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ABSTRACT: Although the asymmetric hydroalkoxylation of 1,3-
dienes has been achieved recently, the development of a modular
and mechanistically distinct strategy for concurrently introducing
an alkoxyl group and another chiral moiety into 1,3-dienes remains
to be disclosed. Presented herein is a palladium(0)-π-Lewis base-
catalyzed asymmetric hydroxymethylative etherification reaction of
1,3-dienes, isatins, and aliphatic alcohols, proceeding through a
cascade vinylogous addition and allylic etherification sequence. This three-component reaction exhibits a broad substrate scope and
good functionality tolerance under mild catalytic conditions, generally furnishing structurally diverse chiral 1,3-diol derivatives
bearing two stereogenic centers with moderate-to-high levels of diastereo- and enantioselectivity, which can be further converted to
valuable frameworks with higher molecular complexity. In addition, a few control experiments were conducted to elucidate the
reaction process.
KEYWORDS: hydroxymethylative etherification, palladium, π-Lewis base catalysis, 1,3-diene, isatin, alcohol

■ INTRODUCTION
Optically pure allylic ethers, as a class of prominent structural
motifs, not only are witnessed in diverse bioactive natural
products and marketed pharmaceutical agents1 but also serve
as versatile building blocks in organic synthesis.2 Among
various approaches available for constructing chiral allylic
ethers, the transition metal (TM)-catalyzed asymmetric
substitution of allylic derivatives with oxygen-containing
nucleophiles proved to be one of the most straightforward
and efficient strategies.3 Compared with phenols,4 aliphatic
alcohols were scarcely employed in allylic etherification
reactions, mainly because of their poor nucleophilicity.5

External activators (such as Et3B,
5a,b Et2Zn,

5c Bu3SnOR,5d

etc.5e,f) or specially tailored ligands6 were typically required for
alcohol-engaged Tsuji−Trost-type reactions, which sometimes
significantly restricted functional group tolerance. In recent
years, TM-mediated enantioselective hydroalkoxylation of C−
C multiple bonds emerged as a more atom- and step-economic
protocol for the production of allylic ethers, since it allowed
net addition of alcohols to readily accessible allenes or alkynes
straightforwardly.7 As the latest effort, He8a and Yang9a

successfully extended the hydroalkoxylation strategy to
abundant 1,3-dienes, via asymmetric palladium and nickel
catalysis, respectively (Scheme 1a).8,9 Although elegant
advances have been achieved, the hydroalkoxylation of
unsaturated hydrocarbons has mainly generated simple allylic
ether derivatives. It would be highly facilitating but challenging
that alkoxyl groups and another privileged pharmacophore
rather than simple hydrogen could be simultaneously installed
into C−C multiple bonds of simple starting materials,

especially in a catalytic diastereo- and enantioselective manner.
Nevertheless, this concept still remains to be developed.

In 2021, Huang documented a rare strategy for enantiose-
lective aminomethylative etherification of 1,3-dienes by using
in situ generated aminomethyl cyclopalladated complexes from
N,O-acetals and aliphatic alcohols, affording valuable chiral 1,3-
aminol ethers, albeit with a single stereogenic center (Scheme
1b).10 As a result, the development of a modular and
mechanistically distinct strategy for concurrently introducing
an alkoxyl group and another chiral moiety into 1,3-dienes is
highly desirable, which could significantly enrich the structural
and stereochemical diversity and complexity. In line with our
continuous interest in developing new transformations based
on Pd(0)-π-Lewis base catalysis,11 we envisaged that HOMO
(the highest occupied molecular orbital) energy-raised
complexes I of 1,3-dienes 1 and Pd(0) upon η2-coordination
would undergo vinylogous addition to electrophiles, such as
biorelevant isatins 2, enantioselectively. As illustrated in
Scheme 1c, the resultant five-membered cyclopalladium
complexes II would isomerize to π-allylpalladium species III,
which would activate hard aliphatic alcohols 3 by a hydrogen-
bonding interaction, facilitating subsequent allylic alkylation to
deliver 1,3-diol derivatives 4. Several challenges need to be
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conquered to realize the above conception: (1) 1,3-Dienes 1
might undertake competitive hydroalkoxylation with alcohols 3
in the presence of Pd(0), as demonstrated in He’s work.8a (2)
Our previous work indicated that π-allylpalladium intermedi-
ates III were liable to undergo β-H elimination to deliver the
undesired 2,4-dienyl alcohols, especially when hard alcohols 3
are used as the final pronucleophiles.11a (3) Generated allylic
ether products 4 might also suffer oxidative addition with
palladium(0) to form allyl intermediates, which would lead to
the erosions of stereoselectivity or degradations of the
products.12 These possible side reactions would significantly
complicate the reaction profiles and precise control of regio-,
diastereo-, and enantioselectivity, presenting another formida-
ble task.

