
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 6
/2

5/
20

26
 5

:3
9:

10
 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
Iterative synthesi
Schulich Faculty of Chemistry and The Res

Technion – Israel Institute of Technol

itaimassad3@gmail.com

† Electronic supplementary informa
https://doi.org/10.1039/d4sc08790a

Cite this: Chem. Sci., 2025, 16, 3946

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

Received 30th December 2024
Accepted 23rd January 2025

DOI: 10.1039/d4sc08790a

rsc.li/chemical-science

3946 | Chem. Sci., 2025, 16, 3946–3
s of stereodefined polyacetals and
their domino-Coates–Claisen rearrangement†

Itai Massad* and Ilan Marek

We report a fully stereocontrolled synthesis of previously unknown unsaturated polyacetals through an

iteration of two steps: (1) Pd-catalyzed hydroalkoxylation of alkoxyallenes; and (2) base-mediated

isomerization of propargyl ethers into alkoxyallenes. Site- and stereoselective alkene isomerization of the

capping allyl group initiates a domino-Coates–Claisen rearrangement, which completely rearranges the

iteratively assembled backbone with the stereochemistry of the newly formed stereocentres controlled

by the configuration of the acetal centres in the starting materials. The resulting products feature

multiple stereocentres in a 1,3-relationship, which map onto a broad range of bioactive natural products,

including deoxypropionates.
Introduction

Iterative synthetic strategies can dramatically simplify the
preparation of complex organic molecules, enabling studies
into their properties and applications. A striking example is the
development of polypeptide synthesis into a routine, automated
process,1 facilitating de novo protein synthesis and tremen-
dously advancing the eld of chemical biology. In recent
decades, a plethora of impressive iterative synthetic strategies
have been developed, employing a diverse palette of chemical
reactions to forge a vast scope of molecular architecture.2–4

Iterative syntheses of motifs featuring multiple neighbouring
stereocentres are particularly rewarding, as they enable forays
into unknown structure–property relationships. However, such
approaches are also challenging, as pre-existing stereocenters
in the substrate can complicate the selective formation of new
ones.5 Aggarwal's pioneering synthesis of polymethylated
alkanes exemplies both the potential and challenges inherent
to such strategies.6

Herein, we present an efficient and completely stereo-
controlled iterative synthesis of previously unknown acyclic
polyacetals, formally derived from acrolein. Beyond their novel
structural features, these polyacetals undergo a stereospecic
domino-Coates–Claisen rearrangement,7–9 which entirely rear-
ranges the iteratively assembled molecular backbone.

Building on our work on stereoselective transformations
enabled by selective alkene isomerization,10–12 we explored the
Coates–Claisen rearrangement of allylic vinyl acetals, generated
in situ through the isomerization of readily available allyl acetals
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(Scheme 1a).13 We were soon intrigued by the prospect of
engaging the enol ether moiety unique to the products of this
rearrangement in a subsequent Coates–Claisen rearrangement,
suggesting a domino process.14,15 This envisaged sequence
would be initiated by the site-selective alkene isomerization of
an allyl group (Scheme 1b), triggering a [3,3]-sigmatropic rear-
rangement that transposes an alkene for the next rearrange-
ment, continuing the cascade. Ultimately, this domino process
would convert a polyacetal backbone into an all-carbon skel-
eton, while transferring stereochemical information from the
starting material to generate multiple aldehyde-bearing stereo-
centres in the product.

