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tential of well-defined ML1L2

species in asymmetric catalysis through ligand
immobilization (MLhetLhom). Use in highly
enantioselective Pd-catalyzed spiroannulation

Maria Biosca,†a Pol de la Cruz-Sánchez, †a Jorge Faiges,†a Aitor Maestro,bc

C. Oliver Kappe, bc Sándor B. Ötvös, *bc Miquel A. Pericàs, ad Oscar Pàmiesa

and Montserrat Diéguez *a

Catalytic complexes involving different monodentate ligands coordinated to the same metal center offer

considerable interest towards the development of new processes and the improvement of the

characteristics of known ones. However, one of the major drawbacks in using mixtures of monodentate

ligands in asymmetric metal catalysis lies in the difficulty of controlling the formation of active species

containing both of the desired ligands coordinated at the same time to the metal center (ML1L2). Herein,

we present a straightforward methodology to overcome this long-standing major limitation. Thus, we

demonstrate that the formation of well-defined ML1L2 species can be attained by combining an

immobilized ligand and a homogeneous ligand. This concept has been successfully applied to

a synthetically relevant Pd-catalyzed [3 + 2] spiroannulation. The use of a polystyrene supported chiral

binaphthyl-based phosphoramidite in combination with an achiral cheap biphenyl

monophosphoramidite led to the sole formation of highly enantioselective active species containing

both ligands coordinated to Pd, as demonstrated by gel-phase, high resolution 31P NMR. In addition, we

have also studied the continuous flow spiroannulation, which further demonstrated that the reaction

occurs in the heterogenous phase. The advantages associated to the use of well-defined PdLhetLhom in

catalysis are further demonstrated in asymmetric allylic alkylation reactions, illustrating the potential of

this methodology in asymmetric catalysis.
Introduction

Enantioselective metal catalysis has become pivotal in the
synthesis of enantiomerically enriched compounds. Its success
mainly relies on the use of chiral ligands able to transfer the
chiral information from the catalysts to the product.1–3 In this
realm, there are many relevant transformations whose
enantiodetermining transition states involve two mono-
dentated ligands (or a bidentate one) coordinated to the metal.
The successful introduction of DIOP4 in the early 70's favored
the use of chiral bidentate ligands instead of monodentate
ligands. However, the development of DuPHOS-type
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monophospholane5 and binol-based mono-phosphonite,6,7

phosphite8 and phosphoramidite9,10 ligands in the late 90's and
early 2000's paved the way for the use of monodentate ligands in
asymmetric catalysis, outperforming bidentate ligands in
certain cases. Nowadays, many reactions depend on them for
excellent catalytic performance.1–3,11 Soon aer, Reetz and
coworkers went a step further by employing mixtures of chiral
monodentate ligands (L1 and L2), thereby introducing a new
concept in asymmetric catalysis that mimics the desymmetri-
zation of C2-symmetric bidentate ligands into their C1-
symmetric counterparts.12,13 An inherent limitation of this
approach arises from the presence of three distinct catalytically
active species in equilibrium: the two homocombinations
(ML1L1 and ML2L2) and the desired heterocombination ML1L2

(Fig. 1a(1)). Using a combinatorial approach, Reetz and
coworkers identied certain ligand heterocombinations that
were more reactive and, in some cases, more enantioselective
than the two possible homocombinations in Rh-catalyzed
hydrogenation (Fig. 1a(1)). These ndings are consistent with
reports showing that certain C1-symmetric P–P0 bidentate
ligands can outperform their C2-symmetric analogues.13 They
Chem. Sci.
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Fig. 1 (a) Conceptual approach in the search of well-defined active species containing two distinct monodentate ligands (heterocombination);
and (b) enantioselective spiroannulation towards structurally complex tetrahydrofuran-fused spirocyclic scaffolds as proof of concept.
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further demonstrated that the sense of enantioselectivity can be
reversed by selecting an appropriate mixture of chiral and
achiral monodentate ligands (Fig. 1a(1)).14 However, the
broader application of this strategy in asymmetric catalysis has
been limited by the coexistence of multiple catalytically active
species, the sensitivity of their equilibria to changes in reaction
conditions and substrate, and the requirement that the
heterocombination must be both more reactive and selective
than the corresponding homocombinations to provide an
improved catalytic system.15 Accordingly, since its rst report in
2003, this approach has been explored in relatively few occa-
sions, mainly within a relatively short time frame (2003–2008),
and predominantly in asymmetric hydrogenation, with limited
success in other asymmetric transformations.15

