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Lu's [3 + 2] cycloaddition reaction has experienced explosive development due to its versatile and power-

ful ability to access highly functionalized carbo- and heterocycles. After the first example reported by
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1. Introduction

Phosphines have been commonly used in organic synthesis, in
which they are employed as ligands in transition-metal-cata-
lyzed reactions, and are also utilized as reagents in the Wittig
reaction. From the beginning of the 21* century, phosphines
have frequently been utilized as catalysts in a wide range of
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Prof. Xiyan Lu’s group, many research groups expanded its substrate scope, and developed its asymmetric
variants, and demonstrated its synthetic applications as well. This review briefly introduces the history of
Lu's [3 + 2] cycloaddition reaction and highlights the important developments and synthetic applications
with respect to Lu’s [3 + 2] cycloaddition reaction.

reactions, and organophosphorus catalysis has experienced
explosive development to a highly dynamic chemical research
area due to its wide applicability in organic synthesis, which
has drawn remarkable growing research interest from a
number of research groups.' Among a large number of phos-
phine-catalyzed reactions, the so-called “Lu reaction” is highly
versatile and powerful to access functionalized cyclopentenes
and dihydropyrroles. The “Lu reaction” can be generally
defined as the phosphine-catalyzed [3 + 2] cycloaddition of
allenes with electrophiles such as alkenes, alkynes, and
imines. In 1995, Prof. Xiyan Lu and co-workers at the
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Fig. 1 Prof. Xiyan Lu at SIOC.

Shanghai Institute of Organic Chemistry, Chinese Academy of
Sciences (SIOC) (Fig. 1) reported the first example of phos-
phine-catalyzed [3 + 2] cycloaddition of allenes and alkenes to
give functionalized cyclopentenes.> Since then, Lu’s [3 + 2]
cycloaddition has been developed and demonstrated as one of
the few types of annulation processes where an allene acts as a
three-carbon synthon.®> Currently, there are more than 20
research groups that are developing and applying Lu’s [3 + 2]
cycloaddition reaction to the syntheses of natural products
and biologically active molecules. In this review, the following
sections will be discussed: (1) a brief review of the history of
Lu’s [3 + 2] cycloaddition reaction, (2) a highlight of the selected
examples for the development of Lu’s [3 + 2] cycloaddition
reaction after 2000, (3) mechanistic studies for Lu’s [3 + 2]
cycloaddition reaction and (4) applications of Lu’s [3 + 2] cyclo-
addition reaction in organic synthesis.

2. Discovery of Lu's [3 + 2]
cycloaddition

Lu’s group published a series of reports about the isomer-
ization of alkynes to dienes by catalysis of transition metals with
phosphine ligands.? Trost® and Inoue® also reported similar
reactions, respectively. When Lu and co-workers extended their
methodology to synthesize ene-dicarbonyls via isomerisation
of 4-hydroxy-2-ynoic ester 1 catalyzed by a Pd(OAc),-PPh;
complex, they surprisingly found that the unpredicted dieno-
ate 2 was obtained as a major product instead of the desired
product 3; they further achieved the dienoate 2 in good yields
in the absence of Pd(OAc), (Scheme 1).” Then, they found that
Pd(OAc), did not play a catalytic role in this reaction; however,
PPh; was critical for this reaction; thus, they proposed a plaus-
ible reaction mechanism as shown in Scheme 2. The nucleo-
philic addition of PPh; to substrate 1 generates the intermedi-
ate 4 which undergoes the proton shift to give intermediate 5;
it then undergoes a deoxygenation reaction to yield an allene
intermediate 6, which is isomerised to dienoate 2. In further
investigation, Lu’s group and Trost’s group found that the iso-
merisation reactions could take place smoothly in the presence
of a catalytic amount of tertiary phosphine in the absence of
transition metal catalysts, respectively.>® The research results
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Scheme 1 Isomerization of 4-hydroxy-2-ynoic ester.
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Scheme 2 Proposed mechanism.

for the isomerisation reactions of acetylenic derivatives found
that the nucleophilic phosphines could be utilized as catalysts
for this type of reaction to synthesize polyenyl carbonyl com-
pounds, which also provide a solid foundation for the discov-
ery of Lu’s [3 + 2] cycloaddition reaction.

