
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 1
:0

0:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synthesis of bicy
Department of Chemistry, The Scripps Rese

Road, La Jolla, CA 92037, USA. E-mail: yu2

† Electronic supplementary information
2252736. For ESI and crystallographic dat
DOI: https://doi.org/10.1039/d5sc00711a

Cite this: Chem. Sci., 2025, 16, 9436

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 26th January 2025
Accepted 1st April 2025

DOI: 10.1039/d5sc00711a

rsc.li/chemical-science

9436 | Chem. Sci., 2025, 16, 9436–9
clo[3.2.0]heptane lactones via
a ligand-enabled Pd-catalyzed C(sp3)–H activation
cascade†

Zhoulong Fan, Xinpei Cai, Tao Sheng and Jin-Quan Yu *

Bicyclo[3.2.0]heptane lactones represent an important scaffold in bioactive molecules. Herein, we report

a diastereoselective synthetic disconnection to access bicyclo[3.2.0]heptane lactones from bicyclo[1.1.1]

pentane carboxylic acids, which proceeds through palladium-catalyzed C–H activation and C–C

cleavage processes. By using two different classes of ligands, MPAA and pyridone-amine, either all-syn

arylated bicyclo[3.2.0]heptane lactones or non-arylated ones can be synthesized. The bicyclo[3.2.0]

heptane lactone products were converted into multiple substituted cyclobutane, g-lactone, and

oxobicyclo[3.2.0]heptane derivatives to showcase the synthetic versatility of this method.
Introduction

The bicyclo[3.2.0]heptane scaffold is frequently encountered in
natural products and biologically active molecules (Fig. 1A).1–5

Its unique three-dimensional structure enhances its efficiency
in binding to protein targets. Consequently, accessing diverse
substitution patterns is crucial for exploring the chemical space
availability of such a scaffold. The most direct method for
accessing the highly functionalized bicyclo[3.2.0]heptane motif
involves an intramolecular [2 + 2] cycloaddition reaction
(Fig. 1B(i)), as reported by Chirik,6–8 Yoon,9,10 Burns,11 Roşca,12

You,13 Toste,14 Mascareñas,15 and Yu16 via transition metal-
catalysis. Additionally, Leonori, Ruffoni, Merino and coworkers
have reported a dearomatization strategy for constructing 2-
azabicyclo[3.2.0]heptane motifs from nitroarenes (Fig. 1B(ii)).17

Furthermore, direct functionalizations on the bicyclo[3.2.0]
heptane scaffold have been achieved through transition metal-
catalyzed addition of cyclobutene (Fig. 1B(iii)).18,19 However,
these methods oen do not offer control over diaster-
eoselectivity. Therefore, there is a pressing need for the devel-
opment of a strategy capable of accessing a functionalized
bicyclic scaffold with exclusive diastereoselectivity.

Bicyclo[3.2.0]heptane lactones are not only bioactive but also
versatile precursors for diverse bicyclo[3.2.0]heptane scaffolds,
such as azabicyclo[3.2.0]heptanes and oxobicyclo[3.2.0]
heptanes. The previous method involves three steps starting
from pre-assembled cyclobutane derivatives, including C–H
arylation, Boc protection, and TBS deprotection (Fig. 1C).20
arch Institute, 10550 North Torrey Pines

00@scripps.edu

(ESI) available. CCDC 2204195 and
a in CIF or other electronic format see

440
Inspired by our recent work on palladium-catalyzed C–C
cleavage of bicyclo[1.1.1]pentanol to form functionalized
cyclobutenes diastereoselectively,21 we began to develop
a palladium-catalyzed C–H arylation and sequential C–C
cleavage/lactonization of bicyclo[1.1.1]pentane carboxylic acids
for the construction of arylated bicyclo[3.2.0]heptane lactones
in a diastereoselective manner (Fig. 1D). This process is realized
using a mono-N-protected amino acid (MPAA) ligand. Interest-
ingly, in the absence of aryl iodides, the different products,
bicyclo[3.2.0]heptane lactones, were also obtained by switching
the bidentate ligands from Ac-L-Val-OH to pyridone-amine L14.
Fig. 1 Importance and synthetic approaches of functionalized bicyclo
[3.2.0]heptane scaffolds.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc00711a&domain=pdf&date_stamp=2025-05-24
http://orcid.org/0000-0003-3560-5774
https://doi.org/10.1039/d5sc00711a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc00711a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016021


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 1
:0

0:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Ring opening of such motifs to generate trisubstituted cyclo-
butanes and g-lactones, as well as reduction to form arylated
oxobicyclo[3.2.0]heptane demonstrates the synthetic utility of
these scaffolds.
Results and discussion