Based on our experience in covalent ligand immobiliza-
tion16,17 as well as in the effective site isolation of immobilized
ligands onto organic18,19 or inorganic20 supports, which prevents
the coordination of two such immobilized ligands to a single
metal atom, we envisaged exploring catalytic systems involving
two different monodentate ligands in which one ligand remains
in solution while the other is appropriately immobilized onto
a solid support (Fig. 1a(2)). Whenever the condition of site
isolation is fullled in the immobilized ligand, this should lead
to the exclusive formation of a perfectly dened immobilized
heterodimeric species MLHetLHom. It is worth noting that, since
the liquid phase in these systems can be simply washed away by
ltration, it should be possible to remove any excess of the
Chem. Sci.
homogeneous ligand prior to the catalytic use. Moreover, since
a two-phase system is involved, the generation in the liquid
phase of MLHomLHom species would only be possible subse-
quently to non-favorable metal leaching. Moreover, the exclu-
sive formation of MLHetLHom species would easily pave the way
towards the implementation of a heterogenized continuous
ow protocol, with its concomitant advantages with respect to
the still more common batch processing.21,22

To bring these ideas into practice, we hypothesized that
ML1L2 species of the MLHetLHom type would be easily and
selectively accessed by rst coordinating the metal center
from a convenient precursor to an immobilized ligand (Lhet)
followed by the addition of the second, homogeneous ligand
(Lhom) in solution and washing away any excess of it if
necessary (Fig. 1a(2)). To avoid leaching of the valuable
immobilized ligand, we selected a covalent immobilization
strategy, while to preserve the selectivity characteristics of the
parent homogeneous ligand we placed the immobilization
point far away from the catalyst chiral pocket to avoid
perturbation of the enantiodetermining transition states. As
a support, we selected a Merrield-type polystyrene (PS) resin
with low cross-linking and low functionalization. This
support offered several advantages. Firstly, the resulting
resins swells efficiently in most common organic solvents and
can therefore be easily characterized using standard NMR
techniques, while providing a homogeneous-like environ-
ment for the catalytic process. In addition, the low
© 2026 The Author(s). Published by the Royal Society of Chemistry
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functionalization of the resulting catalytic resins allows
strict site isolation, so that no homocombination of ligands
(MLHetLHet) is possible due to geometrical constraints.

To test our hypothesis, we selected the enantioselective Pd-
catalyzed [3 + 2] spiroannulation and evaluated it under two
scenarios: the usual batch process and in continuous ow, by
taking advantage in both cases of the exclusive formation of
well-dened PdLHetLHom active species (Fig. 1b). The reaction
was chosen because its active species usually involves two
monodentate ligands coordinated to Pd23–36 and because of the
increasing interest of spirocyclic motifs which are present in
many natural products, drugs and functional materials.37–42 In
particular, we selected the reaction of 2-substituted-2-
vinylepoxides with 5-benzylidene Meldrum's acid derivatives
leading to spirocyclic tetrahydrofuran derivatives which
remains comparatively underexplored.43 To further illustrate
the synthetic value of this particular process, we straightfor-
wardly converted one of the enantiopure spirocyclic products
into rare and highly appealing enantiopure lactone motifs,
which include enantiopure spirocyclic-b-, fused bicyclic g- and
a-benzylidene g-lactones.