The exciting prospect of this domino-Coates–Claisen rear-
rangement raised the challenge of preparing the prerequisite
unsaturated polyacetals. Such polyacetals are completely
unprecedented in the literature, with the closest analogues
being the fused oligo-tetrahydrofurans reported by Werz.16 We
thus recognized that their preparation might present a consid-
erable challenge. In this vein, the impressive body of work by
the Rhee group on the stereoselective synthesis of mixed acetals
through Pd-catalyzed hydroalkoxylation of alkoxyallenes
attracted our attention.17,18 We hypothesized that this reaction
could serve as the foundation of an iterative process that
assembles the polyacetal backbone (Scheme 1c). By adding
propargyl alcohol to an alkoxyallene, the iteration could be
completed through base-mediated isomerization19 of the prop-
argyl group to the corresponding allene, primed for the next
hydroalkoxylation step. Finally, the polyacetal chain would be
capped by the addition of an allylic alcohol, providing the
initiation site for the ensuing domino process.

Clearly, this iterative strategy entails signicant challenges.
First, the stability of each acetal intermediate is at risk, as
acetals – and especially acyclic ones featuring unsaturation – are
oen susceptible to decomposition, even in the presence of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 An isomerization-domino-Coates–Claisen cascade and a projected synthesis of polyacetals: (a) alkene isomerization–Coates–
Claisen rearrangement and the possibility of engaging the enol ether in the product in a subsequent rearrangement. (b) Site-selective alkene
isomerization followed by a domino-Coates–Claisen rearrangement. E-Configured enol ethers are shown for clarity. (c) Proposed synthesis of
polyacetals through an iteration of two steps: hydroalkoxylation of an alkoxyallene with propargyl alcohol and isomerization of a propargyl ether
into an allenyl ether.
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weak acids like silica gel.20 In addition, intermediate allenyl
acetals may be susceptible to premature Coates–Claisen rear-
rangement, promoted either thermally or by mild acids.13 If this
daunting stability issue is successfully addressed, the next
challenge lies in achieving precise stereocontrol, which requires
a high degree of catalyst-control during the Pd-catalyzed
hydroxylation steps. Finally, the fragile unsaturated polyacetal
skeleton might engage in Pd-catalyzed Tsuji–Trost-type side-
reactions, further complicating the process.21

Assuming the desired polyacetals can be reliably synthe-
sized, we planned to employ an alkene isomerization catalyst to
site- and stereoselectively isomerize the allylic system capping
the polyacetal chain, thereby setting the stage for the rst
Coates–Claisen rearrangement in the cascade (Scheme 1b).11

Efficient, site- and stereoselective alkene isomerization of one
out of several terminal alkenes thus represents another crucial
part of the process.22,23 Following isomerization, the rst [3,3]-
sigmatropic rearrangement would shi the branched alkene
into position for the next one, and so forth.

The nal crucial aspect of this strategy is its overall stereo-
specicity. This hinges on the stereoselectivity of each [3,3]-
sigmatropic rearrangement, which requires the stereochem-
ical purity of the alkene and stereocentre in the starting mate-
rial, and a strong preference for one of several possible chair- or
boat-like transition states.24 Additionally, the resulting poly-
aldehyde products must maintain their congurational integ-
rity, despite their potential lability.

Overall, this domino process would transform the iteratively
assembled polyacetal backbone into an all-carbon skeleton
© 2025 The Author(s). Published by the Royal Society of Chemistry
featuring multiple 1,3-stereocentres bearing versatile aldehyde
groups, with completely programable congurations.
Results and discussion

We began our experimentation by testing the Pd-catalyzed
addition of propargyl alcohol to benzyloxyallene 1 (prepared
in one step from commercial benzyl propargyl ether19), using
a modication of the conditions reported by Rhee.17 Pleasingly,
the reaction afforded propargyl acetal 2 with excellent yield and
enantioselectivity (Scheme 2a). Allyl alcohol and (R)-phenyl vinyl
carbinol25 also performed well under similar conditions,
leading to acetals 3 and 4, respectively.

