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Organophosphine catalysis of allenoates has doubtlessly been one of the most ideal and powerful
synthetic strategies for the generation of highly functionalized carbo-/hetero-cycle motifs, which are
important structural motifs in biologically active natural products and pharmaceuticals. Because of their
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diverse and amazing reactivity, chemists usually pay more attention to the study of 2,3-butadienocates
and a-substituted allenoates. More recently, there is a growing interest in the study of phosphine
catalysis of y-substituted allenoates, which usually have low reactivity and selectivity. This feature article
will describe the selected examples of organophosphine catalysis of y-substituted allenoates with a wide
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1. Introduction

The construction of carbon-carbon and carbon-heteroatom bonds
is central to organic synthesis. Despite the enormous progress
made over the past few decades, the development of clean,
economical and efficient chemical processes is still a perennial
quest from the viewpoint of green and sustainable chemistry.
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In this context, organocatalysis, with the advantages of
environmental-friendly, metal-free, inexpensive and mild reaction
conditions, has lately experienced a remarkable growth. Among
the variety of organocatalysts, Lewis base catalysts have received
considerable attention and have also emerged as a versatile means
for the synthesis of cyclic and heterocyclic compounds, which
mainly include tertiary phosphine and amine -catalysts.
Although both of them are pyramidal, they exhibit different
catalytic reactivities. This is because the inversion of amines is
rapid in most cases whereas phosphines are configurationally
stable. And organophosphines are generally more nucleophilic
and less basic than similarly substituted amines. Over the past
few decades, organophosphines have proved to be a powerful
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Scheme 1 The reactivity of allenoates in the presence of organophosphines.

tool in organic synthesis.” In particular, phosphine-catalysed
domino annulation reactions of allenoates have been extensively
investigated since the pioneering works reported by Lu in 1995.°

2,3-Butadienoates are flexible and multifunctional and can
be easily transformed to other synthetically interesting products.
As illustrated in Scheme 1, nucleophilic attack of an organo-
phosphine catalyst on the electrophilic, f-carbon of an allenoate
results in the generation of a zwitterionic intermediate, which
can be depicted in several ways, including anion localization
at the o-carbon or y-carbon, as one-, two or three synthons
(Scheme 1, (1)).* Inspired by this result, y-substituted allenoates,
which usually have low reactivity and selectivity as shown in a
previous study,” have begun to attract the attention of chemists.
Introduction of 6-methylene leads to the formation of some new
zwitterionic intermediates (Scheme 1, (2)). Thus y-substituted
allenoates can show good diversity of reactions by substrate
modification. As this is a fast-growing field, a summary of
v-substituted allenoates for organic transformation is highly
desired. This review illustrates the recent trend in phosphine-
mediated reactions of y-substituted allenoates. The diverse
reactivity, various transformations as well as reaction mechanisms
will be described.

2. Phosphine-catalysed classical (3+2)
annulations with electrophiles

In 1999, Lu reported the first phosphine-catalysed (3+2) annu-
lations of y-substituted allenoates with electron-deficient olefins.®
It was found that treatment of ethyl 2,3-pentadienoate 1a and
ethyl acrylate or vinyl phenyl sulfone 2 in dry benzene with
10 mol% of triphenylphosphine at room temperature resulted
in a (3+2) annulation, giving the o-regioisomeric cycloadducts 3
together with noncyclic adducts 4. When the authors used diethyl
fumarate 5 as the electron-deficient olefin, high diastereoselective
(3+2) annulation adduct 6 was produced with a small amount
of an uncharacterized by-product. However, the sole cycloadduct
6 was produced in higher yield by using PBu; as a catalyst.
The result showed that the nucleophilicity of phosphine catalysts
had significant impact on this reaction (Scheme 2).

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Phosphine-catalysed (3+2) cycloaddition reactions of acrylate,
vinyl phenyl sulfone or fumarate with y-methyl allenoate.