Results and discussion
Development of the spiroannulation reaction under
homogeneous conditions using monodentate ligands

Catalyst search and mechanistic studies. A remarkable
subclass of spirocycles is that including a tetrahydrofuran ring,
such scaffold being present in many natural products and
synthetic drugs.44–50 Although Pd [3 + 2] cycloaddition reactions
have emerged as an atom economical alternative to forge
tetrahydrofuran-fused spirocyclic scaffolds, since the rst
report in 2016 there are very few reports dealing with this
subject,51–55 and these are mainly limited to the synthesis of
oxindole-containing spirocyclic tetrahydrofuran compounds,
which are obtained with broadly varying selectivities.53–55 We
reasoned that this reaction would represent an
optimal conceptual laboratory for the study of the catalytic use
of PdLHetLHom ligands and decided to perform it by using
Meldrum acid derivatives as Michael acceptors and vinyl-
epoxides as p-allylpalladium precursors. This could lead to
spirocyclic tetrahydrofuran-fused derivatives, a structural class
including compounds with a wide range of biological
activities56–58 and presenting remarkable synthetic potential (see
SI for derivatization experiments). To study the viability of our
approach, we selected the reaction of 5-(4-methoxybenzylidene)-
2,2-dimethyl-1,3-dioxane-4,6-dione (1a) with 2-phenyl-2-
vinyloxirane (2a) using Pd2dba3$CHCl3 as catalyst precursor
(Table 1). Both reaction partners provide an appealing platform
for preparing new tetrahydrofuran-fused spirocyclic derivatives
thanks to the range of substituents (R1 and R2) that could be
attached to them (vide infra Scheme 3). We focused on evalu-
ating a range of monodentate monophosphoramidite ligands
and benchmarking them over other typically used bidentate
ligands in asymmetric p-allyl Pd catalysis (see SI). In this
manner, we found that the use of monophosphoramidite L1
outperforms the commonly used bidentate ligands, exclusively
© 2026 The Author(s). Published by the Royal Society of Chemistry
affording the sole formation of [3 + 2]-cycloadducts (Table 1,
entry 1). Solvent examination showed that the use of THF
provided somewhat better results, especially in terms of di-
astereoselectivity (entries 1–4). Decreasing the temperature had
a deleterious effect on activity and diastereoselectivity (entry 5).
We then focused on studying the effect of the ligand parameters
by varying the aminomoiety in L1 (with ligands L2–L6; entries 6–
10) and by varying the chiral backbone (with related spirocyclic-
based ligands L7–L9; entries 11–13). We found that binaphthyl-
based ligand L5 boosted the enantioselectivity to >99% ee (entry
9). Although the use of L5 yielded the diastereomeric [3 + 2]-
cycloaddition products 3aa and 30aa in a modest 3 : 1 ratio,
the major diastereoisomer 3aa could be easily secured in pure
form by crystallization through simple addition of isopropyl
alcohol to a concentrated dichloromethane solution of the
crude reaction product. Thus, by taking advantage of this
feature we could secure 3aa in good isolated yield (73%) and in
excellent diastereo- and enantiopurity (entry 14) working at
room temperature. Moreover, the reaction can be carried out in
environmentally friendly solvents, such as 2-MeTHF, with no
loss of selectivity.

To verify that the species responsible for the catalytic activity
contains two monodentate ligands coordinated to Pd through
the catalytic cycle, we performed mechanistic investigations,
including kinetic and NMR studies and Eyring plot analysis. We
initially performed kinetic studies using the variable time
normalization analysis (VTNA).59–61 To facilitate data collection
by 19F-NMR, we chose the reaction of 5-(4-triuorobenzylidene)-
2,2-dimethyl-1,3-dioxane-4,6-dione (1b) with 2-phenyl-2-
vinyloxirane (2a) leading to spirocyclic furan 3ba. We rst
determined the rate dependence on Meldrum's acid-type
derivative (1b) and epoxide (2a) concentration. As shown in
Fig. 2, a rst-order dependence in 2a was determined, which
indicates that this species participates in the rate-determining
step of the reaction.