Next, 2 was exposed to t-BuOK in THF to induce propargyl-to-
allenyl isomerization (Scheme 2b). Although the reaction pro-
ceeded relatively cleanly, it plateaued aer several hours, even
with the addition of extra t-BuOK. This seemingly straightfor-
ward isomerization is complicated by the inherent propensity of
allenyl acetal 5 to undergo a thermal Coates–Claisen rear-
rangement, requiring careful control of reaction time and
temperature. Furthermore, isolation of 5 via column chroma-
tography proved challenging, as silica gel also promotes the
Coates–Claisen rearrangement of this highly reactive acetal. We
ultimately resorted to purication on silica gel neutralized with
triethylamine and packed in a column equipped with a cooling
jacket circulating ice-water.20 This technique minimized the
formation of premature Claisen product 6 and afforded pure 5
in 67% yield on a 3 g scale. On a 20 g scale, 5 could also be
obtained in 80% yield, contaminated with ∼10% of remaining
Chem. Sci., 2025, 16, 3946–3952 | 3947
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Scheme 2 Synthesis of monoacetals and establishment of the second iteration. (a) Pd-catalyzed hydroalkoxylation of benzyloxyallene forming
monoacetals. Conditions: 2/3: alcohol (1.5 equiv.), Pd2dba3 (2 mol%), (R,R)-naphthyl Trost ligand (4 mol%), DCM (0.5 M), 0 °C, 5 hours. 4: alcohol
(1.1 equiv.), Pd2dba3 (5 mol%), (R,R)-phenyl Trost ligand (10 mol%), PhMe (0.5 M), 40 °C, 2 hours. (b) Isomerization of propargyl acetal 2 and
hydroalkoxylation of allenyl acetal 5 en route to double acetals. The yields of products 2, 7 and 8were determined by 1H-NMR, unless otherwise
noted. Conditions: Pd2dba3 (2 mol%), Trost ligand (4 mol%), PhMe (0.5 M), 40 °C, 2 hours.
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starting material 2, which can be removed following the
subsequent hydroalkoxylation step.

The next challenge was the hydroalkoxylation of the sensitive
allenyl acetal 5. In addition to issues of stereoselectivity (catalyst
versus substrate control), 5 might undergo oxidative addition in
the presence of Pd0, in a classical Tsuji–Trost fashion.21 When 5
was reacted with propargyl alcohol under the conditions
developed by Rhee, the desired double acetal 7 was obtained
with high catalyst-controlled stereoselectivity. However, as
anticipated, two additional byproducts, propargyl acetal 2 and
aldehyde 8, were formed in equal amounts. These are presum-
ably derived from the allylpalladium intermediate 9, which can
react with the added propargyl alcohol or recombine with the
excised allenyloxy fragment, respectively. Remarkably,
substituting the phenyl DACH-Trost ligand with its naphthyl
congener resulted in a dramatic shi in selectivity: the desired
double acetal 7 was isolated almost quantitatively, with only
trace amounts of 2 and 8 detectable by 1H-NMR. This unprec-
edented switch in site-selectivity – distinct from the more
common subtle change in enantioselectivity26,27 – observed
between the Ph- and naphthyl-DACH-Trost ligands will be
investigated in detail in future studies.28

Under the optimized conditions, we successfully prepared
multi-gram quantities of double acetals 10–15 (Scheme 3). A
particularly attractive feature of this iterative hydroalkoxylation
strategy is its high level of catalyst-controlled diaster-
eoselectivity. For example, diastereomers 12 and 13 were cleanly
obtained using ligands of opposite handedness, despite the
3948 | Chem. Sci., 2025, 16, 3946–3952
presence of potentially interfering stereocentres near the reac-
tion site in both the alcohol and allene partners. Notably,
double acetals 10–15 are stable during chromatography on
silica gel. Further chain extension of double acetals 14 and 15
with a third iteration proved successful. Isomerization using t-
BuOK proved experimentally simpler with double acetals 14 and
15 than with monoacetal 2, as the resulting allenyl acetals 16
and 17 rearrange signicantly slower than 5, allowing for easier
handling and purication. This initially counterintuitive
observation is attributed to the more electron-poor nature of the
central oxygen in 16 and 17 (compared to the benzyloxy oxygen
in 5), which attenuates its rate-accelerating effect on the Claisen
rearrangement. Pleasingly, double allenyl acetals 16 and 17
smoothly underwent hydroalkoxylation with (R)-phenyl vinyl
carbinol, efficiently and selectively affording an array of four
triple acetals 18–21, featuring all possible diastereomeric rela-
tionships between the acetal centers. Our strategy towards these
previously unknown polyacetals has thus proven highly
successful: challenges of stability and selectivity were overcome,
affording an efficient, exible and selective iterative approach
that paves the way for their application in synthesis.