For overcoming the reactive selectivity, Kwon expanded the
annulation methodology to N-sulfonylimines 7. The desired
pyrroline derivatives 8 were formed in excellent yields with high
diastereoselectivity (Scheme 3, (1)).” In 2008, He also reported a
phosphine-catalysed [3+2] cycloaddition reaction of y-methyl
allenoates 1a with imines by employing N-(thio) phosphoryl
imines 9 as substrates (Scheme 3, (2)).®

In 2013, Marinetti reported a phosphine-catalysed annula-
tion for the synthesis of 3,3-spirocyclopenteneoxindoles from
y-substituted allenoates.” This work demonstrated that PPh;
exerted a very efficient control over the relative stereochemistry
of the three stereogenic centers of the final products. It should
be noted that the authors realized the straightforward synthesis
of carbocyclic analogues of an important series of inhibitors of
MDM2-p53 interactions with anticancer properties, which were
the first representatives of a new class of carbocyclic analogues
of the bioactive pyrrolidine spirooxindoles 14. The authors
have demonstrated that 13 and 12a displayed antiproliferative
activity in the pM range against SJSA-1 osteosarcoma and
HCT116 p53-wt cell lines (Scheme 4)."°

More recently, Duan and Li reported a phosphine-catalysed
(3+2) annulation of y-methyl allenoates 1a with 2-arylidene-1H-
indene-1,3(2H)-diones 15. In the reaction, a series of highly
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Scheme 3 Phosphine-catalysed (342) cycloaddition reactions of

sulfonylimines and N-(thio) phosphoryl imines.
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Scheme 4 Phosphine-catalysed (3+2) cycloaddition reactions of 3-benzyl-
ideneindolin-2-ones.

functionalized spiro[4.4]dec-6-ene skeletons 16 were obtained
in moderate to good yields and high diastereoselectivity.
It should be noted that the perfect o-regioselective annulation
adducts were obtained with the simple PPh; catalyst (Scheme 5)."*

In 2018, Huang and co-workers reported a phosphine-catalysed
(3+2) annulation of y-benzyl allenoates with electron-deficient
olefins. The authors found that different substrates could control
the selectivity of y-benzyl allenoates. When the substrates 17 were
used, the classic (3+2) annulation products 19 were obtained by
a-regioselective addition, while when the substrates 18 were
applied, the (2+3)/(3+2) annulation products 20 were obtained
with moderate yields and diastereoselectivity by d-regioselective
addition (Scheme 6)."

Subsequently in 2018, Tong and co-workers designed a
d-acetoxy allenoates 1c, which were applied to the phosphine-
catalysed (3+2) annulations, providing a practical and efficient
access to highly substituted 3-pyrrolines 24 in 54-97% yields.
The authors found that the chiral phosphine catalyst (R)-SITCP
could give good enantioselectivity (up to 83% ee) in the asym-
metric version of this reaction (Scheme 7).

The authors proposed the mechanisms for the reaction of 1
and 2-Ns (23). As shown in Scheme 8, firstly, the &-acetoxy
allenoates underwent a nucleophilic addition and the subsequent
elimination of acetate delivered the 3-phosphonium-2,4-dienoate
intermediate 25. The authors thought that the compound 2-Ns
selectively attacked the oC atom to give the intermediate 26.

PPhg
— 4 \I\ _(20 mol%) mol% O’ q
Y Ar CO2R 1 4-dioxane, rt COR
15 1a 16
Ar = Ph, 2-MeCgHy, 2-FCgHy, 2-CICgH, etc. 21 exenlmples,
R = Me, Et, Bn 38-87% yields
3:1->20:1 dr

Scheme 5 Phosphine-catalysed (3+2) annulation of 2-arylidene-1H-
indene-1,3(2H)-diones.
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Scheme 6 Phosphine-catalysed (3+2) annulation of 2-arylidene-
malononitriles.
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Scheme 7 Phosphine-catalysed (3+2) annulation of 3-acetoxy allenoates
with 2-sulfonamidomalonate.
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Scheme 8 Plausible mechanisms.

Next, a proton shift process and the following intramolecular
addition resulted in ylide 28. The final proton transfer and
1,2-elimination generated the final products 24 and regenerated
the PPh; catalyst.