In contrast, the reaction exhibited a negative order in Mel-
drum's acid-type derivative concentration ([1b]), indicating that
1b acts as an inhibitor. Accordingly, the presence of Pd species
containing coordinated 1b were observed during the kinetic
experiments in the 19F-NMR spectra as a broad signal at
a −62.5 ppm (see SI).

We then determined the reaction order in catalyst and found
a value higher than one (see SI), which is consistent with the off-
cycle formation of catalytically inactive dimeric species con-
taining coordinated 1b.62 In addition, the presence of free
ligand was not observed in any of the 31P{1H} NMR spectra
recorded at different stages of the catalytic reaction (see SI),
which indicates that the two monophosphoramidite ligands
remain coordinated to palladium through all the catalytic cycle.

Overall, our experimental data support a mechanism where
coordination of multiple molecules of 1b originates off-cycle
dimeric palladium species A that is in equilibrium with
a monomeric Pd-active species B containing two coordinated
monophosphoramidites (Scheme 1).

As already mentioned, no free ligand was observed by 31P
{1H}-MMR spectroscopy during the course of the reaction. Rate-
determining step coordination of the vinyloxirane to the
Chem. Sci.
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Table 1 Pd-catalyzed cycloaddition of 1a and 2a with ligands L1–L9
a

Entry Ligand Solvent
T
(°C) % Convb % Yieldc 3aa : 30aab %eed

1 L1 THF 25 100 98 8 : 1 93 (S,R)
2 L1 CH3CN 25 99 95 7 : 1 92 (S,R)
3 L1 CH2Cl2 25 95 93 4 : 1 91 (S,R)
4 L1 Toluene 25 98 91 7 : 1 93 (S,R)
5 L1 THF 0 21 14 3 : 1 91 (S,R)
6 L2 THF 25 <5 — — —
7 L3 THF 25 27 19 1 : 1 22 (S,R)
8 L4 THF 25 100 97 7 : 1 91 (S,R)
9 L5 THF 25 100 >99 3 : 1 >99 (S,R)
10 L6 THF 25 100 >99 3 : 1 90 (S,R)
11 L7 THF 25 100 >99 6 : 1 33 (S,R)
12 L8 THF 25 100 99 4 : 1 30 (S,R)
13 L9 THF 25 50 49 2 : 1 63 (S,R)
14e L5 THF 25 100 73f >20 : 1f >99 (S,R)

a Reaction conditions: Pd2(dba)3$CHCl3 (2.5 mol%), ligand (10 mol%), 1a (0.1 mmol), 2a (0.2 mmol), solvent (1.0 mL), 25 °C, overnight. b Measured
by 1H-NMR. c Isolated yields as a mixture of diastereomers. d Referred to the major diastereomer and determined by HPLC using a chiral stationary
phase. e Reaction carried out at 2 mmol scale. f Aer recrystallization. X-ray structure of enantiopure (S,R)-3aa is also shown.
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intermediate B is followed by oxidative addition to form the key
zwitterionic Pd–allyl complex with two coordinated chiral
monophosphoramidite ligands (C). Nucleophilic attack of the
Pd–zwitterionic species on 1b, followed cyclization, leads to the
formation of 3ba while closing the catalytic cycle.

We next calculated the activation parameters using the Eyr-
ing equations.63 Based on the Eyring plot (Fig. 3), we calculated
the following values: DH‡ = 18.0 ± 2 kcal mol−1; DS‡ = −16.5 ±

8 cal mol−1 K−1; DG‡ = 23.0 ± 5 kcal mol−1. The negative value
Fig. 2 Kinetic study of order in 2a (left) and 1b (right).