Lu’s group subsequently hypothesized that using terminal
allenoates as substrates, the generated zwitterionic intermedi-
ates I from the addition of tertiary phosphine to terminal
allenoates could be trapped by nucleophiles or reacted with
other electrophiles (Scheme 3). Based on this working hypo-
thesis, they developed umpolung reactions'® and [3 + 2] cyclo-
addition reactions™'" of allenes with electron-deficient alkenes
and imines which are currently defined as Lu’s [3 + 2] cyclo-
addition reaction.

The first seminal report of the Lu reaction was published in
1995.%> They initially explored the reaction of ethyl 2,3-buta-
dienoate 7 with methyl acrylate 8a in the presence of triphenyl-
phosphine (50 mol%) in dry benzene at room temperature,

NuH Nu

o CO;R
Umpolung Addition

E
|
B +QE
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E

COsR COR

PR3

COzR PR,

[3+2] cycloaddition
defined as
"Lu Reaction”

Scheme 3 Working hypothesis by Lu’s group.
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Scheme 4 Phosphine-catalyzed [3 + 2] cycloadditions.
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Scheme 5 Proposed mechanism for Lu's [3 + 2] cycloaddition.

and three products 9-11 were isolated after 2 h (Scheme 4a).
Products 9 and 10 were the cycloadducts of 7 and 8, and
product 11 was the self-cycloaddition product of 7. They
further extended the substrates to 2-butynoate 12 and a series
of electron-deficient alkenes 13 including esters, ketones, and
nitriles, giving the corresponding cycloadducts 14 and 15 in
moderate to good yields (Scheme 4b). They also proposed a
plausible mechanism for this reaction as shown in Scheme 5.
In the proposed mechanism, the zwitterionic intermediate 16
is generated readily through the addition of phosphine to the
ethyl 2,3-butadienoate 7. The zwitterionic intermediate 16
undergoes a [3 + 2] cycloaddition with an electron-deficient
alkene to give phosphorous ylides 17 and 18. Then an intra-
molecular [1,2] proton transfer occurs to convert the phos-
phorus ylides to intermediates 19 and 20, which, upon elimi-
nation of the phosphine catalyst, afford the final cycloadducts
14 and 15.

3. Development of Lu’'s [3 + 2]
cycloaddition

Since the discovery of Lu’s [3 + 2] cycloaddition reaction, many
research groups have developed this reaction, as it has been a

highly versatile and powerful tool for syntheses of functiona-
lized cyclopentenes and dihydropyrroles.

1878 | Org. Chem. Front, 2017, 4, 1876-1890
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3.1 Luws|[3 + 2] cycloaddition of allenes with activated
alkenes

In 2003, Krische and co-workers developed Lu’s [3 + 2] cyclo-
addition reaction to an intramolecular version for the syn-
thesis of highly functionalized diquinanes.'> A range of elec-
tron-deficient 1,7-enynes 21 underwent this intramolecular
phosphine-catalyzed [3 + 2] cycloaddition smoothly, affording
the corresponding cycloadducts 22 in good yields (Scheme 6).
This intramolecular phosphine-catalyzed [3 + 2] cycloaddition
of electron-deficient 1,7-enynes is highly diastereoselective,
which represents a robust method for building bicylo[3.3.0]
ring systems, enabling the diastereoselective formation of
three contiguous stereogenic centers in a single operation.

Kwon and co-worker reported another intramolecular [3 + 2]
cycloaddition of 2-styrenyl allenoates 23 to produce cyclo-
pentene-fused dihydrocoumarins 24 in excellent to good yields
with exclusive diastereoselectivity (Scheme 7)."* This method
provides an efficient way to construct highly functionalized
coumarins which are often found in natural products and
used widely in medicinal compounds. Substrates 23 contain-
ing both electron-withdrawing and -donating substituents on
the benzene ring underwent this reaction smoothly under
mild reaction conditions. However, using substrates having a
nitro substituent only gave a trace amount of the product,
probably, due to the ready hydrolysis of its allenoate ester
moiety in this case.

