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Introduction

In 1940, Carroll reported a variant of the ester Claisen
rearrangement which involved heating acyclic acetoacetate 1 in
the presence of a base, inducing a [3,3]-sigmatropic rearrange-
ment and decarboxylation to give y,d-unsaturated ketone 5
(Scheme 1)." This was the first report of insertion of an allylic
group o- to a carbonyl but the reaction however has found
little applicability in organic synthesis due to the harsh reac-
tion conditions required to induce reactivity (temperatures of
between 130-220 °C).” Though it did find use in the industrial
synthesis of terpenes by BASF.?

The Tsuji-Trost reaction is a milder synthetic route for the
formation of allylic compounds, proceeding via Pd-n-allyl com-
plexes. Coordination of the Pd® catalyst to the allyl-containing
compound 6 followed by oxidative addition generates Pd-
n-allyl complex 7 which is then attacked by an activated nucleo-
phile such as an enolate, amine or alcohol to result in an
allylic substitution product 8 (Scheme 2).

In 1965, Tsuji reported the reaction of w-allylpalladium
chloride with nucleophiles such as ethyl malonate and acetoa-
cetate to yield racemic monoallylated and diallylated species.*
This work was further developed by Trost in 1973, who
described catalytic monoalkylation of alkyl substituted
n-allylpalladium complexes with phosphane ligands.” In 1977
Trost reported the first asymmetric allylic alkylation (AAA) with
enantioselectivities of up to 24% ee.® In 1980 Saegusa and
Tsuji independently reported the synthesis of a-allylic ketones
via a Pd-catalysed route, or decarboxylative allylation, of f-keto
allyl esters 9 (Scheme 3).”’® In this reaction both the nucleo-
phile and electrophile are generated in situ from the ally ester,
which adds to its synthetic use, as the need for pre-formed
enolates is eliminated.
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development of this important transformation from its origins to more recent advances. Selected
examples of this synthetically mild methodology being applied in natural product synthesis are given. The
mechanism is explored in detail, to provide a thorough insight on the current understanding, which is
built upon the combination of experimental and computational studies.

Development of the Pd-catalysed DAAA

The first decarboxylative asymmetric allylic alkylation (DAAA)
of p-keto allyl esters, yielding acyclic a-allyl ketones was
reported by Tunge 20 years later, in 2004. His system employed
the chiral DACH-phenyl Trost ligand L1 to access products 12
with excellent enantioselectivities, of up to 99% ee
(Scheme 4).° The substrate scope however was quite limited,
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Scheme 1 The Carroll rearrangement of B-keto allyl esters.
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Scheme 2 General scheme of Tsuji—Trost allylation.
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Scheme 3 Decarboxylative allylation by Saegusa.
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Scheme 4 First reported DAAA by Tunge.

with only eight examples and just one of those substrates was
cyclic.

The same year, Stoltz reported the formation of cyclic a-allyl
ketones via DAAA using allyl enol carbonate substrates 13
(Scheme 5)."° Ligand screening showed that the chelating P,N
ligand, tert-butyl-phosphanooxazoline ((S)-t-BuPHOX) L2, was
the most effective, affording a 89% ee. Access to these 2-allyl-2-
alkylcyclohexanones compounds had previously not been poss-
ible via AAA due to the enolate scrambling in situ.

Trost published a similar system in 2005, employing the
same allyl enol carbonate substrates to carry out the enantio-
selective allylic alkylation of cyclic ketones (Scheme 6). A
ligand screen revealed that his own P,P ligand (R,R)-ANDEN-
phenyl Trost L3 afforded the highest yields and levels of asym-

O,

-/
PPh, N—y
“Bu
(S)-L2 (12.5 mol%)
Pd,(dba)z (5 mol%) N
THF, 25 °C
13 14
up to 99% yield
& 92% ee
Scheme 5 DAAA of allyl enol carbonates by Stoltz.
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R =alkyl, H
up to 88% yield
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Scheme 6 DAAA of allyl enol carbonates by Trost.

metric inductions.™ This report also included the generation
of tertiary a-allyl stereocentres in up to >99% ee.

These results conflict with the earlier reports by Stoltz, who
observed that P,P ligands screened gave poor to moderate
enantioselectivities. As both systems used allyl enol carbonates
as substrates, it was suggested that there were two different
mechanisms (inner sphere vs. outer sphere, vide infra) occur-
ring for each ligand.

Trost and co-workers extended the substrate scope of their
DAAA protocol to include acyclic ketones 18 (Scheme 7A).'?
Several key observations were made in this work. The dially-
lated species was isolated when toluene and THF were
employed as solvents, which was overcome by running the
reactions in 1,4-dioxane. It was discovered that the degree of
substituent branching and the E/Z configuration of the start-
ing material effected the rate and enantioselectivity of the reac-
tion significantly. The E-isomer supported higher levels of
asymmetric induction in a much shorter reaction time com-
pared to the Z-isomer. However, the E/Z configuration did not
affect the regioselectivity. The electronic nature of the R; sub-

A o)
)J\ (RR)-L3 (5.5 mol%)
o o/\/ Pdy(dba)s (2.5 mol%) o}
2 W
R! xR 1,4-dioxane, rt R! H
R2
17 R’ = aryl, vinyl or alkyl 18
R? = alkyl up to 99% yield
& 98% ee
o

(RR)-L3 (5.5 mol%)

O)Lo/\/ Pd,(dba); (2.5 mol%) o
)\/ )k/
Ph THF, rt, 5 min Ph
19 20

92% yield

Scheme 7 DAAA of acyclic ketones by Trost.
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stituent did influence the levels of enantioselectivity, with elec-
tron-withdrawing groups, such as a pyridyl substituent, giving
a decrease in enantioselectivity from 98% (R; = 2-MeOC¢H,) to
73% ee. All these results imply that there is both a steric and
an electronic element in the asymmetric induction of the
DAAA reaction. Finally, as they had observed the formation of
a tertiary centre, a proton source was introduced to the reac-
tion and different sources were screened. Protonated product
20 could be accessed in up to 92% yield, with acetylacetone
proving to be the optimal proton source (Scheme 7B).