Chem. Sci.
of DS‡ indicates that entropy decreases on forming the transi-
tion state, which is consistent with coordination of the vinyl-
oxirane as the rate determining step.
Development of well-dened PdL1L2 species by combining an
immobilized ligand and a homogeneous ligand

Application in batch and scope of the reaction. Once
conrmed that in the active species of the new spiroannulation
reaction two monodentate phosphoramidites are coordinated
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Mechanistic proposal for the [3 + 2]-cycloaddition for the
preparation of tetrahydrofuran-fused spirocyclic Meldrum's acid
derivatives using Pd(S)-L5 catalytic system (Ar = p-CF3-C6H4). Rds =

rate determining step. Eds = enantiodetermining step.

Fig. 3 Eyring plot for the [3 + 2]-cycloaddition of 1b and 2a with PdL5
catalytic system.

Scheme 2 Synthesis of PS-(R)-L5. Reaction conditions: (a) DMF, THF,
−50 °C, 3 h then NaBH4, MeOH, 0 °C, 3 h; (b) NaH, THF, Merrifield
resin, rt, 16 h; (c) HCl (aq), THF, rt; (d) PCl3, Py, 90 °C, 16 h, then N-
methyl-1,1-diphenylmethanamine, NEt3, DMAP, toluene, rt, 5 h (OEM
= ethoxymethyl).

Table 2 Spiroannulation using different ligand combinations in
homogeneous and heterogeneous phasesa

Entry L1 L2 % Convb 3aa : 30aab %eec

1 PS-(R)-L5 — 100 2.7 : 1 0
2 PS-(R)-L5 (R)-L5 100 3 : 1 85 (R,S)
3 PS-(R)-L5 (S)-L5 54 3 : 1 33 (R,S)
4 PS-(R)-L5 L10 60 3 : 1 82 (R,S)
5 PS-(R)-L5 L11 100 3 : 1 95 (R,S)
6 (S)-L5 L10 46 3 : 1 7 (S,R)
7 (S)-L5 L11 76 3 : 1 50 (S,R)

a Reaction conditions: Pd2(dba)3$CHCl3 (2.5 mol%), ligand (5 mol% of
each ligand), 1a (0.1 mmol), 2a (0.2 mmol), THF (1.0 mL), 25 °C,
overnight. b Conversions and diastereomeric ratios determined by 1H-
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to Pd, we proceeded to immobilize the best ligand found in the
initial screening (R)-L5 onto Merrield resin with low cross-
linking (1% DVB) and low functionalization (f = 0.6 mmol
g−1). The low crosslinking is key to ensure a good swelling of the
resin providing a homogeneous-like environment, while the low
functionalization facilitates catalytic site isolation. The immo-
bilization started with the synthesis of the PS-supported (R)-
binol 4 (Scheme 2), by covalently linking the resin to the ligand
through a carbon atom far away from the catalytic center to
ensure that the catalyst could have a selectivity comparable to
its homogeneous counterpart.

Following the methodology reported by the Sasai group,64 PS-
(R)-4 was easily prepared in three-steps from (R)-6-bromo-2,20-
bis(ethoxymethoxy)-1,10-binaphthalene (R)-5. With only one
more step, PS-(R)-4 was then transformed into the desired
immobilized phosphoramidite PS-(R)-L5 by reaction with PCl3
followed by reaction with N-methyl-1,1-diphenylmethanamine.
The catalytic resin PS-(R)-L5 was obtained with a functionaliza-
tion of f = 0.41 mmol according to the elemental analysis of
nitrogen. This corresponds to an immobilization yield of 89%.65
© 2026 The Author(s). Published by the Royal Society of Chemistry
The performance of PS-(R)-L5 was initially studied in the
model cycloaddition reaction of 1a with 2a under batch condi-
tions (Table 2, entry 1), delivering 3aa in racemic form. This is
a highly positive result because it conrms that the physical
separation between the ligands on the resin satises the site
isolation requirement, so that PdLHetLHet-type species cannot be
generated, which is essential for our approach to succeed. To
further conrm this interpretation, we added one equivalent of
homogeneous (R)-L5, which resulted in a remarkable recovery of
enantioselectivity (85% ee, entry 2). This nding agrees with the
mechanistic investigations that show that two phosphoramidite
units [PS-(R)-L5 and (R)-L5] are involved in the lowest energy,
enantiodiscriminating transition state. As a further conrma-
tion that the addition of monomer (R)-L5 is not simply
promoting the spiroannulation in solution, the addition of the
same amount of (S)-L5 led to a much lower enantioselectivity
NMR. c Enantiomeric excesses determined by HPLC.

