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zed decarboxylative (4 + 3)
cycloadditions of bicyclobutanes with 2-
alkylidenetrimethylene carbonates for the
synthesis of 2-oxabicyclo[4.1.1]octanes†

Xin-Yu Gao, a Lei Tang, a Xu Zhang b and Jian-Jun Feng *a

While cycloaddition reactions of bicyclobutanes (BCBs) have emerged as a potent method for synthesizing

(hetero-)bicyclo[n.1.1]alkanes (usually n # 3), their utilization in the synthesis of bicyclo[4.1.1]octane

derivatives (BCOs) is still underdeveloped. Here, a palladium-catalyzed formal (4 + 3) reaction of BCBs

with 1,4-O/C dipole precursors for the synthesis of oxa-BCOs is described. Unlike previous catalytic

polar (3 + X) cycloadditions of BCBs, which are typically achieved through the activation of BCB

substrates, the current reaction represents a novel strategy for realizing the cycloaddition of BCBs

through the activation of the “X” cycloaddition partner. Moreover, the obtained functionalized oxa-BCOs

products can be readily modified through various synthetic transformations.
Introduction

Bridged ring systems have long been coveted by organic and
medicinal chemists due to their versatility as the basic struc-
tures of natural products and pharmaceuticals.1 Given the
success of the “escape from atland” concept in medicinal
chemistry,2 there is a growing interest in bicyclo[n.1.1]alkanes
as synthetic targets due to their rigid conformation and meta-
bolic stability, which show great potential in replacing benzene
rings.3 For instance, bicyclo[1.1.1]pentanes (BCPs),4 bicyclo
[2.1.1]hexanes (BCHs),5 and bicyclo[3.1.1]heptanes (BCHeps)6

can mimic para-, ortho-, meta- and multi-substituted benze-
noids in drug design, contingent on their substitution patterns.
Additionally, Mykhailiuk's survey showed that incorporating
heteroatoms (O- or N-) into BCH and BCHep analogues gener-
ally resulted in positive changes in water solubility, metabolic
stability, and lipophilicity.5a–c,6a Therefore, developing new
strategies to synthesize bicyclo[n.1.1]alkane derivatives is highly
desirable and will expedite their application in new drug
discovery.

The rst cycloaddition reaction of bicyclo[1.1.0]butanes
(BCBs) was reported in 1966 by Blanchard.7 Only in recent years
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has it emerged as a crucial synthetic platform for constructing
(hetero-)bicyclo[n.1.1]alkane skeletons, owing to the pioneering
scientic contributions of Wipf,8 Glorius,9 Brown,10 Leitch,11

Procter,12 Molander,13 Li,14 Wang,15 Waser,16 Studer,17 L. Deng,18

Feng,19 W.-P. Deng,20 Bach,21 Jiang22 and others.23 Generally,
there are ve state-of-the-art strategies for the cycloaddition of
BCBs to obtain (hetero-)bicyclo[n.1.1]alkanes: (a) the formal (3 +
1) cycloaddition of BCBs with dihalocarbenes for synthesizing
BCPs pioneered by Applequist,24a Mykhailiuk,24b,c Ma24d,e and
Anderson;24f (b) thermally-driven (3 + 2) cycloaddition of BCBs
for the synthesis of (hetero-)BCHs;7,8,23a–c (c) energy transfer [2p
+ 2s]9a–d,10,21 and [2s + 2s]16 photocycloadditions; (d) electron
transfer catalysis to construct BCHs and BCHeps via formal (3 +
2)12,14a,15,23d,e and (3 + 3)13,14b cycloaddition of BCBs. (e) Polar
cycloadditions of BCBs.9f,g,11,17-20 Despite substantial advance-
ments, the cycloadditions of BCBs continue to encounter
numerous obstacles. For example, (i) in contrast to the well-
established formal (3 + 1), (3 + 2), and (3 + 3) cycloadditions
of BCBs, the higher-order (3 + n) (n > 3) cycloaddition of BCBs to
saturated bicyclo[n.1.1]alkanes is still uncommon in the litera-
ture (Scheme 1a).25 Currently, there is only one documented
formal (5 + 3) example of BCBs reacting with thiophenes to form
unsaturated bicyclic rings through a photoredox-induced
radical pathway (Scheme 1a, le).9h This rarity may be attrib-
uted to the high degree of transannular strain and unfavorable
entropic factors during the formation of medium-sized rings.
Although Grygorenko's elegant research has shown that bicyclo
[4.1.1]octane frameworks (BCOs) are potential bioisosteres of
substituted benzene,3c there is no report on the (4 + 3) cyclo-
addition of BCBs for preparing these valuable C(sp3)-rich
bridged ring systems. (ii) The seminal contributions of Leitch's
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of 2-oxabicyclo[4.1.1]octanes and its scientific
context.
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group11 in the realm of polar cycloadditions of BCBs led to the
expeditious advancement of formal (3 + n) (n = 2 or 3) cyclo-
additions between BCBs and imines,11 aldehydes,9f ketenes,17