More recently, Lopez and Bandini reported a phosphine-
catalysed (3+2) dearomatization of 3-NO,-indoles with
v-substituted allenoates. With (p-MeOCg¢H,);P as the catalyst,
a range of densely functionalized indolines 31 were obtained
in high yields under mild reaction conditions with moderate
to good diastereoselectivity. The authors revealed a water-
mediated [1,2]-H shift mechanism by DFT calculations and
deuterium-labeling experiments, which also accounted for the
diastereoselection recorded via DFT calculations (Scheme 9)."*

In early research, chemists found that a-addition/annulation
usually occurred in the phosphine-catalysed (3+2) annulations
of y-substituted allenoates. In 2011, Shi reported a novel
phosphine-catalysed (3+2) annulation by y-addition/annulation.
A control experiment showed that the methyl group on ethyl
2,3-pentadienoate is a key factor to affect the regioselectivity.
It should be noted that the nucleophilic phosphine catalyst
affected the final product and was proven to be critical for
controlling diastereoselectivity (Scheme 10)."°

This journal is © The Royal Society of Chemistry 2020
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Scheme 10 Phosphine-catalysed highly diastereoselective (3+2) annula-
tions of isatin derived electron-deficient alkenes.

The authors proposed the mechanism to explain how the
nucleophilic phosphine catalyst could control reaction diastereo-
selectivity. As shown in Scheme 11, the nucleophilic phosphine
catalyst reacted with ethyl 2,3-pentadienoate 1a to yield the
zwitterionic intermediate 35. Subsequently, the intermediate
36-1 or 36-2 was generated through the re-face or si-face’s
Michael addition. The authors thought that the intermediates
36-1 and 36-2 might be more favored than the intermediates 36-3
and 36-4 due to the internal coordination of oxygen with phosphorus

Bn
E07 70N " <tyalls, trans-33'
35
0 COsEt,

g PPh
PRy = PBUs PR = P(d-CoHaly S
mainly re-face attack mainly si-ace attack "o
COsEl,

Bn
disfavored

36-4

Scheme 11 The plausible mechanism for phosphine catalysed (3 +2)
annulations.

This journal is © The Royal Society of Chemistry 2020
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atom, resulting in the methyl group and the carbonyl group on
the isatin ring always occupying the ¢rans-position in the final
product. Due to the steric reasons, the intermediate 35 was more
favored to attack the activated olefin via the re-face if the catalyst
was PBuj, while attacking the activated olefin via the si-face if
P(4-FCgH,); was used as the catalyst. Intermediates 36-1 and 36-2
underwent the ring-closing reaction to produce intermediates
37-1 and 37-2, respectively. The following annulation reaction
and proton-transfer process led to the formation of cis, trans-33
and trans, trans-33’ with the regeneration of the catalyst.

In 2013, Nair and co-workers reported an efficient phosphine-
mediated diastereoselective (3+2) annulation for the synthesis of
substituted cyclopentenones from v-alkyl allenoates and diaryl
1,2-diones. The reaction appeared to be working well with respect
to different acyclic 1,2-diones and allenoates. The corresponding
all-substituted cyclopentenones 40 can be obtained in high yield
with high regio- and diastereoselectivity. The authors proposed
the mechanism; the first step was the nucleophilic addition of
triarylphosphine to allenoates, giving the 1,3-dipolar zwitterions
36-1 and 36-2. The intermediate 36-2 then attacked a carbonyl
group of the dione 39 forming 41. This species lost a molecule of
water to afford the cationic intermediate 42. Addition of water to
the latter followed by cyclization and elimination of phosphine
delivered the desired compounds 40 (Scheme 12).*

In 2017, Zhong and co-workers developed a phosphine-catalysed
(3+2) annulation of y-substituted allenoates with succinimides by
v-addition/annulation, giving an effective method to obtain func-
tional azaspirane derivatives 46 with good diastereoselectivity and
regioselectivity in moderate to good yields. The preliminary asym-
metric (3+2) cycloaddition reactions were also developed, affording
a moderate yield (40%) and ee value (77% ee) (Scheme 13)."”