■ RESULTS AND DISCUSSION
Catalytic Condition Screenings. We initiated the

investigation by examining the reaction between 1-phenyl-
1,3-butadiene 1a, N-methyl isatin 2a, and MeOH (10 equiv) in
toluene under the catalysis of Pd(PPh3)4. The reaction
proceeded smoothly at 80 °C, but only undesired dienyl
alcohol 5a was isolated in a good yield after 24 h (Table 1,
entry 1). Fortunately, conducting the reaction in neat MeOH
efficiently switched the unwanted β-H elimination into an
allylic etherification process, thus providing expected difunc-
tionalized product 4a as separable diastereomers in excellent
yield and regio- and E/Z selectivity (>19:1), albeit with poor
diastereoselectivity (entry 2). Our effort was then turned to the
realization of the catalytic asymmetric synthesis of 4a by using

Pd2(dba)3 in combination with various chiral ligands. While
phosphoramidite ligand L1 and monophosphine L2 favored
the formation of 5a (entries 3 and 4), pleasingly, bulky
bidentate L3 exclusively delivered chiral 4a in promising yield
and enantioselectivity, but with low diastereoselectivity (entry
5). Further ligand evaluations (L4−7, entries 6−9) revealed
that dipyridyl bisphosphine L6 outperformed others in terms
of enantiocontrol (entry 8), whereas comparable yield and
diastereoselectivity were observed. Changing MeOH to EtOH
led to a marginal improvement in stereoselectivity, but the
yield decreased dramatically (entry 10). A survey of additives
(entries 11−15) demonstrated that NaI significantly increased
the yield of 4b, which probably functioned as an anion
counterion to disrupt cyclopalladated complex II,13 thus
facilitating the isomerization to η3-allylpalladium species III
(entry 15). Screenings of palladium sources (entries 16−18)
identified Pd(dba)2 as the optimal choice, though a prolonged
time was necessary to achieve better conversions (entry 18).
Other parameters, including ligand loadings and concen-
trations, were further explored (entries 19−21), and a good
yield was observed by conducting the reaction in a higher (0.4
M) concentration (entry 21).14

Substrate Scope and Limitations. With the optimized
catalytic conditions in hand, the substrate scope of isatins was
first investigated in the assemblies with 1-phenyl-1,3-butadiene
1a in neat EtOH at 80 °C in the presence of Pd(dba)2/L6 and
NaI. An array of isatins 2 with either electron-donating or
-withdrawing groups at different positions of the indole ring
performed well to afford corresponding products 4b−l in good

Scheme 1. Strategies for Asymmetric Etherification Reactions of 1,3-Dienes
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yields with excellent enantioselectivity. While moderate
diastereoselectivities were generally observed, it was interesting
that outstanding diastereocontrol was obtained when 4-
substituted isatins were used, delivering anti-allylic ethers
4c−e as single diastereomers, even on a 1.0 mmol scale
reaction (product 4e), probably owing to the steric effect.
Isatins with other N-protecting groups also reacted smoothly
to give products 4m and 4n with similar good results.
Subsequently, the scope and limitations of 1,3-dienes 1 and
alcohols 3 were explored, employing 4-chloroisatin 2d as the
electrophilic partner. As illustrated in Scheme 2b, moderate-to-
good yields with excellent diastereo- and enantioselectivity
were generally obtained for products 4o−u when an array of 1-
aryl or heteroaryl 1,3-dienes 1 were applied. 1-Alkyl-tethered
1,3-dienes exhibited lower reactivity, furnishing products 4v−y
in low-to-fair yields but still with high stereocontrol. In
addition, a triene or simple 1,3-butadiene was applicable,

delivering product 4z or 4aa, respectively, with good
enantioselectivity, albeit in low yields.

It would be highly important that diverse alcohols 3,
especially those with various functionalities, could be directly
utilized; thus, different types of ether products would be
constructed stereoselectively via the same strategy. As outlined
in Scheme 2c, pleasingly, a broad spectrum of primary alcohols,
including MeOH, n-BuOH, and diverse benzyl-type alcohols,
were smoothly assembled with 1,3-diene 1a and 4-chloroisatin
2d under the standard catalytic conditions, and corresponding
products 4ab−ai were generally furnished in fair-to-moderate
yields with good-to-excellent enantioselectivity. In a few cases
with unsatisfactory data, using MeCN as the solvent could
slightly improve the results. Conducting the reaction in simple
allyl alcohol efficiently afforded product 4aj with high
enantiocontrol. While poor results were observed when neat
propargyl alcohols were employed, probably due to the strong