indoles18,19 and nitrones20 over the past two years, providing
a wide range of valuable (hetero-)BCHs and BCHeps. However,
all these Lewis acid catalytic systems were used to activate BCB
substrates to generate the cycloadducts. The strategy for
synthesizing bicyclo[n.1.1]alkanes by catalytically activating the
“X” cycloaddition partner in the polar (3 + X) cycloadditions of
BCBs remains unknown (Scheme 1a, right). Therefore, it is
highly desirable to develop a new cycloaddition strategy to
achieve the challenging (4 + 3) cycloaddition of BCBs.

2-Oxabicyclo[4.1.1]octane scaffolds (oxa-BCOs) exist in both
natural and pharmacologically relevant compounds (Scheme
1b).26 However, only a limited number of preparative methods
have been established so far, and they are limited in scope and
lack convergence. Current syntheses of oxa-BCOs primarily rely
on the intramolecular crossed [2 + 2] cycloaddition of 4-(pent-4-
en-1-yloxy)quinolin-2(1H)-ones27a,b or alkenyloxyketenes
(Scheme 1c).27c,d

In the eld of O-heterocyclic synthesis, Pd-catalyzed (4 + n)
dipolar cycloadditions of 2-alkylidenetrimethylene carbonates
(ADTMCs)28 have emerged as a powerful method for synthe-
sizing monocyclic rings,29a,b fused rings,29c–e and spirocyclic
scaffolds.29f–j However, their application in constructing bridged
ring systems is extremely rare. As part of our ongoing research
program on designing new reactions involving strained
rings,19,30 this paper presents the rst hetero-(4 + 3) cycloaddi-
tions of BCBs with 1,4-O/C dipole species generated catalytically
© 2024 The Author(s). Published by the Royal Society of Chemistry
from ADTMCs. The innovative palladium catalytic strategy in
BCB chemistry was used to facilitate the cycloaddition reac-
tions,31 resulting in the production of functionalized oxa-BCOs
that were unattainable by other methods.

Results and discussion

Unlike relatively stable 1,3-dipoles, 1,4-dipoles, which are not
fully conjugated chemical species, are frequently highly reactive
and short-lived, resulting in numerous unexpected reaction
pathways.28 Initially, we studied the cycloaddition of ADTMC 2a
with 1,3-disubstituted BCB ketone using a palladium catalysis
strategy. Regrettably, we failed to achieve the desired cyclo-
adduct as 2a rapidly decomposed.32 Therefore, we opted for the
monosubstituted BCB ketone 1a with reduced steric hindrance
as the model substrate (Table 1; see the ESI† for the complete
set of optimization data). Ligands L1–L3, L6–L8, and L10 were
tested as indicated in Table 1. However, none of these ligands
resulted in the formation of the desired product 3aa, and 2a
underwent rapid decomposition. Phosphinooxazoline (PHOX)-
type ligands L4 and L5 produced the (4 + 3) cycloadduct 3aa,
albeit with a low yield (<15%). The current Pd-catalyzed cyclo-
addition of BCB was highly ligand-dependent (entries 1–10).
Although Segphos L8 did not produce oxa-BCO 3aa, the
sterically-hindered and electron-rich DTBM-Segphos L9
successfully yielded the desired product with a 49% NMR yield
(entry 8 versus 9). Further improvement of the yield was ach-
ieved with EtOAc, THF or 1,4-dioxane instead of toluene as the
solvent (entries 11–15). Besides ligands, the solvent also had
substantial effect on the yield but no improvement over 1,4-
dioxane was seen. Therefore, the nal reaction conditions are
described as follows: 1 (1.0 equiv.), 2 (1.2 equiv.), Pd2(dba)3

.-

CHCl3 (5 mol%), commercial available ligand L9 (10 mol%), 1,4-
dioxane, 25 °C, and 12 h (conditions A). Moreover, we con-
ducted condition-based sensitivity screening,33 revealing that
the O2 level had no signicant impact on the reaction. However,
this reaction exhibited moderate sensitivity to concentration,
moisture, temperature, and scale.