Although allyl enol carbonates have proven to be desirable
substrates for DAAA, giving rise to high yields and ees, they
have limitations. Issues arise with both their stability and
regioselective synthesis, which places a limit on the synthetic
use of this methodology. To overcome this concern, Stoltz
built upon the earlier work of Saegusa and Tsuji, and their use
of p-keto-allyl esters as substrates. These compounds are
bench stable, easily prepared, and were found to be excellent
substrates for DAAA (Scheme 8)."> The employment of
B-oxoesters in this methodology is an example of ‘stereoablative
enantioconvergent catalysis’. The chiral centre within the sub-
strate collapses and is then reformed to yield the enantio-
enriched product.

Recent advances in the Pd-catalysed
DAAA

Since it was first reported, the DAAA reaction has been signifi-
cantly developed, especially with respect to expanding the sub-
strate scope. The topic has been reviewed on several occasions
since 2004'*"® and this article aims to provide an update on
the most recent developments. Most reports of the reaction
employ the original high-performing ligands: the PHOX-type
or Trost-type ligands. Initial studies explored larger cyclic
ketone systems, such as cyclohexanones, cycloheptanones and
cyclooctanones,'”" although Stoltz reported the DAAA of
cyclobutanones in 2013 (Scheme 9).'° It was found that the
electron-deficient  (S)-(CF;)5-t-Bu-PHOX ligand L4 with
Pd,(pmdba); (pmdba = 4,4-dimethoxydibenzylideneacetone)
generated the best levels of asymmetric induction, enabling
access to products 23 in up to 99% ee. A variety of a-alkyl sub-
stituents were well tolerated under the catalytic system and
substitution on the allyl fragment was also supported. The syn-
thetic utility of these cyclobutanone DAAA products was exem-
plified by further transforming them to lactams, lactones,

=9 (S)-L2 (6.25 mol%) QR
o ~F  Puddba); (25 mol%) o~
THF, 25 °C
21 16
R =alkyl, Bn, F up to 99% vyield
& 92% ee

Scheme 8 DAAA of p-keto allyl esters by Stoltz.
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Scheme 9 DAAA of cyclobutanones by Stoltz.

cyclopentanones and spirocyclic cyclobutanes, all of which
involved retention of the highs ees installed by the DAAA
reaction.

Subjecting cyclopentanones to the DAAA protocol proved to
be a challenge due to poor yields and levels of stereoinduction
until 2015, when Stoltz and co-workers published the synthesis
of a-allyl-a-benzyl cyclopentanones with enantioselectivities of
up to 99% ee (Scheme 10A)."” The substrate scope study pro-
vided a key insight into how important substrate electronics

AO g, (S)-L4 (6 mol%) o
Pd,(dba)s (2.75 mol%) \(
1 oY \ | R
R R? toluene, rt R?
24 R' = alkyl, Bn, 4-Me-Bn, 4-CF3-Bn 25
R2=H, Cl, Ph up to 99% yield
& 93% ee
B O (RR)-L3 (12.5 mol%) o)
o} ,
o~ Pd(dba)s (5 mol%) \//
Ar 1,4-dioxane, rt, 10 h Ar
26 27
up to 97% yield
& >99.9% ee
CiHazs
0.__0._
- . UOH

28

(R,R)-L3 (13 mol%)
fo) Pd,(dba)z (5 mol%)

1,4-dioxane, 40 °C, 16 h

29 30
up to 94% yield
& 97% ee

Scheme 10 DAAA of
indanones.

a-alkyl/aryl cyclopentanones and «-aryl
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were. It was observed that full conversion to the electron-rich
p-methoxybenzyl-cyclopentanone was achieved in 8 h but the
electron-poor p-(CF3)-benzyl analogue produced a low yield of
56% even after 96 h. In 2016 Guiry reported the synthesis of
a-allyl-a-aryl cyclopentanones 24 via a highly enantioselective
DAAA that employed (R,R)-ANDEN-phenyl Trost to generate un-
precedented enantioselectivities, of up to >99.9% ee
(Scheme 10B).'® In many of the early substrate scopes, substi-
tuents present on the newly generated a-stereocentre were typi-
cally restricted to small alkyl groups. This was the first
example of a wide range of substrates bearing electron-rich
mono- and di-ortho-substitution patterns on an aromatic
group in the DAAA protocol. The advantage of this develop-
ment was highlighted by its use in the synthesis of marine
natural product (+)-tanikolide 28, which possesses anti-fungal
properties. More recently, Guiry and co-workers described the
application of o-aryl indanone substrates to DAAA under
similar conditions to access highly enantioselective products
30 in up to 97% ee (Scheme 10C)."® For both the reactions
described in Scheme 10B and C, the optimal results were
obtained for those substrates possessing aryl groups with di-
ortho-substitution (2,4,6-trimethoxyphenyl, 2,6-dimethoxyphe-
nyl) and naphthyl benzyl and methyl ethers. For both sets of
substrates, strict matching of substrates and chiral Pd com-
plexes was required.