Chem. Sci.
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(33% ee; entry 3), pointing to the operation of a mismatched
ligand combination.

The results obtained so far clearly indicate that it is possible
to generate well-dened PdLHetLHom species, opening the
possibility to optimize the catalytic outcome by selecting the
appropriate homogeneous ligand (LHom). For that purpose, we
generated two different PdLHetLHom species by mixing PS-(R)-L5
with achiral ligands L10 or L11, which differ in the bulkiness of
the biphenyl moiety. The use of species involving the less
sterically congested ligand L10 (Pd(PS-(R)-L5)L10) led to
a moderate conversion but a promising enantioselectivity (82%
ee, entry 4). We were delighted to see that the use in the mixed
species of the bulkier ligand L11 boosted the enantioselectivity
to 95% ee (entry 5), with a complete conversion. This proves that
under our conditions the formation of the heterocombination
Pd(PS-(R)-L5)L11 is not only preferred over the homocombina-
tion (PdL11L11), but also it is highly enantioselective (entry 5 vs.
7). We further proved the formation of Pd(PS-(R)-L5)L11 species
by performing a sol–gel 31P{1H} NMR of an equimolar mixture
of supported PS-(R)-L5 and L11 that upon addition of Pd2(dba)3
showed the complete disappearance of the sharp signal corre-
sponding to monomeric L11 and its rapid incorporation into the
broad 31P band of the polymer-supported mono-
phosphoramidite ligand (see SI). Moreover, the results obtained
using Pd(PS-(R)-L5)L10 and Pd(PS-(R)-L5)L11 indicate that the
tropoisomerism of the biphenyl moiety in inexpensive ligands
L10 and L11 is efficiently controlled by a nearby chiral moiety – in
our case, PS-(R)-L5.66 Accordingly, the results indicate that in
both L10 and L11, the biphenyl moiety adopts an (R)-congura-
tion in the active Pd species.67

In line with the spectroscopic evidence, the combination of
equimolecular amounts of ligand (S)-L5 with achiral L11 under
homogeneous conditions (Table 2, entry 7) led to much lower
conversion and enantioselectivity than when using the Pd(PS-
(R)-L5)L11 species (entry 5): 50 vs. 95% ee. The same behaviour is
observed for the combinations involving L10 (entries 4 and 6).
These results agree with the formation in solution of a mixture
of active species containing both homodonor combinations and
possibly the heterocombination, further conrming the diffi-
culty of controlling the speciation of the active species in
homogeneous phase.