With optimized reaction conditions established, we rst
examined the substrate scope with respect to the BCBs 1. As
shown in Scheme 2, in addition to naphthyl BCB ketone 1a,
phenyl BCB ketones (3ba–da) with substituents in the para- and
meta-positions were compatible with our catalyst system and
afforded the corresponding oxa-BCOs in moderate to good
yield. The cycloadditions of furan-2-yl- and thiophen-2-yl-
containing BCB ketones were also successful (3ea–fa).
Aliphatic BCB ketones, such as 1p, are also tolerated, yet with
eroded yield. Notably, the functionalized alkynyl-substituted
Malins's BCB,34 not previously reported in cycloaddition reac-
tions, selectively forms the desired cycloadduct 3ha with a 63%
yield.

Although (4 + 2) cycloadditions of ADTMCs are well estab-
lished,28 the corresponding (4 + 3) reactions are relatively rare.
Currently, there have been only two successful examples.29g,h

However, the (4 + 3) reactions reported independently by
Chen29g and Li29h are not compatible with substituted ADTMCs.
This result can be attributed to the additional challenges in
Chem. Sci., 2024, 15, 13942–13948 | 13943
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Table 1 Selected examples of the optimization of reaction conditionsa

Entry Ligand Solvent Conversion of 1ab (%) Conversion of 2ab (%) Yieldb (%)

1 L1 Toluene 36 100 0
2 L2 Toluene <5 100 0
3 L3 Toluene 34 100 0
4 L4 Toluene 42 100 11
5 L5 Toluene 58 100 14
6 L6 Toluene 44 100 0
7 L7 Toluene 50 100 0
8 L8 Toluene 10 100 0
9 L9 Toluene 66 100 49
10 L10 Toluene 8 73 0
11 L9 PhCl 75 100 40
12 L9 CH2Cl2 30 100 10
13 L9 EtOAc 64 100 53
14 L9 THF 85 100 71
15 L9 1,4-Dioxane >99 100 96

a Reaction conditions: 1a (0.10 mmol), 2a (0.12 mmol), Pd2(dba)3$CHCl3 (5 mol%) and ligand (10 mol%), solvent (2 mL), 25 °C, under N2 for 12 h.
b Determined by 1H NMR spectroscopy using CH2Br2 as the internal standard.
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controlling regioselectivity (such as the by-products 4ab and 5ab
in Scheme 3) and Z/E selectivity when using the substituted
ADTMCs as oxa-1,4-dipole synthons. Under conditions A, 1a
and phenyl-2-alkylidenetrimethylene carbonate 2b were con-
verted into product 3ab, but the yield was low (13% NMR yield).
The structure and E/Z geometry of the C]C bond in 3ab were
determined using X-ray single crystal diffraction.35 Aer
numerous attempts, the optimized reaction conditions B
successfully facilitated the (4 + 3) cycloaddition of 1a and 2b,
resulting in a 53% NMR yield of the desired 3ab together with
some unidentied by-products (<10% NMR yield) (Scheme 3
bottom, see the ESI for details). Next, we investigated the reac-
tion of the substituted ADTMCs with substituents at the ortho-,
meta- or para-position of the phenyl ring (Scheme 2, middle,
3ab–ai). In general, substrates (3ac and 3ai) with a substituent
group at the ortho-position of the phenyl ring showed higher
yields compared to substrates with meta- or para-substituted
phenyl rings. Gratifyingly, the reaction was not limited to
ADTMCs with substituted phenyl group; the heteroaryl
substrate 2j, and the cycloalkyl substrate 2k also underwent the
13944 | Chem. Sci., 2024, 15, 13942–13948
reaction smoothly. Moreover, the reaction between BCB 1d (0.55
equiv.) and racemic 5-methylene-4-phenyl-1,3-dioxan-2-one 2l
yielded a mixture of (Z)-3dl and (E)-3dl, along with chiral (4 + 3)
cycloadduct 4dl, with a 4%NMR yield and 79% ee aer 1 hour at
room temperature. When the reaction was conducted at 100 °C
with 1.2 equivalents of (rac)-2l, it produced four isomers,
namely (Z)-3dl, (E)-3dl, 4dl0 (19% ee), and 4dl (68% ee), in a ratio
of about 52 : 24 : 16 : 8. The unreacted ADTMC 2l was obtained
with an enantiomeric excess of 1% (Scheme 2 bottom).