3. Phosphine-catalysed (m+n)
annulations with electrophiles
3.1 Phosphine-catalysed (2+4) annulations with electrophiles

In early research, y-substituted allenoates often resulted in low
yields and selectivity. Thus chemists thought that y-substituted

2
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Scheme 12 Phosphine-mediated reaction of y-alkyl allenoates and diaryl
1,2-diones.
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Scheme 13 Phosphine-catalysed (34+2) annulation reaction of N-methyli-
denesuccinimides.
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Scheme 14 Phosphine-catalysed abnormal (2+4) annulations of y-methyl
allenoate with N-thiophosphinylimines.

allenoates weren’t very reactive substrates. In 2009, Huang and
co-workers developed novel phosphine-catalysed (2+4) annula-
tions of y-methyl allenoate 1a with N-thiophosphinylimines
47."® More importantly, the authors discovered the first example
that the y-CHj; of the allenoates underwent annulation to form the
chroman derivatives. Thus the y-substituted allenoates attracted
the interest of chemists, who continued with the studies of
y-substituted allenoates as synthons in the annulation reaction
(Scheme 14).

According to these experimental results, the authors proposed
a plausible mechanism. First, the phosphine attacked the B
carbon of the allenoate to produce the intermediate 36-1, which
would transform to intermediate 36-3 via 1,4-proton shift. Subse-
quently, the intermediate 36-3 underwent an umpolung addition
with 1a to give the intermediate 49, which formed the inter-
mediate 50 via proton transfer from OH to N anion. Finally, the
intermediate 51 underwent another umpolung addition of the
oxygen anion to the B carbon of 50 to furnish the product and
regenerated PPh; (Scheme 15).

In 2011, He and co-workers reported a phosphine-catalysed
(2+4) annulation of y-methyl allenoate 1a with salicylaldehydes
53, providing highly functionalized chromans 54 in 47-97%
yields by applying tris(p-chlorophenyl)phosphine (20 mol%)
as a catalyst. The authors thought that the transformation
represented a novel reactivity pattern of electron-deficient
allenes with aldehydes (Scheme 16)."°

Inspired by this result, Huang and co-workers developed
a novel phosphine-catalysed (2+4) benzannulation reaction
by applying 1,3-bis(sulfonyl)butadiene as the substrate.”
The reaction provided access to biaryls under mild reaction
conditions. Although giving low selectivity in the reactions,
biaryls 56 and 57 could be transformed to the same compound
58 under the same reduction conditions. To illustrate the syn-
thetic utility of this method, the corresponding Suzuki, Heck,
and Sonogashira products could be obtained in moderate yields

684 | Chem. Commun., 2020, 56, 680-694
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Scheme 15 The possible mechanism for phosphine catalysed (2+4)
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Scheme 16 Phosphine-mediated diverse reactivity of aldehydes.

through traditional cross-coupling reactions. It should be noted
that the authors used y-methyl allenoates in phosphine-catalysed
benzannulation for the first time (Scheme 17).

In 2015, Huang and co-workers disclosed a divergent
phosphine-catalysed (2+4) or (3+2) cycloaddition reaction of
oxadienes. By exploiting the different nucleophilicities of the
phosphine catalysts, the y-substituted allenoates selectively
acted as 1,3- or 1,2-dipolar synthons, providing dihydropyran
60 and multifunctional cyclopentene derivatives 61 in moderate
to good yields. However, the reaction afforded low diastereo-
selectivity, and the authors obtained a pair of inseparable
diastereoisomers. It should be noted that the y-ethyl of alleno-
ates played a key role in the reactions, and unidentified side
products were obtained if the y-ethyl was replaced with a
methyl, isopropyl, or n-butyl group. When y-benzyl allenoate
was applied as the substrate, the (2+4) annulation product 62

R! SO,Ph
|\\ CO,R? X COR?

Z P(4-CICgHy)3

COyR? 1o +
SNUSOPh 4 /=:/ (50 mol %) _
CHaCly, 40 °C z
SO,Ph 22 7 Mg SL
X
55 1a 56 57

R' = 4-Br, 4-NO,, 4-MeO, 3-F, 3-Cl, 2-Br etc.