We subsequently studied the scope of the reaction catalyzed
by Pd(PS-(R)-L5)L11. Positively, the use of a range of 5-benzyli-
dene Meldrum's acid derivatives (1a–l) and 2-aryl-2-
vinyloxiranes (2a–j) led to the formation of the corresponding
tetrahydrofurans in high yields and high-to-excellent enantio-
selectivities (Scheme 3), mean ee's 95.2%; 24 examples in total)
regardless of the aryl substitution pattern and the electronic
properties of the aryl substituents at both coupling units. The
diastereoselectivities were affected by the substitution of the
aryl group at the Meldrum's acid derivative, with the lowest
diastereoselectivity observed when an electron withdrawing p-
CF3 group was present, while the existence of substituents at the
ortho position had a very positive impact on the di-
astereoselectivity, allowing to reach dr's (up to >20 : 1) without
the need of further crystallization, see products 3gd, 3gf, 3gi).
Notably, the reaction also tolerated well the presence of
Chem. Sci.
heteroarylmethylidene substituted (3ia and 3ja) and conjugated
alkylidene Meldrum's acid derivatives (3la). Finally, the spiro-
annulation of Meldrum's acid derivatives with aliphatic
substituents as well as with 2-alkyl-2-vinyloxiranes proceeded
also well to form the corresponding tetrahydrofurans 3ka and
3bj in high yields and enantioselectivities (95–96% ee).

Noteworthy, diastereomerically pure 3aa could be converted
in a straightforward manner into enantiopure spirocyclic-b-,
fused bicyclic g- and a-benzylidene g-lactones (see SI for
details).
Recycling experiments in batch and toward continuous ow
using well determined heterodonor Pd(PS-(R)-L5)L11 species

The heterogeneous nature of the catalytic system prompted us
to study the possibility of catalyst recycling. Our rst attempts
were directed to the recovery of the catalyst by ltration and its
reuse in batch. However, all our attempts in this direction
failed. This was probably linked to the formation of inactive
palladium black species, which was observed during work-up of
every single catalytic experiment. This was not unexpected,
since the formation of Pd black is typically reported aer the use
of palladium complexes in homogeneous catalysis. We then
focused on the development of a more sustainable version of
the annulation reaction, by developing a continuous ow
version of the process in which separation and recycling of the
heterogenized catalyst are integrated into the same process and
would not require the breakdown of inert atmosphere, anhy-
drous conditions.

For this purpose, a packed bed reactor was assembled by
placing PS-(R)-L5 (0.25 g, 0.1 mmol) in a size-adjustable glass
column. Aer swelling the resin with THF, the reactor was
ushed with a stock solution of Pd2(dba)3$CHCl3 (6 mM in THF)
for 20 minutes (0.2 mL min−1, 0.024 mmol). Then, a THF
solution containing the second achiral ligand L11 was pumped
for 20 minutes to generate in situ the active Pd complex (0.2
mLmin−1, 0.05 mmol). Finally, a THF solution of 1a and 2a ([1a]
= 0.025 M, [2a] = 0.033 M) was pumped at 0.2 mL min−1.
Despite the initial good conversions and excellent enantio-
selectivity (e.g., 75% conversion and 95% ee), fast deactivation
was observed, thus indicating that leaching of Pd complexes
involving L11 was taking place.68–71 This observation prompted
us to modify the continuous ow protocol by simultaneously
pumping small amounts of the Pd-precursor and auxiliary
ligand together with the substrates through the packed bed
reactor containing ligand PS-(R)-L5 (Scheme 4). This could be
easily performed by simultaneous pumping of two different
solutions. One of them contains the Pd-precursor in THF, and
the other one contains both substrates ([1a] = 0.050 M, [2a] =
0.07 M) and the auxiliary ligand (5 mM). Both THF solutions
were pumped simultaneously at 0.1 mL min−1 and mixed just
before entering the packed bed reactor by using a T-mixer.
Initially, we pumped a highly concentrated Pd precursor solu-
tion (2.5 mM) and when high levels of conversion were ach-
ieved, the initial Pd solution was replaced by a more diluted one
(0.75 mM). Positively, aer optimization, 3aa was produced in
good overall yield and enantioselectivity (up to 95% ee) for up to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Cycloaddition reactions using Pd(PS-(R)-L5)L11 with several 5-(R-ylidene) substituted 2,2-dimethyl-1,3-dioxane-4,6-diones (in red)
and vinylepoxides (in blue). The yields and diastereoselectivities for the major diastereomer after crystallization of selected final compounds are
shown in parentheses.
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3 h (Scheme 4). Interestingly, continuous addition of the
auxiliary ligand and Pd-precursor did not diminish the high
level of enantioselectivity, indicating that the reaction was
Scheme 4 Set up of the optimized continuous flow protocol to perform
L5)L11 species.