To demonstrate the synthetic utility of these (4 + 3) cyclo-
adducts, several transformations of 3aa were investigated
(Scheme 4). Firstly, we found that the dihydroxylation of the exo-
methylene moiety of 3aa using K2OsO4–2H2O/NMO afforded
diol 6 in 93% yield. Moreover, the epoxidation of the double
bond was accomplished with m-CPBA (3aa / 7). Alternatively,
the double bond could be hydrogenated to produce the corre-
sponding 8 in good yield. In addition, adduct 3aa could be
converted into a variety of oxa-bicyclo[4.1.1]octane derivatives
by Wittig olenation (9), reduction (10) and condensation
reaction (11).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Substrate scope of the Pd-catalyzed (4 + 3) cycloaddition.
a Standard conditions A: 1 (0.20 mmol), 2 (0.24 mmol), Pd2(dba)3$CHCl3
(5 mol%), and L9 (10 mol%) in 1,4-dioxane (4 mL) at 25 °C under a N2

atmosphere for 12 h. Isolated yields of 3 were reported. b Reaction was
run at 0.15 mmol scale. c Run at 100 °C. d Standard conditions B: 1 (0.10
mmol), 2 (0.20 mmol), Pd2(dba)3$CHCl3 (5 mol%), and L6 (10 mol%) in
1,4-dioxane (2 mL) at 100 °C under a N2 atmosphere for 12 h.

Scheme 3 Optimized reaction conditions B for the (4 + 3) cycload-
ditions of BCBs with the substituted ADTMCs.

Scheme 4 Synthetic transformations.

Scheme 5 Proposed mechanism.
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Based on our experimental observations and relevant liter-
ature studies, we proposed a plausible mechanism to illustrate
the catalytic cycle (Scheme 5). First, Pd2(dba)3

.CHCl3 and the P-
© 2024 The Author(s). Published by the Royal Society of Chemistry
ligand formed a [Pd0]/L complex. Then, oxidative addition of the
ADTMCs 1 to palladium(0) gives p-allylpalladium carbonate int-
I. Successive decarboxylation forms p-allyl palladium 1,4-O/C
dipole species int-II. The oxygen anion in the zwitterionic
allylpalladium intermediates int-II facilitates nucleophilic ring-
opening of BCBs, generating intermediate int-III. Finally,
intramolecular allyation of int-III affords the target (4 + 3)
product 3 and regenerates the palladium catalyst. Therefore, in
the O-homoconjugate addition process (int-II / int-III), the
monosubstituted BCB ketones could serve as more effective
electrophiles compared to the 1,3-disubstituted BCB ketones for
producing the desired cycloadducts.
Chem. Sci., 2024, 15, 13942–13948 | 13945
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Conclusions

In conclusion, a new strategy based on the palladium catalysis
toward the atom-economic synthesis of uncommon yet signi-
cant 2-oxabicyclo[4.1.1]octane frameworks (oxa-BCOs) has been
presented. This represents the rst hetero-(4 + 3) cycloaddition
of BCBs.36 The utilization of easily accessible starting materials,
gentle reaction conditions, broad functional group tolerance,
and versatile functionalizations of the functionalized oxa-BCOs
products renders this approach highly practical and appealing.
The increasing signicance of bicyclo[4.1.1]octanes in the quest
for new bridged bicyclic molecules with bioisosteric properties
leads us to believe that our protocol would not only enrich the
toolkit of synthetic chemists but also greatly enlarge the (hetero-
)bicyclo[n.1.1]alkanes library accessible for drug discovery.
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R. E. Thielemann, H. T. Chan, C. G. Daniliuc, K. N. Houk
and F. Glorius, J. Am. Chem. Soc., 2023, 145, 12324–12332;
(d) S. Dutta, Y.-L. Lu, J. E. Erchinger, H. Shao, E. Studer,
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