In 2024 Christoffers and co-workers described an interest-

ing tandem DAAA and Heck reaction in the synthesis of opti-
cally active spirocycles (Scheme 11).%° The initial DAAA trans-
formation of selected carbocycles proceeded smoothly to gene-
rate the intermediate products in high enantioselectivities of
up to 94% ee. These were subsequently converted into spiro-
cyclic structures via a Heck reaction and isomerisation to
yields

access the and

selectivities.

endo-products in quantitative

(RR)-L2 (12 mol%) o
Pd,(dba)s (5 mol%)

THF, -30°C, 16 h

31 32
up to 97% yield
& 94% ee

1. Heck

2. Isomerisation

33

up to 87% yield
& 93% ee
(three steps)

Scheme 11 DAAA products as intermediates for spirocyclic structures
by Christoffers.
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The DAAA of heterocyclic compounds has also been well
explored, due to these motifs being prevalent in natural pro-
ducts and compounds of biological interest.>! Stoltz in particu-
lar has reported the enantioselective synthesis of a number of
N-heterocyclic compounds since 2005. In one of his first
reports on DAAA catalysis he demonstrated the applicability of
the system with a 4-piperidone substrate 34, with a 92% ee
(Scheme 12A)."* In 2012 his group published the synthesis of
quaternary stereocentres in 5-, 6- and 7-membered lactams via
DAAA (Scheme 12B).** It was discovered that electron-with-
drawing nitrogen protecting groups were crucial for reactivity,
with N-alkyl substrates being poor substrates for the catalysis.
Once again, they found that electron-poor (S)-(CF;)s-t-Bu-
PHOX L4 was the superior ligand for the transformation and
displayed high levels of asymmetric induction, with enantio-
selectivities of up to 99% ee being achieved.

In 2019 Trost further investigated lactams in the DAAA reac-
tion and reported that (R,R)-ANDEN-phenyl Trost L3 could
generate highly enantioselective benzo-fused and non-benzo-
fused lactams with ee values of up to 98% (Scheme 13A).>*
Most recently in 2024, Guiry demonstrated the synthesis of
a-allyl-a-aryl lactams in an enantioselective fashion via DAAA
to access a range of products possessing highly sterically hin-
dered quaternary stereocentres in high enantioselectivities of
up to 82% ee (Scheme 13B).>*

Taylor and co-workers described the DAAA of both a-aryl
and a-alkyl oxindoles in 2011.>® (R,R)-ANDEN-phenyl Trost L3
was the optimal ligand and it was found that substrates dis-
played solvent dependency with varied results being obtained
whether DME, THF or toluene were used (Scheme 14A). In
2017 Guiry and co-workers reported the DAAA of oxindoles
with (R,R)-ANDEN-phenyl Trost L3 again, to include a broader
scope of a-aryl substrates (Scheme 14B).>¢

A number of N,N-heterocycles have been applied to the
DAAA methodology by Stoltz and co-workers. In 2015 the
DAAA of N-4-benzylated piperazin-2-ones displayed excellent
yields and enantioselectivities, of up to 98% and 99% ee,
respectively (Scheme 15A).>” The synthetic utility of this trans-

AOQ O (S)-L2 (6.25 mol%) Qe
o ~F  Pdildba); (25 mol%) [~
N THF, 25 °C N
Bn Bn
34 35
91%, 92% ee
B o 1 € (Sy-L4 (12.5 mol%) QR
Pd,(pmdba); (5 mol%) 3 K
RN 0/\% RN ' Y
2
R2 toluene, 40 °C R
n n
36 R' = alkyl, Bn, F 37
R2 = H, Me, Cl up to 97% yield
R3 =Bz, Ac, Cbz, &99% ee

Scheme 12 DAAA of lactams by Stoltz.
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i NR? 1,4-dioxane SS7TSNRZO
GO
-7 38 R' = alkyl, allyl, propargyl, Bn 39
2_
R? = Boc, Bz up to 99% yield
& 98% ee
B Ar o (R,R)-L1 (18 mol%) Q Ar
Pdy(dba)s (7.5 mol% W\
RN O/\/ 2(dba); ( o) RN RN
1,4-dioxane, 40 °C, 16 h
40 R = Boc, Bn, Bz, Me 4
up to 72% yield
& 82% ee

Scheme 13 DAAA of lactams by Trost & Guiry.

A (0}
R
o NF
o
N
Me
Pd;(dba); (2.5 mol%)
(R,R)-L3 (6.5 mol%)
43 44
up to >99% yield up to 83% yield
& 95% ee & 74% ee
B /
(0} /—/
o (R,R)-L3 (12.5 mol%)
Ar. o Pd,(dba)z (5 mol%)
NMe toluene, rt, 3 h
45 43
up to 94% yield
& 97% ee

Scheme 14 DAAA of oxindoles by Taylor & Guiry.

formation was exhibited by the use of 50 in the synthesis of an
Imatinib analogue 51 (Scheme 15B). However, in attempting to
use other substrates to synthesise medicinally relevant com-
pounds two issues arose, relating to difficult substrate syn-
thesis and chemoselectivity issues in further functionalisation,
namely the PMB group proved impossible to cleave under con-
ditions that were orthogonal to the allylic motif. These chal-
lenges were overcome in 2019 with the development of a more
streamlined approach to substrate synthesis and installing a