2 P 28-89% overall yields
R? = Me, Et, ‘Bu, Bn

CO,R?
Mg/MeOH O Mg/MeOH

56a > =

50°C, 1h 50 °C, 45 min
yield: 8% O 58 yield: 58%

Scheme 17 Phosphine-catalysed (2+4) benzannulation reaction.
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Scheme 18 Divergent phosphine-catalysed (2+4) or (3+2) cycloaddition
reactions of oxadienes.

and the (4+2) annulation product 63 were obtained in yields of
43% and 44%, respectively (Scheme 18).**

In 2018, Meng and co-workers disclosed a tris(4-methoxy-
phenyl)phosphine-catalysed (2+4) annulation of y-benzyl allenoates
with benzothiophene, giving a series of 2H-benzo[4,5]thieno-
[3,2-b]pyran derivatives 65 in high yields. The authors found that
the benzyl of allenoates was critical to the reaction. When the
v-methyl substituted allenoate was used in this domino reaction, no
desired product was obtained. To test the practicality of this
reaction, the authors carried out a gram-scale experiment, giving
the corresponding product in 77% yield (Scheme 19).>2

More recently, Duan and Li utilized a molecular engineering
approach for a catalytic y-umpolung addition/annulation,
developing a phosphine-catalysed regiodivergent annulation
of y-substituted allenoates with a new diene moiety. The final
products suggested that the activity and selectivity could be
tuned through the Lewis basicity of the phosphine catalysts.
In the presence of (4-FC¢H,);P, the corresponding (2+4) products
67 were isolated in good to excellent yields with high regioselec-
tivity, but the (3+2) products 68 were isolated when PBu; was used
as a catalyst (Scheme 20).>

3.2 Phosphine-catalyzed non-classical (3+2) annulations with
electrophiles

In the aforementioned reaction, the diversity in the reactivity
patterns of allenoates with activated alkenes/imines has been
well rationalized. Besides, aldehydes could also participate in

3
P(4-MeOCgHy)s 0 A(:OZR
x Ar (20 mol%) Y,
il q
R - + CO,R?  Toluene, 110 °C #~s  CoR?

Z8  CO.R?

64 1b 65
52-94% yield
Ar = Ph, 4-CICgH,, 4-BrCgHj, 3-CICgH, 4-MeOCgHy, 2-thienyl
R' = 5-Cl, 5-Br, 6-MeO, 5-Me
R? = CO,Et, CO,Bn, CO,tBu, COCgH,-F-4, COCgH,-Cl-2
R®=Et, Bn, Bu

Scheme 19 Phosphine-catalysed (2+4) annulation of benzothiophen-
3(2H)-one.
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Scheme 20 Phosphine-catalysed regiodivergent annulations of y-substituted
allenoates with conjugated dienes.

phosphine-catalysed annulations of nonsubstituted allenoates,
which undergo exclusive y-addition to the allenoate, resulting
in the formation of a cyclic adduct.** Intrigued by this elegant
study, He and co-workers reported a phosphine-catalysed (3+2)
annulation of y-substituted allenoates with aldehydes, providing a
series of tetrahydrofuran derivatives 70 in moderate to excellent
yields and low diastereoselectivity. The y-substituted allenoates
served as a non-classical 1,3-dipolar synthon (6C and BC) in the
reaction, which represented an unprecedented reactivity pattern
of allenoates with aldehydes under nucleophilic phosphine
catalysis. The authors found that the y-methyl of allenoates plays
a key role in the non-classical (3+2) annulations. Compared with
v-methyl allenoate, y-ethyl allenoate had a significantly decreased
reactivity (19% yield). And no desired adducts were obtained when
y-phenyl or y-tert-butyl allenoates were used (Scheme 21).>

In 2013, Zhao and co-workers reported a chemoselective
phosphine-catalysed cycloaddition or dienylation reaction
between trifluoromethylsubstituted ketones and bis-substituted
allenoates. The authors found that the reaction produced a range
of trifluoromethylated tetrahydrofurans 72 with broad substrate
tolerance and good to excellent stereoselectivity in the presence of
triarylphosphine, while CF;-substituted dienyl tertiary alcohols 74
were chemoselectively obtained by the use of trialkylphosphine.
And a preliminary study on the asymmetric version was also
performed, providing a moderate ee value (up to 52%)
(Scheme 22).%°