In 2009, Shi’s group developed Lu’s [3 + 2] cycloaddition
using 2,3,4-pentatrienoate 25 and arylidenemalononitriles 26,
furnishing an easy access to a variety of novel polysubstituted
cyclopentenes 27.'** The 2,3,4-pentatrienoate 25 still served as
a three-carbon synthon in this reaction, and a normal [3 + 2]
cycloaddition reaction took place to afford polysubstituted

O._R’ o Ry
R?” N
RS I PBuj (10 mol%) R? H
EtOAc (0.1 M), 110 °C
H
21 2
£ o 2
R' = Ph, SE, Me,\E/) , ;ﬂ up to 86 % yield
R? = OMe, Me

Scheme 6 Synthesis of diquinanes through intramolecular Lu’s [3 + 2]
cycloaddition.
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Ao THF, 1t, 6 h A oS0
23 24

R =H, 3-Me, 3-OMe, 4-OMe, 5-OMe, 5-F, 5-Br  70-98% yield

R = 5-NO, 9% vyield

Scheme 7 Synthesis of dihydrocoumarins through intramolecular Lu’s
[3 + 2] cycloaddition.
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cyclopentenes. A relatively high loading (50 mol%) of PBu; was
necessary for this reaction to acquire good efficiency. Both
electron-donating and electron-withdrawing functionalities on
arylidenemalononitrile were well accommodated, giving the
desired products in high yields; when a less-reactive alkylidene-
malononitrile was employed, the product yield dramatically
decreased (Scheme 8, eqn (a)). Subsequently, Shi’s group
developed a highly diastereoselective [3 + 2] cycloaddition
employing ethyl 2,3-pentadienoate and isatin-derived electron-
deficient alkenes 28, affording the functionalized spirocyclic
products 29 in good to excellent yields, with high regio-
selectivities and diastereoselectivities (Scheme 8, eqn (b)).'*?
Interestingly, they found that the phosphine catalyst influ-
enced the diastereoselectivity. Using the highly nucleophilic
phosphine PBus as a catalyst, (cis, trans)-29 was obtained as
the major product; however, employing a weaker nucleophilic
phosphine P(F-C¢H,); as a catalyst, the major product was
switched to (trans,trans)-29.

As per Lu’s seminal report, self-cycloaddition of 7 could
occur to give a side product 11. In order to inhibit this un-
desired pathway, Loh and co-workers introduced a trimethylsilyl
(TMS) group at the o-position of allenone to prohibit the
dimerization.'® Highly reactive phenyl allenones 30 having an
a-TMS moiety underwent the desired phosphine catalyzed [3 + 2]
cycloaddition smoothly with a range of activated alkenes 31,
affording highly functionalized cyclopentenes 32 in moderate
to good yields (Scheme 9). The a-TMS was hydrolyzed during
the reaction. Probably due to the steric congestion at the
a-position, trans y-addition products were exclusively obtained
with excellent diastereoselectivity.

In 2015, Huang’s group demonstrated a P(nBu); catalyzed
[3 + 2] cycloaddition reaction of y-substituted allenoates and
a-cyano-a,p-unsaturated ketones 33, affording multifunctional

Ph
Ph H CN Ph N
@ e . = PBu; (50 mol%) ' COEt
PH co.et R CN THF,60°C,1h
2 NC R
25 26 27
R = Aryl, 73-99% vyield;
R=Aryl or Et R = Et, 29% yield
o GOkt o COsEt
: iy
(b) PBu; N7 N
toluene, 1t R N/:o +RC N 0
o Bn Bn
R’ (cis, trans)-29 (trans, trans)-29
/ CO,Et up to 90% yield,
Refl X o 2 (cis, trans)-29:(frans, trans)-29 > 20:1
T + |
Z N, CO,Et
28
P(4-FCgH,)3

dioxane, rt

Bn
(trans, trans)-29

(cis, trans)-29
up to > 99% vyield,
(cis, trans)-29:(trans, trans)-29 < 1:20

Scheme 8 Synthesis of polysubstituted cyclopentenes and spirocyclic
products through Lu's [3 + 2] cycloaddition developed by Shi's group.
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Scheme 10 Phosphine-catalyzed cycloaddition reactions of y-substituted
allenoates and a-cyano-a,p-unsaturated ketones.

cyclopentene products 34 in moderate to good yields with
moderate diastereoselectivities."® Lu’s [3 + 2] cycloaddition
reactions of a wide range of a-cyano-o,f-unsaturated ketones
33 with y-substituted allenoates proceeded smoothly
(Scheme 10). In general, aromatic ketones having electron-
withdrawing substituents furnished higher yields than those
with electron-donating substituents. They also found that
changing P(nBu); to PPh; or replacing an ethyl y-substituent
with a methyl, isopropyl, or n-butyl group afforded [4 + 2] pro-
ducts 35.