With an assortment of stereodened polyacetals in hand, we
set out to explore their Coates–Claisen rearrangement. We rst
tested the isomerization and rearrangement of single acetal
substrates 3 and 4 (Scheme 4). Pleasingly, allyl acetal 3 under-
went Ir-catalyzed alkene isomerization smoothly and with
complete site- and stereoselectivity. This high selectivity is
a hallmark of the underlying 1,3-hydride shi mechanism,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis of double- and triple acetals. Conditions: allyl/propargyl alcohol: alcohol (1.5 equiv.), Pd2dba3 (1 mol%), naphthyl Trost
ligand (2 mol%), PhMe (0.5 M), 40 °C, 1 hour. (R)-Phenyl vinyl carbinol: alcohol (1.1 equiv.), Pd2dba3 (3mol%), naphthyl Trost ligand (6mol%), PhMe
(0.5 M), 40 °C, 4–12 hours.
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which preferentially targets unbranched allylic systems.29,30

Subsequent exposure of the isomerized acetal 22 to MgBr2 as
a Lewis-acid, along with LiAlH4 to reduce the nascent aldehyde
prior to opportune epimerization, yielded alcohol 23 with high
Z-selectivity13 and enantiospecicity (Scheme 4a). The slight
erosion in enantiopurity is attributed to one or more possible
factors: epimerization of the aldehyde prior to reduction, the
intervention of a boat-like transition state,31,32 or a dissociative
mechanism.33–36

The branched allyl group of acetal 4 also serves as an effec-
tive initiation site for the isomerization–Coates–Claisen rear-
rangement (Scheme 4b). Simply exposing 4 to t-BuOK in THF
leads to isomerization with a Z/E ratio of 10/1, presumably
through the intermediacy of a chelated allylpotassium inter-
mediate.37 The resulting isomerized acetal 24 rearranges with
striking facility, producing rearrangement product 25 with high
© 2025 The Author(s). Published by the Royal Society of Chemistry
enantiospecicity and complete E-selectivity. This outcome is
especially advantageous for a domino Claisen process, where
the global stereoselectivity depends on the E/Z selectivity of
each step. The observed E-selectivity is likely due to the Ph
group occupying the pseudoaxial position in the chair-like
transition state, which disfavours the pseuodoaxial posi-
tioning of the OBn group. Furthermore, the aromatic ketone in
the product enhances the synthetic versatility of this rear-
rangement, providing opportunities for selective derivatization
and expanding its scope.

Double acetal 10 was also isomerized efficiently and selec-
tively (Scheme 5a), a noteworthy result given the presence of
three different terminal alkenes in the system, which could have
introduced selectivity issues. Furthermore, cationic iridium
complexes are oen prone to chelation and deactivation by
polyenes, potentially inhibiting reactivity altogether. Exposure
Chem. Sci., 2025, 16, 3946–3952 | 3949
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Scheme 4 Isomerization of monoacetals with either a cationic iridium
catalyst (a) or t-BuOK (b) followed by a Coates–Claisen
rearrangement.

Scheme 5 Isomerization–double (a) /triple (b) Coates–Claisen sequence
oxidation (see the ESI†).