This journal is © The Royal Society of Chemistry 2026
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. (S)-L4 (12.5 mol%)
R Pd,(pmdba)s (5 mol%)
BzN 0/\’/ Bz
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R' = alkyl, Bn
48 . G 49
R2= Bn,RBsz_, aMBI, Ph,Me 1o 08% yield
=H.C &99% ee

/©\/NH
0 Me N/ N
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50 51
89%, 91% ee

c
o O (S)-L4 (10 mol%) N R

Pdy(dba)g (4 mol%)
K/NRs R*

hexanes/toluene (2:1)
°c

52 R = H, alkyl, Bn 5
R2 = anthracenyl, Bz up to 93% yield
R3 = Boc, Cbz & 99% ee
R*=H,Cl
o
D R P
BzN SN
Boc
54 R = H, alkyl, Bn 55
up to 98% yield
& 95% ee

Scheme 15 DAAA of piperazin-2-ones by Stoltz.

Boc protecting group at N-4, which is thought to reduce the
nucleophilicity of this position compared to having a Bn group
present (Scheme 15C).>* The report also demonstrated the
application of tetrahydropyrimidin-2-ones to the DAAA proto-
col, which provided access to the corresponding p>
acids via hydrolysis (Scheme 15D).

In 2020 the Stoltz group reported the DAAA of a-enaminones
as a new class of substrate that performed very well, with yields
of up to 99% and enantioselectivities of up to 99% ee with L2
and Pd,(dmdba); (dmdba = 3,5,3',5-dimethoxydibenzylidenea-
cetone) (Scheme 16).”® The highly enantioenriched products
could serve as useful synthetic building blocks and in addition,
it is believed that the o-heteroatom could have a role in enantio-
selectivity enhancement via chelation. Their work on these N,N-
heterocyclic motifs also includes cyclic imides,*® 1,4-diazepan-5-
ones,*® and 4-imidazolidinones (Fig. 1).**

Shibasaki reported the DAAA of isoxazolidin-5-ones 61 in
2018, employing (S,S)-ANDEN phenyl Trost L3 as the most
effective ligand to achieve high enantioselectivities of up to

2.amino
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R (S)-L2 (125 mol%) | N R

o Pdx(dmdba); (5 mol%) ~~_~ o

EtOAc, 40 °C

56 R = alkyl, Bn, 57
R2=H, Me, Cl up to 99% yield
X = C’Hz bo) & 99% ee

Scheme 16 DAAA of a-enaminones by Stoltz.

NBoc
58 59
up to >99% yield up to >99% vyield
& 95% ee & 95% ee

R = anthracenyl, Bz
R2 = alkyl, allyl, propargyl, Bn

R = alkyl, Bn

Fig. 1 N,N-heterocycles by Stoltz

94% ee. The products of catalysis where then applied as pre-
cursors in the synthesis of enantioenriched p**-amino acids
62 (Scheme 17A).>* In 2019 Colombo described the DAAA of

A
o o /\// (S,5)-L3 (12 mol%) o _
o )bgLo Pd(dmdba), (10 mol%) o N
\ R! \ R!
BocN THF, -20 °C BocN
60 R = alkyl, Bn 61
up to 96% yield
& 94% ee
o
R4
- R20 RN
NHBoc
62
B o

o)LoV (RR)-L1 (4 mol%) 0

Rz [Pd@ly)CIl; (1 mol%)

1
R \(go 2 R (o)

N% MeCN, rt, 30 min R! N:<
Ar Ar
R' = alkyl, benzyl, Ph
63 R2= H, Me 64
up to 98% vyield
& 85% ee
_— ? R!
= JJe
NH,
65

Scheme 17 DAAA of N,O-heterocycles by Shibasaki and Colombo.
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azlactone enol carbonates 63 to generate precursors to qua-
ternary a-allyl amino acids 65, in moderate enantioselectivities
of up to 85% ee with (R,R)-DACH-phenyl Trost L1
(Scheme 17B).** It was observed that substitution on the allyl
fragment did not support high levels of asymmetric induction
(30% ee when R, = Me), hence only compounds possessing an
unsubstituted o-allyl group were applied to the ring-opening
reactions.

Oxygen-, sulfur- and silicon-containing heterocycles have
not been as well explored in the DAAA catalysis, although the
literature does contain several examples on the development
of the reaction to support these motifs.

In 2013, Cossy and Arseniyadis described the DAAA of cyclic
dienol carbonates 66 as a route to unsaturated quaternary
stereocentres in butenolides with high levels of enantio-
selectivity of up to 91% ee (Scheme 18).>* The nature of the
substrates meant that the formation of both the a-allylation
and y-allylation products was possible but system optimisation
enabled up to 15:1 rr («:y). Both a-alkyl and a-aryl substitu-
ents were tolerated with (R,R)-DACH phenyl Trost L1. The syn-
thetic utility of the generated products was demonstrated by
performing a microwave-assisted Cope rearrangement to
access the corresponding y-tertiary and y-quaternary 2(5H)fura-
nones, with no erosion in enantiopurity, which could be
applied an as intermediate in the synthesis of two members of
the paraconic acid family.

The enantioselective DAAA of a-aryl-p-oxo esters 70 and 72
was developed by Guiry in 2016.>* The (R,R)-ANDEN-phenyl
Trost ligand L3 was employed to prepare a series of o-aryl-
a-allyl-dihydrocoumarins 71 (Scheme 19A) and 3-isochroma-
none products 73 (Scheme 19B) in excellent yields and
enantioselectivities of up to 96% and 93% ee, respectively. A
range of a-aryl groups were successfully tolerated with the
same trend being observed as with previous examples; high
levels of asymmetric induction is linked with the presence of
di-ortho substitution.