Table 1. Screening Conditions for Asymmetric Hydroalkoxylative Etherification of 1,3-Diene 1a, Isatin 2a, and Alcohols 3a

entry Pd/L 3 add. t (h) yield (%)b drc ee (%)d

1e Pd(PPh3)4 MeOH 24 5a, 72
2 Pd(PPh3)4 MeOH 24 4a, 95 2.5:1
3 Pd2(dba)3/L1 MeOH 24 5a, 65 13
4 Pd2(dba)3/L2 MeOH 24 5a, 68 9
5 Pd2(dba)3/L3 MeOH 48 4a, 66 2:1 79, 11
6 Pd2(dba)3/L4 MeOH 48 4a, 70 2.5:1 64, 33
7 Pd2(dba)3/L5 MeOH 48 4a, 66 4:1 73, 66
8 Pd2(dba)3/L6 MeOH 48 4a, 64 3:1 86, 71
9 Pd2(dba)3/L7 MeOH 48 4a, 60 3:1 63, 30
10 Pd2(dba)3/L6 EtOH 48 4b, 29 4:1 93, 65
11 Pd2(dba)3/L6 EtOH BzOH 48 4b, 16 3:1 63, 23

5a, 48 23
12 Pd2(dba)3/L6 EtOH K2CO3 48 NR
13 Pd2(dba)3/L6 EtOH TBAB 48 4b, 22 5:1 93, 59
14 Pd2(dba)3/L6 EtOH KI 48 4b, 36 6:1 93, 62
15 Pd2(dba)3/L6 EtOH NaI 48 4b, 49 7:1 93, 61
16 Pd(allyl)Cp/L6 EtOH NaI 24 4b, 87 2:1 67, 42
17 Pd(OAc)2/L6 EtOH NaI 48 trace
18 Pd(dba)2/L6 EtOH NaI 72 4b, 77 7:1 93, 63
19f Pd(dba)2/L6 EtOH NaI 72 4b, 74 7:1 93, 63
20g Pd(dba)2/L6 EtOH NaI 72 4b, 50 5:1 93, 63
21h Pd(dba)2/L6 EtOH NaI 72 4b, 82 7:1 93, 63

aUnless noted otherwise, reactions were carried out with 1a (0.1 mmol), 2a (0.05 mmol), Pd (10 mol %), L (12 mol %), and additive (20 mol %)
in alcohol (0.25 mL) at 80 °C under Ar. bYield of the isolated product. cdr = anti-4/syn-4, determined by 1H NMR analysis. dEe of anti-4/syn-4,
determined by HPLC analysis on a chiral stationary phase. eIn toluene (0.25 mL). fWith L6 (20 mol %). gWith L6 (6 mol %). hIn EtOH (0.125
mL).
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Scheme 2. Substrate Scope and Limitations of Asymmetric Hydroalkoxylative Etherfication Reactiona

bThe absolute configuration of 4e was determined by X-ray analysis after conversion to 6. The other products were assigned by analogy. cAt 100 °C
and without NaI. dAt 60 °C. eAt 100 °C. aUnless noted otherwise, reactions were carried out with 1 (0.2 mmol), 2 (0.1 mmol), Pd(dba)2 (10 mol
%), L6 (12 mol %), and NaI (20 mol %) in 3 (0.25 mL) or 3 (5−10 equiv) in MeCN (0.25 mL) at 80 °C under Ar.
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affinity to palladium, desired products 4ak and 4al in better
results could be attained in MeCN. Impressively, a number of
functionalized linear alcohols were well compatible, thus
delivering chiral allylic ethers 4am−aq capable of versatile
latent transformations. More challenging secondary alcohols,
which were not suitable for previous palladium-catalyzed
hydroalkoxylation of 1,3-dienes,8a could also participate in the
current allylic etherification reaction enantioselectively, though
the yields were needed to be improved (4ar−at). Notably,
ethylene glycol could be monoallylated to deliver 4au in
satisfactory yield and stereoselectivity, and the primary
hydroxyl group of (S)-propane-1,2-diol was chemoselectively

allylated to give product 4av with remarkable diastereoselec-
tivity.