aIsolated as a 3 : 1 diastereomeric mixture. bReferred to 3

© 2026 The Author(s). Published by the Royal Society of Chemistry
happening solely at the resin, and there was no competition
with the putative homogeneous complex bearing two homoge-
neous ligands.
Pd-catalyzed asymmetric cycloadditions using well defined Pd(PS-(R)-
aa and determined by HPLC.
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In summary, this heterogenous ow protocol, involving the
cooperation of a homogeneous achiral ligand, that can be
recovered aer the reaction, enables to achieve high enantio-
selectivities in the preparation of 3 through simple and fast
reactions (only 10 min of residence time). Moreover, it is
a further conrmation that the reaction proceeds on the
heterogeneous phase, and the observed catalytic activity has to
be ascribed to well dened, immobilized Pd(PS-(R)-L5)L11
species and not to leached Pd species as in other Pd-catalytic
systems reported in the literature.72–76

Conclusions

We have developed a new, simple methodology that allows the
formation of well-dened highly enantioselective active species
containing two different monodentate ligands coordinated at
the same time to the metal center (ML1L2). This methodology
takes advantage of covalently immobilizing one of the ligands
onto a solid support with low functionalization, so that no
homocombination of ligands (MLHetLHet) is possible, followed
by its coordination to the metal and subsequently addition of
a second different ligand in solution that can synergistically
improve enantioselectivity. This methodology has been
successfully applied in the Pd-catalyzed [3 + 2] spiroannulation
for the synthesis of a wide range of tetrahydrofuran-fused
spirocyclic Meldrum's acid derivatives (24 examples). The
exclusive formation of the successful ML1L2-type species was
achieved by combining a polystyrene supported chiral
binaphthyl-based phosphoramidite with a cheap achiral
biphenyl monophosphoramidite. Key to the success of this
strategy have been (a) the use of a covalent immobilization to
avoid leaching of the supported ligand (LHet), (b) the immobi-
lization of the ligand through a position far away from the
catalytic center to avoid perturbation of the enantio-
differentiating transition states by the polymer backbone, and
(c) the use of a low cross-linked polymer backbone with low
functionalization, which allows fast mass transfer, approaching
homogeneous conditions, while preventing the formation of
PdLHetLHet species. We have subsequently extended the use of
this well-dened PdLHetLHom species to the spiroannulation in
continuous ow. Positively, the selectivity of the cycloaddition
reaction with the immobilized ligand is maintained when the
system is operated in continuous ow mode. Leaching of Pd
species during the continuous ow operation could be
compensated by continuous addition of a solution of the Pd-
precursor in THF. These ow experiments also demonstrated
that Pd species in solution were not catalytically active, so that
the catalytic performance of the spiroannulation reaction has to
be ascribed to the heterogenous phase containing both types of
monophosphoramidite ligands coordinated to Pd.

Preliminary results indicate that this approach to control
ML1L2 speciation can also be applied to enantioselective Pd-
catalyzed allylic substitution reactions. Thus, the use of equi-
molar amounts of PS-(R)-L5 with achiral L11 provides higher
enantioselectivity than that obtained under homogeneous
conditions (62% vs. 40% ee) in the alkylation of 1,3-di-
phenylallyl acetate with dimethylmalonate (see SI for details).
Chem. Sci.
We are currently working on designing new catalytic systems of
the general type MLHetLHom with increased metal–ligand (M–

LHet) stability, with the aim of minimizing metal leaching and
thus transforming the present proof of principle into nely
tunable processes, suitable for the long-standing operation in
continuous ow.
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