(o}
OJ\O/\% (R.R)-L1 (10 mol%)
Pd,(dba); (5 mol%)
0N R?
— NMP, -20°C, 3 h
R!
66 R = alkyl, aryl
R2 =H, Me, Ph )
up to 91% yield
& 91% ee
o
—_— O
" OH
(0]
68: n = 2, (-)-naphrosteranic acid
69: n = 4, (-)-roccellaric acid

Scheme 18 DAAA of cyclic dienol carbonates by Cossy & Arseniyadis.
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Scheme 19 DAAA of dihydrocoumarins and isochromanones by Guiry.

In 2017, Cossy and Arseniyadis further expanded on their
previous work to include enol carbonates derived from
y-butyrolactones in the DAAA scope (Scheme 20A).°® (R,R)-
DACH phenyl Trost L1 was the optimal ligand again, giving
enantioselectivities of up to 90% ee. Enol carbonate substrates
74 derived from o-acyl-y-butyrolactones were also successful
under similar conditions, generating ee values of up to 94%.
The same year Guiry and co-workers reported the highly
enantioselective synthesis of a-allyl-a-aryl five- and six-mem-
bered lactones via the DAAA protocol involving (R,R)-ANDEN-
phenyl Trost L3 to generate sterically hindered products with
enantioselectivities of up to >99% (Scheme 20B).*”

In 2020, Lu reported the DAAA of benzofuranone-derived
enol carbonates 78 with novel Trost-type bisphosphane ligands
which bear chiral cycloalkane frameworks (Scheme 21A).*® The
design and preparation of these saturated Trost-type ligands
was required as the typical ligand systems used in DAAA did
not afford high levels of enantioselectivity with these sub-

"L
>
0" Yo (RR)-L1 (10 mol%) 9 e
Pd,(dba)s; (5 mol%)
o R 0" Y'\=
THF, -78 °C
74 75
R = allyl, aryl up to 95% yield
& 90% ee

(R,R)-L3 (13 mol%)
Pd,(dba)s (5 mol%)

1,4-dioxane, 40 or 50 °C, 18 h

76 7
up to 98% vyield
& >99% ee

Scheme 20 Syntheses of y-butyrolactones by Cossy & Arseniyadis and
Guiry.
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N\ // MeCN, 60 °C, 6596 h
RCE
R2 R" = alkyl, benzyl
82 R2 = OMe, Br, CN 83

up to 96% yield

Scheme 21 DAAA of benzofuranones by Lu and Guiry.

strates. The system developed turned out to be highly efficient,
requiring catalyst loadings of only 0.2-1 mol% to access the
desired products in up to 96% ee.*® In 2024, Guiry published
the DAAA of a-aryl benzofuranones in excellent enantio-
selectivities, of up to 96% ee with (R,R)-ANDEN-phenyl Trost
L3 (Scheme 21B).*° The substrate scope included a-allyl-a-aryl
benzofuranones bearing substitution around the aromatic
cyclic backbone. The decarboxylative allylic alkylation of
phthalides was described by Navarro in 2022, employing the
achiral ligand Xantphos in acetonitrile to access a range of pro-
ducts in yields of up to 96% (Scheme 21C).**

In 2017 the Stoltz group presented the DAAA of
S-containing heterocycles, specifically a-alkyl thiopyranones 84
(Scheme 22).*> These o-quaternary 4-thiopyranone products
are challenging to access via standard enolate chemistry due
to their potential for ring-opening through p-sulfur elimin-
ation. However, a range of substrates performed well in the cat-
alysis, with (R,R)-ANDEN-phenyl Trost L3 generating enantio-
selectivities of up to 94% ee.

Franckevi¢ius and co-workers reported the synthesis of
chiral thietane 1,1-dioxides 87 via DAAA with (S,S)-ANDEN-
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Scheme 22 DAAA of a-alkyl thiopyranones by Stoltz.

phenyl Trost L3 in 2021 (Scheme 23A).** The highly enantio-
enriched products of catalysis were employed as intermediates
to access novel spirocycles with no enantioerosion observed.
They published a second report the following year on the
expansion of their methodology to include sulfolanes and
thiane 1,1-dioxides 88 (Scheme 23B).** The scope also
included thiomorpholine 1,1-dioxides. A key observation from
both studies is the formation of an enantiomeric product
despite the presence of an exocyclic enolate intermediate, as
shown in Scheme 23C. This infers the occurrence of a Pd-
mediated interconversion of the E/Z enolate intermediate prior
to alkylation. It was demonstrated that the (E)-enolate is slower
reacting than the (Z)-enolate, therefore a dynamic kinetic
resolution is at play. From these results it can be said that as
well as substituent sterics effecting asymmetric induction, so
too does the rate of isomerisation of the enolate intermediate.
There is one example of siloxy-p-keto allyl ester substrates
being applied to the DAAA in the literature, reported by Stoltz
in 2020 (Scheme 24).45 Quaternary stereocentres were gener-

A
090 (S,S)-L3 (6.5 mol%) 09 o
N Pd,(dba)s (2.5 mol%) YL
R SR
0 1,4-dioxane, rt, 618 h
© \’\\ R = alkyl | \
=alkyl, a
86 Vi 8 87
up to 92% yield
& 94% ee
B
000 (S,S)-L3 (6.5 or 13 mol%) 000
N s Pdy(dba)s 25 or5mol%) N/ ‘\\\\R
o ! N
) 1,4-dioxane, rt, 224 h )
n 0 n
88 R = alkyl, aryl 89
up to 97% yield
& 95% ee
(o]
X
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0 O (OR o/[ ]

\// 0\\ //o
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0 — (OR
[Pd]

(E)-90 (2)-90

Scheme 23 DAAA of cyclic sulfones by Franckevicius.
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Scheme 24 DAAA of cyclic siloxyketones by Stoltz.

ated in high enantioselectivities of up to 94% ee with (S)-
(CF3)3-t-Bu-PHOX L4. The significance of the products was
highlighted in a ring-opening reaction to access highly oxyge-
nated acyclic chiral compounds 93.

