to Benzocycles
through Copper-Catalyzed Borylative Cyclizations, Adv.
Synth. Catal., 2021, 363, 4953; (c) Y.-X. Tan, S. Li, L. Song,
X. Zhang, Y.-D. Wu and J. Sun, Ruthenium-Catalyzed
Geminal Hydroborative Cyclization of Enynes, Angew.
Chem., Int. Ed., 2022, 61, e202204319; (d) Y. Ji, M. Zhang,
M. Xing, H. Cui, Q. Zhao and C. Zhang, Transition Metal
Catalyzed Enantioselective Borylative Cyclization Reactions,
Chin. J. Chem., 2021, 39, 391.

4 (a) X. Liu, T. M. Deaton, F. Haeffner and J. P. Morken, A
Boron Alkylidene–Alkene Cycloaddition Reaction:
Application to the Synthesis of Aphanamal, Angew. Chem.,
Int. Ed., 2017, 56, 11485; (b) Y.-J. Zuo, X.-T. Chang,
Z.-M. Hao and C.-M. Zhong, Copper-catalyzed, stereocon-
vergent, cis-diastereoselective borylative cyclization of
ω-mesylate-α,β-unsaturated esters and ketones, Org. Biomol.
Chem., 2017, 15, 6323; (c) P. Liu, Y. Fukui, P. Tian, Z.-T. He,
C.-Y. Sun, N.-Y. Wu and G.-Q. Lin, Cu-Catalyzed
Asymmetric Borylative Cyclization of Cyclohexadienone-
Containing 1,6-Enynes, J. Am. Chem. Soc., 2013, 135, 11700;
(d) A. R. Burns, J. Solana González and H. W. Lam,
Enantioselective Copper(I)-Catalyzed Borylative Aldol
Cyclizations of Enone Diones, Angew. Chem., Int. Ed., 2012,
51, 10827; (e) M. E. Fairchild, A. Noble and V. K. Aggarwal,
Diastereodivergent Synthesis of Cyclopentyl Boronic Esters
Bearing Contiguous Fully Substituted Stereocenters, Angew.
Chem., Int. Ed., 2022, 61, e202205816; (f ) E. Yamamoto,
Y. Takenouchi, T. Ozaki, T. Miya and H. Ito, Copper(I)-
Catalyzed Enantioselective Synthesis of α-Chiral Linear or
Carbocyclic (E)-(γ-Alkoxyallyl)boronates, J. Am. Chem. Soc.,
2014, 136, 16515; (g) S. Yu, C. Wu and S. Ge, Cobalt-
Catalyzed Asymmetric Hydroboration/Cyclization of 1,6-
Enynes with Pinacolborane, J. Am. Chem. Soc., 2017, 139,
6526.

5 (a) S. R. Sardini, A. L. Lambright, G. L. Trammel,
H. M. Omer, P. Liu and M. K. Brown, Ni-Catalyzed
Arylboration of Unactivated Alkenes: Scope and
Mechanistic Studies, J. Am. Chem. Soc., 2019, 141, 9391;
(b) K. M. Logan and M. K. Brown, Catalytic Enantioselective
Arylboration of Alkenylarenes, Angew. Chem., Int. Ed., 2017,
56, 851.

6 (a) X. Feng and J. Yun, Catalytic enantioselective boron con-
jugate addition to cyclic carbonyl compounds: a new
approach to cyclic β-hydroxy carbonyls, Chem. Commun.,
2009, 6577; (b) I. H. Chen, L. Yin, W. Itano, M. Kanai and
M. Shibasaki, Catalytic Asymmetric Synthesis of Chiral
Tertiary Organoboronic Esters through Conjugate Boration
of β-Substituted Cyclic Enones, J. Am. Chem. Soc., 2009,
131, 11664.

7 Y. Sasaki, C. Zhong, M. Sawamura and H. Ito, Copper(I)-
Catalyzed Asymmetric Monoborylation of 1,3-Dienes:

Research Article Organic Chemistry Frontiers

2106 | Org. Chem. Front., 2024, 11, 2102–2107 This journal is © the Partner Organisations 2024

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
by

 T
H

E
 L

IB
R

A
R

Y
 O

F 
H

A
N

G
Z

H
O

U
 N

O
R

M
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
5/

28
/2

02
4 

7:
18

:3
3 

A
M

. 
View Article Online

https://doi.org/10.1039/d4qo00114a


Synthesis of Enantioenriched Cyclic Homoallyl- and
Allylboronates, J. Am. Chem. Soc., 2010, 132, 1226.

8 H. Ito, S. Kunii and M. Sawamura, Direct enantio-conver-
gent transformation of racemic substrates without racemi-
zation or symmetrization, Nat. Chem., 2010, 2, 972.

9 (a) B. Tian, Q. Liu, X. Tong, P. Tian and G.-Q. Lin, Copper
(I)-catalyzed enantioselective hydroboration of cyclopro-
penes: facile synthesis of optically active cyclopropyl-
boronates, Org. Chem. Front., 2014, 1, 1116; (b) A. Edwards,
M. Rubina and M. Rubin, Directed RhI-Catalyzed
Asymmetric Hydroboration of Prochiral 1-Arylcycloprop-2-
Ene-1-Carboxylic Acid Derivatives, Chem. – Eur. J., 2018, 24,
1394; (c) A. U. Augustin, S. Di Silvio and I. Marek, Borylated
Cyclopropanes as Spring-Loaded Entities: Access to Vicinal
Tertiary and Quaternary Carbon Stereocenters in Acyclic
Systems, J. Am. Chem. Soc., 2022, 144, 16298;
(d) V. Myronova, D. Cahard and I. Marek, Stereoselective
Preparation of CF3-Containing Cyclopropanes, Org. Lett.,
2022, 24, 9076; (e) V. Martín-Heras, A. Parra and
M. Tortosa, Cyclopropyl- and Cyclobutylboronates and
-silanes: A Stereoselective Approach, Synthesis, 2018, 470;
(f ) M. Huang, C. Zhou, K.-F. Yang, Z. Li, G.-Q. Lai and
P. Zhang, Silver(I)-Catalyzed Diastereoselective
Hydroborylation of Cyclopropenes, J. Org. Chem., 2023, 88,
13838.