Synthetic Transformations. The multifunctional allylic
ether products enable further transformations to construct
complex and potentially useful chiral frameworks. As outlined
in Scheme 3, iodoetherification of 4e with NIS in HFIP
afforded spirooxindole 6 in a moderate yield with excellent
regio- and diastereoselectivity.15 Additionally, oxidative cleav-
age of the double bond of 4e by RuCl3/NaIO4 successfully
furnished lactone 7 in a fair yield but with a reduced ee value.16

Hydrogenation and concurrent debenzylation of 4ae were
conducted to deliver 1,3-diol 8. Moreover, oxindole 9

Scheme 3. Synthetic Transformations of Various Adducts

Scheme 4. Exploration of More Electrophiles
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incorporating a 2,5-dihydrofuryl motif was efficiently con-
structed via a ring-closing metathesis reaction of adduct 4aj.

Exploration of More Electrophiles and Preliminary
Mechanism Investigation. Apart from isatins, other types of
electrophiles were also applicable to the current difunctional-
ization strategy. As depicted in Scheme 4a,b, trifluoroaceto-
phenone 10 and p-nitrobenzaldehyde 12 could be assembled
with 1,3-diene 1a in neat alcohol catalyzed by Pd/L6, but poor
stereoselectivity was observed for both products 11 and 13.
Paraformaldehyde 14 was also viable for this protocol,

furnishing hydroxymethylative etherification adduct 15 and
hydromethoxylation adduct 16 with low chemo- and
enantioselectivity (Scheme 4c). In addition, aldimine 17
underwent similar coupling with 1,3-diene 1a in MeOH to
provide racemic allylic 1,3-amino ether 18 when Pd(PPh3)4
was utilized, but only β-H elimination byproduct 19 was
detected by using a chiral palladium complex (Scheme 4d).17

These results indicated that the employment of isatin-based
electrophiles was crucial for achieving high reactivity and
stereoselectivity.

Scheme 5. Control Experiments for Preliminary Mechanism Investigation
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A number of control experiments were conducted to gain
some insights into the reaction mechanism. No obvious
conversions were observed by treating dienyl alcohol 5f with
MeOH under standard catalytic conditions. Additionally, the
reaction between 1a and 2d in CD3OD delivered product d-
4ab, and no deuterium atoms were incorporated into the C-4
position (Scheme 5a). These collective data indicated that
allylic ether product 4ab was not generated from 5f via
hydroalkoxylation, and the in situ formed η3-complex was
directly trapped by alcohol. As the enantioselectivity for isatin-
involved hydroxymethylative etherification was significantly
superior to that of other electrophiles (Scheme 4), the reaction
processes for two different electrophiles were monitored.
While the enantioselectivity for product 4ab remained
unchanged during the reaction, the ee value of product 15
eroded along with the time (Scheme 5b). Crossover studies
were further conducted to validate the reversibility of the final
O-allylic alkylation step. When product 4ab was subjected to
EtOH under standard conditions, no cross-coupling product
4e was detected, and 4ab was recovered in a quantitative yield
with a maintained ee value. In contrast, apparent crossover
coupling products 20 and 1,3-diene 1a were observed from
adduct 15 under identical conditions. These experimental
results well demonstrated that allylic ether 15 was more liable
to undergo reversible oxidative addition with Pd(0) to form π-
allylpalladium species V, thus leading to not only the observed
decreased enantiomeric ratio but also production of 1,3-diene
1 through the β-carbon elimination event.18 As a result, the
steric hindrance of the oxindole moiety and low oxidative
potential of relevant products prevented similar oxidative
addition of 4ab with Pd(0), resulting in high chemoselectivity
and stereoselectivity.

■ CONCLUSIONS
In summary, we developed a Pd(0)-catalyzed asymmetric
three-component hydroxymethylative etherification reaction of
1,3-dienes with isatins and aliphatic alcohols. This protocol
proceeded through vinylogous addition of HOMO-raised η2-
complexes of 1,3-dienes and Pd(0) to isatins enantioselectively,
and a tandem intermolecular allylic etherification with alcohols
was followed by trapping the in situ formed π-allylpalladium
species. The electron-neutral features of Pd(0)-π-Lewis base
catalysis and free of external acidic or basic activators rendered
the current approach successful, exhibiting broad applicability
and substantial functional group compatibility. A diversity of
chiral allylic ether products, bearing nonadjacent quaternary
and tertiary stereogenic centers, were straightforwardly and
efficiently constructed in fair-to-good yields with moderate-to-
excellent diastereo- and enantioselectivity, which could be
elaborated to access architectures with higher molecular
complexity. Apart from isatins, other electrophiles, including
activated arylaldehydes, trifluoroacetophenones, and aldimines,
could be assembled with 1,3-dienes and alcohols, though
reactivity and stereoselectivity remained to be improved. A
series of control experiments were conducted to rationalize the
reaction process, which would be helpful for future develop-
ment. The unique property of Pd(0)-π-Lewis base catalysis
could be further applied to realize the difunctionalization of
other multiply unsaturated systems.
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