Though less common, there are a handful of recent reports
on the DAAA of acyclic substrates in the literature. These
examples generally rely on a certain degree of steric bulk
present to induce appreciable levels of asymmetric induction.

A range of acyclic amides 95 were synthesised through
DAAA by Stoltz and Marek in 2017, utilising an electron-
deficient Trost-type ligand to generate enantioselectivities of
up to 94% ee (Scheme 25A).*° A number of products were only
isolated in moderate yields, which was attributed to undesired
side reactions, such as p-hydride elimination and enolate pro-
tonation, or steric congestion. The DAAA of a-nitroesters 96
was carried out by Trost in 2019 in order to employ the chiral
products in the synthesis of the corresponding a-tertiary
nitroalkanes 97 (Scheme 25B).*” A high dependency on solvent
was observed, and by using (R,R)-DACH-phenyl Trost L1 in
ethyl acetate, the unwanted O-alkylation pathway was
suppressed.

In 2020 Stoltz published the DAAA of benzoin-derived allyl
enol carbonates 98 (Scheme 26A).*® Unlike in previously dis-
cussed reports, the initial enolate geometry was found to be
important to induce high levels of asymmetry. A reduction in
E/Z ratio from 2:98 to 7: 93 of the model substrate resulted in
the enantiomeric excess decreasing by 13% ee. Hence, the sub-
strates for catalysis had to be of high geometric purity to
ensure high levels of enantioselectivity were achieved and
implies that the dynamic effect observed by Franckevi¢ius is
not operating. In 2024, Ren and co-workers described the syn-
thesis of chiral acyclic nitrile via an elegant synergistic DAAA
and phase-transfer catalytic system from allyl 2-cyanoacetates
100 (Scheme 26B).*° The approach offers a mild and efficient
route to highly enantioenriched nitrile products, achieved with
a sterically bulky achiral phosphane ligand and a chiral phase-
transfer catalyst. This is distinct from all other approaches dis-
cussed, as the chirality is translated from the ionic species, not
from the Pd complex.

This journal is © The Royal Society of Chemistry 2026
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Scheme 26 DAAA of benzoin derivatives and acyclic nitriles.

Selected recent applications in natural product synthesis

The Pd-catalysed DAAA methodology has been employed as a
key strategy to access intermediates in the syntheses of many
all-carbon quaternary stereocentres present in natural pro-
ducts. Several total synthesis explorations have been under-

This journal is © The Royal Society of Chemistry 2026
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taken since the reaction was first reported. The selected
examples discussed below will offer an overview of the most
recent applications of the catalytic step in the synthesis of
natural products.

In 2019, Cheon described the asymmetric total synthesis of
(+)-goniomitine 104 in 84% ee from an ethyl 2-aminocinna-
mate and a chiral a,p-unsaturated aldehyde that was accessed
via the DAAA of a-ethyl p-amido allyl ester 102 (Scheme 27A).>°
The Pd-catalysed DAAA step proceeded to generate the
S-valerolactam 103 in an 84% ee, which demonstrates that the
synthesis of (+)-goniomitine could be accomplished without
any enantioerosion. A key intermediate 106 was accessed via
the DAAA of allyl enol carbonate 105 for the enantioselective
total synthesis of (—)-arcutinine 107, reported by Qin in 2019
(Scheme 27B).*" The chemistry was critical in setting the
vicinal quaternary stereocentres at C4 and C5, enabling the
first total synthesis of the C,,-diterpenoid alkaloid.

Stoltz published the first enantioselective total synthesis of
(—)-myrifabral A and B in 2020.>* The DAAA of cyclohexanone
108 was carried out on a 10 g scale to generate the corres-

A
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\/\0 NBz  Pdz(dba)s (5 mol%)

toluene, 40 °C

102 103
91%, 84% ee

OH
A\
il N
—_— H
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Pd(PPhg3)4 (10 mol%)
toluene, 80 °C

then
MOMCI (20 eq.)
DIPEA (30 eq.), it

106
55%, 13:1dr

H
HO OR
- %
N
H

107
(—)-arcutinine
=iPrCO
Scheme 27 DAAA in
(=)-arcutinine.

the syntheses of (+)-goniomitine and
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ponding product in 88% ee using (S)-(CF;);-t-BuPHOX L4
(Scheme 28A). A further six steps generated (—)-myrifabral A,

which provided access to (—)-myrifabral B via one additional
transformation. The (S)-(CF;);-t-BuPHOX ligand L4 was very

successful again in the total synthesis of (—)-strempeliopine
which was reported by Chen in 2022 (Scheme 28B).>* The

DAAA reaction produced the enantioenriched a-quaternary

lactam 113 in 99% ee. From this, a pentacyclic intermediate
could be synthesised as a single diastereomer and hence, the

Schizozygine alkaloid (—)-strempeliopine 114 was accessed with

high diastereoselectivity.