10 (a) M. Guisán-Ceinos, A. Parra, V. Martín-Heras and
M. Tortosa, Enantioselective Synthesis of
Cyclobutylboronates via a Copper-Catalyzed
Desymmetrization Approach, Angew. Chem., Int. Ed., 2016,
55, 6969; (b) A. K. Simlandy, M.-Y. Lyu and M. K. Brown,
Catalytic Arylboration of Spirocyclic Cyclobutenes: Rapid
Access to Highly Substituted Spiro[3.n]alkanes, ACS Catal.,
2021, 11, 12815; (c) L. Nóvoa, L. Trulli, A. Parra and
M. Tortosa, Stereoselective Diboration of
Spirocyclobutenes: A Platform for the Synthesis of
Spirocycles with Orthogonal Exit Vectors, Angew. Chem.,
Int. Ed., 2021, 60, 11763; (d) L. Nóvoa, L. Trulli,
I. Fernández, A. Parra and M. Tortosa, Regioselective
Monoborylation of Spirocyclobutenes, Org. Lett., 2021, 23,
7434; (e) K. Nguyen, H. A. Clement, L. Bernier, J. W. Coe,
W. Farrell, C. J. Helal, M. R. Reese, N. W. Sach, J. C. Lee
and D. G. Hall, Catalytic Enantioselective Synthesis of a cis-
β-Boronyl Cyclobutylcarboxyester Scaffold and Its Highly
Diastereoselective Nickel/Photoredox Dual-Catalyzed Csp3–
Csp2 Cross-Coupling to Access Elusive trans-β-Aryl/

Heteroaryl Cyclobutylcarboxyesters, ACS Catal., 2021, 11,
403; (f ) A. Whyte, B. Mirabi, A. Torelli, L. Prieto, J. Bajohr
and M. Lautens, Asymmetric Synthesis of Boryl-
Functionalized Cyclobutanols, ACS Catal., 2019, 9, 9253;
(g) H. A. Clement, M. Boghi, R. M. McDonald, L. Bernier,
J. W. Coe, W. Farrell, C. J. Helal, M. R. Reese, N. W. Sach,
J. C. Lee and D. G. Hall, High-Throughput Ligand
Screening Enables the Enantioselective Conjugate
Borylation of Cyclobutenones to Access Synthetically
Versatile Tertiary Cyclobutylboronates, Angew. Chem., Int.
Ed., 2019, 58, 18405.

11 Setting up two parallel reactions for the determination
of the KIE was difficult to manipulate in this case, so an
intermolecular competition experiment was used
instead. The 1H NMR integration of the methyl group was
used as the probe to evaluate the ratio between 2a and
2a-D.

12 E. M. Simmons and J. F. Hartwig, On the Interpretation of
Deuterium Kinetic Isotope Effects in C-H Bond
Functionalizations by Transition-Metal Complexes, Angew.
Chem., Int. Ed., 2012, 51, 3066.

13 (a) M. Isaka and E. Nakamura, Carbocupration of cyclopro-
pene. Asymmetric synthesis of quaternary carbon centers,
J. Am. Chem. Soc., 1990, 112, 7428; (b) K. Kubota,
K. Hayama, H. Iwamoto and H. Ito, Enantioselective
Borylative Dearomatization of Indoles through Copper(I)
Catalysis, Angew. Chem., Int. Ed., 2015, 54, 8809;
(c) L. Chen, J.-J. Shen, Q. Gao and S. Xu, Synthesis of cyclic
chiral α-amino boronates by copper-catalyzed asymmetric
dearomative borylation of indoles, Chem. Sci., 2018, 9,
5855.

14 K. Hayama, R. Kojima, K. Kubota and H. Ito, Synthesis of
Chiral N-Heterocyclic Allylboronates via the
Enantioselective Borylative Dearomatization of Pyrroles,
Org. Lett., 2020, 22, 739.

15 L. Dang, Z. Lin and T. B. Marder, DFT Studies on the
Borylation of α,β-Unsaturated Carbonyl Compounds
Catalyzed by Phosphine Copper(I) Boryl Complexes and
Observations on the Interconversions between O- and
C-Bound Enolates of Cu, B, and Si, Organometallics, 2008,
27, 4443.

16 K. Kubota, E. Yamamoto and H. Ito, Copper(I)-Catalyzed
Borylative exo-Cyclization of Alkenyl Halides Containing
Unactivated Double Bond, J. Am. Chem. Soc., 2013, 135,
2635.

Organic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2024 Org. Chem. Front., 2024, 11, 2102–2107 | 2107

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
by

 T
H

E
 L

IB
R

A
R

Y
 O

F 
H

A
N

G
Z

H
O

U
 N

O
R

M
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
5/

28
/2

02
4 

7:
18

:3
3 

A
M

. 
View Article Online

https://doi.org/10.1039/d4qo00114a

	Button 1: 