Our investigation commenced with the evaluation of ligand
effects using bicyclo[1.1.1]pentane carboxylic acid 1a as a model
substrate (Table 1). In the absence of a ligand, the desired ary-
lated bicyclo[3.2.0]heptane lactone product 3a was observed in
a very low 18% yield (entry 2). Considering the known capability
of bidentate MPAA ligands to promote the C(sp3)–H activation
of free carboxylic acids,22,23 we explored a series of readily
available MPAAs and related derivatives (entry 1, entries 3–7).
Gratifyingly, Ac-L-Val-OH, identied as an optimal ligand,
delivered product 3a in a yield of 66%, while other ligands gave
lower yields (30–39%). Next, we investigated additional mono-
dentate ligand scaffolds,24–27 such as pyridines L3 and L4, pyr-
idone L5 and quinoline L6 (entries 8–11). However, these
ligands did not enhance the reaction yields (21–54%). In the
Table 1 Optimization of the conditionsa,b

Entry Deviation from standard conditions
3a,
yield (%)

1 None 66
2 w/o Ac-L-Val-OH 18
3 Ac-Gly-OH instead of Ac-L-Val-OH 31
4 Ac-L-Phe-OH instead of Ac-L-Val-OH 39
5 Boc-L-Val-OH instead of Ac-L-Val-OH 30
6 L1 instead of Ac-L-Val-OH 31
7 L2 instead of Ac-L-Val-OH 38
8 L3 instead of Ac-L-Val-OH 54
9 L4 instead of Ac-L-Val-OH 46
10 L5 instead of Ac-L-Val-OH 21
11 L6 instead of Ac-L-Val-OH 33
12 w/o Pd(OAc)2 n.d.
13 Pd(TFA)2 instead of Pd(OAc)2 33
14 w/o AgTFA n.d.
15 AgOAc instead of AgTFA 10
16 Ag2CO3 instead of AgTFA 9
17 w/o Na2HPO4 25
18 Na2CO3 instead of Na2HPO4 27
19 NaOAc instead of Na2HPO4 45

a Reaction conditions: 1a (0.1 mmol), 2a (0.3 mmol), Pd(OAc)2 (10
mol%), Ac-L-Val-OH (20 mol%), AgTFA (4 equiv.), Na2HPO4 (1 equiv.),
HFIP (2 mL), 110 °C, 20 h. b The yield of 3a was determined by 1H
NMR analysis using 1,3,5-trimethoxybenzene as an internal standard.

© 2025 The Author(s). Published by the Royal Society of Chemistry
absence of palladium, no product was detected (entry 12). A
signicantly decreased yield was obtained when replacing
Pd(OAc)2 with Pd(TFA)2 (entry 13). Control experiments
involving silver salts indicated that AgTFA is indispensable,
suggesting that the triuoroacetate anion plays a crucial role in
the catalytic system (entries 14–16). Furthermore, several bases
were also examined (entries 18–19). The use of Na2HPO4

substantially increased the yield of 3a from 25% to 66% (entry
17 vs. entry 1) while the starting material was not detected. This
enhancement is attributed to the coordination of Na+ with
carboxylate in a k2 mode, allowing palladium to activate the
target C–H bond in the correct orientation28 (see the ESI†).

With the optimal reaction conditions in hand, we explored
the reaction scope concerning aryl and heteroaryl iodides, and
bicyclo[1.1.1]pentanes (Scheme 1). When treating 1a with
a variety of phenyl iodides featuring both electron-rich and
electron-poor functional groups, the corresponding syn-arylated
bicyclo[3.2.0]heptane lactone products 3a–3n were obtained in
moderate to good yields. To determine whether the chiral
ligand produces an enantiopure product, we carried out the
reaction using 4-iodobiphenyl (2d) as the coupling partner with
either nonchiral Ac-b-Ala-OH or chiral Ac-L-Val-OH as the
ligand. Chiral HPLC analysis of the arylated product 3d revealed
a 50 : 50 ratio of the two enantiomers, indicating that the chiral
ligand does not induce enantioselectivity (see the ESI†). For 6-
iododihydrobenzodioxine and 2-iodonaphthalene, increasing
the concentration of HFIP from 0.05 M to 0.3 M led to the
Scheme 1 Reaction scope for the synthesis of arylated bicyclo[3.2.0]
heptane lactones. Reaction conditions: unless stated otherwise, 1 (0.1
mmol), 2 (0.3 mmol), Pd(OAc)2 (10 mol%), Ac-L-Val-OH (20 mol%),
AgTFA (4 equiv.), Na2HPO4 (1 equiv.), HFIP (2 mL), 110 °C, 20 h. Isolated
yields are reported. aUsing HFIP (0.3 M).

Chem. Sci., 2025, 16, 9436–9440 | 9437
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Scheme 3 Mechanistic studies.
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desired products 3o and 3p in moderate yields. Typically,
heterocycle motifs pose challenges in C–H activation reactions
due to the undesired coordination of heteroatoms with palla-
dium, deactivating the catalyst. However, under the current
reaction conditions, heteroaryl iodides could serve as coupling
partners. Various substituted pyridines, thiophenes, and furans
were introduced at the b position of bicyclo[3.2.0]heptane
lactones in a syn fashion. Additionally, three substituted bicyclo
[1.1.1]pentane carboxylic acids were subjected to the standard
conditions, yielding highly functionalized bicyclo[3.2.0]heptane
lactone derivatives 3x to 3z.