In 2015, Nair and co-workers reported a phosphine
mediated (3+2) annulation reaction of y-methyl allenoates with
isatins in the presence of 1.5 equiv. of PPhj, providing a series
of spirofuran oxindoles 76 in 32-88% yields under mild condi-
tions (Scheme 23).>”

In 2018, Xiao and co-workers reported a phosphine-mediated
(3+2) cycloaddition of bis-substituted allenoates with aldimines.
The authors found the reaction was applicable to various aryl-
substituted N-tosylaldimines, regardless of the substitution
patterns and electronic properties of the aromatic substitutes,

P(4-FCgHa)3

5-10 mol%
A COE + acHo —ome) [\ coE
Ar

xylene, N, [¢]
1 69 70
Ar = 2-CICgHy, 4-CICgHy, 2-FCgHg, 2-NO,CgHy, 2- 31-98% yield
Ot Eoy e Zver 1.5:1-20'1 dr

MeOCgH,, 3-pyridyl, 2-furyl etc.

Scheme 21 Phosphane-catalysed (3+2) annulation of allenoates with
aldehydes.
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Scheme 23 Phosphine-mediated reaction of y-methyl allenoates and
isatins.

R’ ;rs R
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7 1e 77

35-78% yields
1.1/1-1.6/1

R = Ph, 4-FCgHy, 4-CICgHy4, 3-FCgHy4, 3-MeOCgH4, 3-furyl, isopropyl etc.
R'= CO,Et, Ph

Scheme 24 PPhs-Mediated (3+2) cycloaddition reaction between
bis-substituted allenoate and N-tosylaldimines.

and a range of functionalized 2-pyrrolines 77 were attainable in
moderate yields albeit with random diastereoselectivity in the
presence of PPh; (60 mol%) (Scheme 24).>®

In 2017, Shi and co-workers disclosed a phosphine catalysed
(3+2) annulation by applying a-substituted secondary B-keto-
amides 78 and d-acetoxy allenoates 1c as substrates. The
authors found that tertiary nitrogen (NRj3) also promoted
the reaction besides tertiary phosphine (PR;). In addition, the
addition of PhCOOH may be beneficial to the H-transfer
processes. And when fB-ketoamides were applied to the bis-
nucleophilic partner, the §,y-carbon of §-acetoxy allenoates
participated as a 1,2-dipole synthon, affording the desired
functionalized (3+2) adducts 79 in moderate to excellent yields
and diastereoselectivity in this spiroannulation reaction
(Scheme 25).%°

3.3 Phosphine-catalysed (4+2) annulations with electrophiles

Prior to these studies, only a-substituted allenoates were used
as a 1,4-dipolar synthon in phosphine promoted annulation
reactions,*® and these reactions involved the p’-carbon atom of
the allenoates. On the other hand, y-substituted allenoates were
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Scheme 25 PPhs-Catalysed (342) spiroannulation of a-substituted
secondary B-ketoamides with 8-acetoxy allenoates.

usually applied as 1,2- or 1,3-dipolar synthons. In 2013, Huang
and co-workers reported a novel phosphine-catalysed (4+2)
annulation, in which y-substituted allenoates for the first time
served as a new type of 1,4-dipolar synthon. This reaction
offered a powerful approach to the construction of highly
substituted spiro[4.5]dec-6-ene skeletons 80 in excellent yields
and with complete regioselectivity and high diastereoselectiv-
ity. In addition, the experiment demonstrated the practicality of
the strategy.”’ During the same time period, Marinetti and
Voituriez also found the new (4+2) annulation process by
applying 3-arylideneoxindoles as electron-deficient olefins
(Scheme 26).%*

Based on the experimental results, the authors proposed a
possible mechanism involving addition of the phosphine to the
B-position of the allenoates to form 1,3-dipolar zwitterion 36-1.
The latter underwent a reversible equilibrium overall proton
shift, giving the intermediate 36-3. The authors thought that
the key role of the phenyl group here was to favor this
rearrangement by stabilizing the intermediate 36-3. Next the
latter underwent $-addition to the olefinic substrate, resulting
in t