3950 | Chem. Sci., 2025, 16, 3946–3952
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of the crude isomerized acetal 26 to MgBr2 and LiAlH4 led to
double rearrangement product 27, which was isolated in
a decent 50% yield in an enantioenriched and diastereomeri-
cally pure form, with exclusive Z stereochemistry of the enol
ether. An intriguing byproduct, 28, was also observed, likely
formed by attack of the alkoxide from the rst Claisen-
reduction step onto the aldehyde generated in the second
rearrangement, thereby preventing its reduction. The diaste-
reomeric acetal 11 performed similarly well and led to the
complementary diastereomer of the product, 29. This demon-
strates that the ability to control the stereochemistry of the
polyacetal substrates translates into access to all possible
stereoisomers of the rearrangement products.

Branched double acetal 12 (and its diastereomer, 13) also
successfully underwent isomerization with t-BuOK. Following
an aqueous workup, 30 rearranged spontaneously at room
temperature, leading to 31, again as a pure E enol ether. The
crude 31 was then subjected to Coates–Claisen-reduction
conditions, producing 32 in high yield. The stereochemical
purity of 32 and 33 was conrmed by the acetylation of the
primary alcohol38 and oxidation of the non-stereocontrolled
secondary alcohol (see the ESI† for details).

Finally, we exposed triple acetals 18–21 to the isomerization–
thermal rearrangement–Lewis-acid-mediated rearrangement
sequence described above (Scheme 5b), aiming to achieve an
isomerization–triple Coates–Claisen sequence. Pleasingly, triol
products 34–37 were obtained in satisfactory yields and decent
stereoselectivities, considering the complexity of the trans-
formation. The attainment of triple Coates–Claisen products
. dr values for products 32–37were assigned following acetylation and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Application to the formal synthesis of deoxypropionates.
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34–37 completes the proof-of-concept for this project –

encompassing the stereocontrolled iterative synthesis of poly-
acetals, their site-selective alkene isomerization and the
stereospecic domino-Coates–Claisen rearrangement.

The carbonyl groups present in the rearrangement products
(or the alcohols in the reduced products) represent versatile
handles for further modication and functionalization. In this
initial study, we chose the relatively conservative reduction of
the alcohols into methyl groups, to demonstrate the synthetic
relevance of the rearrangement products as precursors for
deoxypropionate natural products.39 In particular, we targeted
primary alcohol 41, a key intermediate in the total synthesis of
several natural products including supellapyrone40 and tumes-
cenamide C41 (Scheme 6).

The enol ether in double Claisen product 27 was hydrolyzed
under acidic conditions, forming lactol 38. This hydrolysis thus
selectively achieved the intramolecular protection of one
primary alcohol in 27, allowing the remaining primary alcohol
in 38 to be selectively acetylated.38 The resulting crude 39 was
then treated with NaBH4 to reduce the lactol, aer which 40 was
doubly mesylated and then treated with LiAlH4, which reduc-
tively cleaved both alkyl mesylates and the acetate protecting
group, furnishing alcohol 41 in 32% yield from 38 (Scheme 6).
Conclusions

In conclusion, we have developed an efficient and stereo-
controlled approach for the synthesis of novel unsaturated
polyacetals, featuring up to three consecutive allylic acetal
linkages, through an iterative strategy. Beyond their intrinsic
interest, these polyacetals were then utilized for their originally
intended purpose: an isomerization-triggered domino-Coates–
Claisen process. Remarkably, this transformation performed
© 2025 The Author(s). Published by the Royal Society of Chemistry
successfully, despite the multitude of potential pitfalls. The
synthetic utility of the rearrangement products was prelimi-
narily demonstrated through the synthesis of a deoxy-
propionate fragment.

Overall, this study provides two signicant contributions to
the rapidly developing eld of iterative synthesis:

(1) The efficient iterative assembly of a previously unexplored
acyclic polyacetal backbone.

(2) The rst example of the global rearrangement of an
iteratively assembled skeleton, rather than a modication of
functional groups at the periphery.
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