Having established the synthetic methods for accessing
arylated bicyclo[3.2.0]heptane lactones, we then sought to
investigate the possibility of generating bicyclo[3.2.0]heptane
lactone scaffolds without the arylation step (Scheme 2). Initially,
we conducted the reaction using Ac-L-Val-OH as a ligand under
the standard conditions without aryl iodide. However, the
starting material 1a was recovered, and no product 4a was
observed, indicating that the MPAA ligand might be applicable
for the cleavage of C–C bonds at benzylic positions. Considering
the effectiveness of our recently developed bidentate pyridone
ligands in palladium catalysis,29,30 we tested X,L-type quinoline–
pyridone ligand L9 and X,X-type pyridone–pyridone ligand L10.
Although these ligands provided product 4a, the yield was low.
Encouraged by these results, we examined several imine–pyr-
idone and amine–pyridone ligands (L11–L15).31 Signicantly,
when L14 was employed as the ligand, the product 4a was ob-
tained in 68% yield. These conditions were identied as the
optimal ones and used to explore the substrate scope. Various 1-
substituted bicyclo[1.1.1]pentane-2-carboxylic acids were sub-
jected to the conditions, leading to the corresponding bicyclo
[3.2.0]heptane lactone derivatives in yields ranging from 39% to
65%. These previously inaccessible substitution patterns on
bicylco[3.2.0]heptane lactones could prove benecial in
Scheme 2 Reaction scope for the synthesis of bicyclo[3.2.0]heptane
lactones. Reaction conditions: 1 (0.1 mmol), Pd(OAc)2 (10 mol%),
ligand (20mol%), AgTFA (4 equiv.), Na2HPO4 (1 equiv.), HFIP (2 mL), 110
°C, 20 h. Unless stated otherwise, isolated yields are reported. a1H NMR
yield using 1,3,5-trimethoxybenzene as an internal standard.

9438 | Chem. Sci., 2025, 16, 9436–9440
exploring the available chemical space in pharmaceutical
campaign.

To elucidate the possible mechanism, we carried out the
reaction in the presence of acetic acid-d4 and HFIP-d1 without
the aryl iodide. The partially deuterated carboxylic acid [D]-1a
was recovered in 53% yield, with 20% and 25% deuterium
incorporation on the a-position and b-position, respectively
(Scheme 3A). In addition, to rule out the possibility of non-
directed C–H bond cleavage, we performed the reaction under
standard conditions using 4-methylbenzyl bicyclo[1.1.1]
pentane-2-carboxylate (1f) as the substrate. However, no
deuteration was observed at the a- or b-positions, further veri-
fying that the carboxylic acid directed C–H bond cleavage step
occurred in the process (see the ESI†). A plausible mechanism is
depicted in Scheme 3B. The b-C–H palladation intermediate II
is rst formed, followed by an oxidative addition and reductive
elimination sequence to deliver the b-arylation intermediate IV.
Subsequently, a strain-release C–C bond cleavage event takes
place, generating the palladium species V. Then, this species
Scheme 4 Synthetic applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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undergoes lactonization and protodepalladation to afford
product 3. In addition, we also proposed the mechanism in the
absence of aryl iodides. The C–C cleavage occurs directly with
the assistance of the pyridone–amine ligand, providing the
intermediate III0. Then, the sequential lactonization and pro-
todepalladation processes produce the non-arylated lactone 4.

To further illustrate the application of the current methods,
we conducted extensive transformations of bicyclo[3.2.0]
heptane lactone 3a. The ring-opening process of g-lactone
yielded the tri-substituted cyclobutane derivative 5 under
sequential hydrolysis and substitution conditions. Notably, the
cyclobutane ring of 3a was unexpectedly cleaved to produce g-
lactone 6 in the presence of BBr3, and the detailed mechanism
remains unclear. In addition, the oxobicyclo[3.2.0]heptane
scaffold 7 could be easily obtained through the sequential
reduction of the ester and recyclization (Scheme 4A).20 To
explore the potential utility of this bicyclic g-lactone in chemical
biology, we removed the Bn protecting group of 3f and coupled
it with propargylamine, resulting in the generation of product 8
with an alkynyl group for protein labeling (Scheme 4B).
Conclusions

In summary, we developed diastereoselective methods for the
synthesis of arylated or non-arylated bicyclo[3.2.0]heptane
lactones from bicyclo[1.1.1]pentane carboxylic acids under
palladium catalysis. The utilization of MPAA or pyridone–amine
ligands is crucial for the formation of either arylated or non-
arylated lactones respectively. Additionally, this lactone scaffold
can effectively undergo transformation to afford a diverse range
of highly functionalized cyclobutane, g-lactone, and oxobicyclo
[3.2.0]heptane derivatives. We anticipate that this approach
holds potential for constructing a scaffold-based novel
compound library, contributing to the identication of hit or
lead compounds in drug discovery.
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