In 2023 Stoltz reported the total synthesis of strempeliopi-

dine via a Pd-catalysed DAAA of lactam 102 (Scheme 29A).>*
The group synthesised eight stereoisomers of the bisindole
alkaloid through a modular strategy. Most recently, in 2025,
Chen described the total synthesis of (+)-leucolusine and (—)-7-
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(0]
N toluene, rt, 7 h
(0]
108 109

94%, 88% ee

110
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1.4:1 B
Et,N OMe NEt;
T (5eq) N ?
[ 0/ OH
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reflux, 4 h 1
(=)-myrifabral B
1.6:1 B
B O (0] (0]

(S)-L4 (12.5 mol%)
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===
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_
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‘

l
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Scheme 28 DAAA in the syntheses of (-)-myrifabral A and B and
(-)-strempeliopine.
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116
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Scheme 29 DAAA in the
(+)-leucolusine.

syntheses of strempeliopidine and

epi-leucolusine in eight steps.>® The cis-fused octahydrofuro-
[2,3-B]pyridine intermediate efficiently constructed
through a one-pot methodology involving a reduction and an
oxa-Mannich-type cyclisation of lactam 103, which is generated
via the same DAAA protocol that Stoltz applied for this sub-
strate (Scheme 29B).

was

Mechanism of the Pd-catalysed DAAA

The mechanism of the DAAA reaction is non-trivial, however
the generalised cycle involves the Pd® complex coordinating to
the allyl fragment which leads to oxidative addition of Pd into
the C-O bond. This is followed by decarboxylation to generate
the Pd-enolate ion-pair, after which the enolate goes on to
attack the intermediate Pd-n-allyl species. This reductive elim-
ination step releases the enantioenriched product 16 and
regenerates the Pd° catalyst (Scheme 30).'*>%>”

Mechanistic studies have presented a more complex picture
of the catalytic cycle, with the focus being mainly on systems
employing Trost-type P,P and PHOX-type P,N ligands. Other
factors such as solvent, substrate class and substitution pat-

terns can also influence the mechanistic pathway

This journal is © The Royal Society of Chemistry 2026
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Scheme 30 Proposed general mechanism of the DAAA reaction.

undertaken.’®®*

This section aims to provide a concise discus-
sion of the mechanistic investigations on the Pd-catalysed
DAAA to date and hence, will be limited to those reactions
employing Trost and PHOX ligands.

The initial step of the cycle has been generally accepted to
involve a Pd-promoted ionisation of the ester or carbonate
group, similar to the Tsuji-Trost reaction. The resulting Pd-car-
boxylate n-allyl ion pair 118 is most likely in equilibrium with
the neutral c-allyl complex 117. Decarboxylation then occurs,
which is a critical step in the formation of the enolate nucleo-
phile. It is considered to be the rate limiting step of the
mechanism. Two possible routes are postulated for decarboxyl-
ation, differing on whether Pd coordinates to the carbonyl
oxygen after ionisation.®*%*

The most contentious topic in understanding the DAAA
mechanism is how the enantiodetermining reductive elimin-
ation proceeds, with two pathways proposed: an inner sphere
and outer sphere mechanism (Fig. 2).

In 2007, DFT studies carried out by Stoltz and Goddard sup-
ported the inner sphere mechanism being favoured with
PHOX-type P,N ligands.

The four-coordinate Pd complex is involved in a concerted
process to generate the DAAA product via a seven-membered
transition state.”® This is lower in energy than the outer sphere
pathway, which involves the nucleophilic enolate combining
with the allyl species and eliminating the Pd complex.
Subsequent mechanistic studies were performed on this Pd-
PHOX namely deuterium labelling
experiments. It was also observed that the system is toler-
ant of exogenous water, with both yields and enantioselectivi-
ties being maintained, inferring an inner sphere mechanism.

system,
65,66

crossover
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mechanism

Fig. 2 Inner vs. outer sphere pathways.

Trost performed a mechanistic investigation of the DAAA
protocol of enol carbonates employing the Trost ligands in
2009.%” To determine what pathway was being undertaken in
their system stereochemical probes were applied. Substrate 123
was subjected to the reaction conditions as a racemate and a
kinetic resolution occurred to give one diastereomeric product
in 99% ee with the other starting enantiomer remaining
unreacted after 12 h (Scheme 31). The DAAA product formed
displayed cis relative stereochemistry. This is a net stereoreten-
tion which is said to occur through a double inversion, sup-
porting an outer sphere mechanism. The inner sphere mecha-
nism would have been expected to generate the trans-diastereo-
mer via a net inversion of the stereochemistry.

Later that same year Lloyd-Jones and Norrby reported their
mechanistic work on the AAA reaction with Trost-type ligands,
further solidifying support for an outer sphere mechanism with
this system.’® Exploiting a combination of NMR spectroscopy,
isotopic labelling, and computational investigations monomeric
Pd-n’-allyl and Pd-n*-cyclohexenyl complexes with (R,R)-DACH-
phenyl Trost were elucidated (Scheme 32). A 13-membered
chelate was formed, producing a concave species 128. Pro-S
delivery arises from H-bonding between the nucleophilic
enolate and the amide that has its N-H projecting forward
towards one of the allyl termini. Pro-R delivery would have to be
assisted by an escort ion (M+), which strongly coordinates to the
carbonyl of the opposite amide, projecting out of the complex,
weakening the H-bonding of the other amide. This study con-
cluded that the mechanism is outer sphere with respect to the
Pd centre and inner sphere for the Pd-r-allyl-ligand complex.

In 2012 Stoltz and Goddard further extended their investi-
gations into the reductive elimination step of the reaction with
the PHOX ligand system.®® Three separate computational path-
ways with varying level of theory supported the lower energy
inner sphere mechanism being favoured. None of the DFT cal-
culations for the outer sphere pathway correlated with the
observed stereoselectivities. Continuing with the ideas
suggested in their 2007 report, the authors proposed that the
five-coordinate complex 129 undergoes an internal rearrange-
ment to the four-coordinate complex 131 via transition state
130 (Scheme 33), which was calculated as the key enantiodeter-
mining step based on the energy difference between the Re-
and Si-pathways. Reductive elimination then occurs unconven-
tionally, through the seven-membered transition state, as pre-
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Scheme 32 Model for nucleophile delivery by Lloyd-Jones and Norrby.
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viously proposed, to generate the DAAA product before ligand
dissociation and catalyst regeneration.

Stoltz and Goddard published a comprehensive quantum
mechanical evaluation of the entire DAAA catalytic cycle with
B-keto allyl ester substrates in 2020 (Scheme 34).°* The report
united all their experimental findings of the inner sphere
mechanism to design the computational framework. The DFT
study confirmed that the enantiodetermining step for the
inner sphere mechanism is the formation of the C(sp*)-C(sp®)
bond via the seven-coordinate transition state, rather than in
the rearrangement as previously proposed (Scheme 34).
Additionally, it was noted that the inner sphere pathway is
favoured when solvent polarity decreases as the ionic inter-
mediates of the outer-sphere mechanism are destabilised and
that degradation of enantiocontrol is observed in the energeti-
cally unfavourable outer sphere process.

In 2023 Arseniyadis and Leitch described the preparation of
bench stable chiral Pd0 precatalysts for use in allylic alky-
lations.®” Within the library of complexes synthesised, Trost-type
and PHOX-type ligands were incorporated. Full characterisation,
including X-Ray diffraction analysis, allowed elucidation of solu-
tion and solid-state conformations. Importantly, study of the
precatalyst (S,S)- ““*DACH-Pd-MAH showed the intramolecular
hydrogen bond between the N-H of one of the ligand amides
and the carbonyl of the coordinating maleic anhydride (Fig. 3),
as originally proposed by Lloyd-Jones and Norrby.>

Stoltz, Goddard and co-workers also published a study in
2023, exploring why N-benzoyl lactams display enhanced
enantioselectivity in the Pd-catalysed DAAA compared to their

This journal is © The Royal Society of Chemistry 2026
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carbocycle counterparts.®® They had observed that enantioen-
richment of a-alkyl carbocyclic products is limited to 80-90%
ee whereas enantioselectivities of >99% ee can be accessed
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Fig. 3 Pre-catalyst complex coordination with maleic anhydride.

10,22

with N-benzoyl lactams. The group employed DFT calcu-
lations to help interpret their experimental findings and from
this proposed that this enhanced enantioselectivity is due to
noncovalent interactions between the substrate and the ligand
and not secondary substrate chelation which was previously
thought to be the case. The axial Pd-O distances calculated do
not support a strong interaction and it was found that the
four-coordinate TS is the more energetically favourable confor-
mation (Fig. 4). The benzoyl group orients to be parallel to the
open face of the PHOX ligand backbone. The lower enantio-
selectivities observed for N-carbamate groups, such as Boc,
CBz and Fmoc, were explained to be as a result of these pro-
tecting groups being more Lewis basic.

In addition to using computational studies like DFT as a
valuable tool to deepen our understanding of the DAAA
mechanism, the emergence and rapid growth of machine
learning (ML) applications in chemistry has inspired the con-
sideration that substrate performance in the DAAA catalysis
could be predicted prior to experimental investigation. In 2025
Reid and co-workers published a report on a data-driven
method to predict models of enantioenduction in asymmetric
catalytic reactions.®® Using the Pd-catalysed DAAA reaction as
their model, the developed ML approach highlighted enantio-
selectivity is influenced by solvent to a greater degree than pre-
viously thought. Their method elegantly simplifies the chal-
lenge of mechanistic generalisation to make it more accurate.

In conclusion, the intricacies of the mechanism of DAAA
have been well investigated since the initial report of the reac-
tion. A general mechanistic pathway has been outlined, and
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Fig. 4 DFT calculated transitions states of the N-benzoyl lactam
substrates.
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particular attention has been placed on deepening under-
standing of the key enantiodetermining reductive elimination
step. Discussions on whether the inner sphere or outer sphere
pathway is at play has led to strong evidence supporting that
both can, and do, occur and that the mechanism undertaken
is dependent on the ligand system employed, but ultimately a
range of factors have to be considered in the design of an
optimal system for catalysis with various substrates.

Conclusions

This review outlined the origins of Pd-catalysed decarboxylative
allylic alkylation, followed by the asymmetric variant and its
development, including more recent examples. Selected appli-
cations of this asymmetric protocol to natural product synthesis
have also been given. Finally, a concise description of the
mechanistic studies performed to date, including labelling,
spectroscopic and computational studies, is detailed. While
studies have extensively explored mechanistic understanding,
there has not been much focus on adapting the methodology
for industrial application, which would increase the usefulness
of the chemistry. Preliminary work has commenced in employ-
ing ML as an approach to predict enantioinduction in the DAAA
reaction and the field is growing. The aim of these efforts would
be to use the results to inform what reactions conditions are
more likely to be successful, hence reducing the time spent, and
materials used, screening conditions experimentally.
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