3.2 Lu’s [3 + 2] cycloaddition of allenes with imines

Lu’s group expanded the [3 + 2] cycloaddition of allenes and
alkenes to an allene-imine variant in 1997, shortly after their
first report, providing functionalized dihydropyrroles.'*® In a
similar manner, the phosphine-catalyzed [3 + 2] cycloaddition
of allenes 36 with aryl N-tosylimines 37 took place smoothly,
however, affording the corresponding cycloadducts 38 with
only one regioisomer in high yields (Scheme 11). Alkyl
N-tosylimine could not undergo this reaction, probably due to
the ready hydrolysis of alkyl aldimines.

In 2005, Kwon and Shi independently reported Lu’s [3 + 2]
cycloaddition of activated allenes with imines catalyzed by
phosphine to produce pyrrolidine derivatives."” Kwon and co-
workers employed y-substituted allenoates with a series of
imines 37 having different protecting groups catalyzed by PPh;
in benzene to afford 1,2,3,5-tetrafunctionalized dihydro-

Org. Chem. Front, 2017, 4, 1876-1890 | 1879
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Scheme 11 Synthesis of dihydropyrroles through Lu's [3 + 2]
cycloaddition.
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Scheme 12 Synthesis of highly functionalized pyrrolidines through Lu’s
[3 + 2] cycloaddition.

pyrroles 39 in good yields with high diastereoselectivity
(Scheme 12, eqn (a))."”’* Shi and co-workers reported the
cycloadditions of ethyl penta-2,3-dienoate and aryl
N-tosylimines catalyzed by PPhMe, in CH,Cl,, affording di-
hydropyrroles 39 in moderate to good yields with good diastereo-
selectivity (Scheme 12, eqn (b))."”” In the following research,
they reported Lu’s [3 + 2] cycloaddition of 2,3,4-pentatrienoate
25 and aryl N-tosylimines catalyzed by PBu; in toluene, giving
the corresponding [3 + 2] cycloaddition products 40 in moder-
ate to good yields (Scheme 12, eqn (c))."** Switching the acti-
vated allenes to alkynyl ketones, Lu’s [3 + 2] cycloaddition
could also carry on smoothly with imines catalyzed by phos-
phine, affording highly functionalized pyrrolidines."®

Although high yields with good diastereoselectivities were
achieved by Lu’s [3 + 2] cycloaddition of allenes with imines,
the range of imines was limited to aryl imines. It was difficult
to acquire satisfactory yields for this reaction when employing
alkyl imines, mainly because of their decomposition through
rapid hydrolysis. In 2011, Loh reported the first examples of
the formation of highly efficient dihydropyrroles from various
alkyl N-tosylimines.'® Unlike previous reports, Loh’s group
employed 3-alkynoates 41 as substrates, which were in situ iso-
merized to allenoates in the presence of PMe;, to carry on this
[3 + 2] cycloaddition reaction (Scheme 13). They found that a
highly nucleophilic trimethylphosphine catalyst was necessary
and both aryl and alkyl imines with various substitution pat-
terns could be tolerated for this reaction.

1880 | Org. Chem. Front, 2017, 4, 1876-1890
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Scheme 13 Synthesis of dihydropyrroles through Lu's [3 + 2] cyclo-
addition employing alkynoates and imines.

3.3 Asymmetric variants

3.3.1 Catalytic asymmetric Lu’s [3 + 2] cycloaddition of
allenes with activated alkenes. The pioneering work of catalytic
asymmetric Lu’s [3 + 2] cycloaddition of allenes with activated
alkenes was reported by Zhang in 1997.>° A bicyclic monoden-
tate chiral phosphine CP1 was designed and found to be an
efficient catalyst for the [3 + 2] cycloaddition reaction. The best
example was the reaction of allenoate 7 and isobutyl acrylate
8b conducted at 0 °C in toluene using 10 mol% chiral phos-
phine catalyst CP1, affording a cyclopentene product (R)-9b as
a single regioisomer in 88% yield with 93% ee (Scheme 14).
However, low regio- and enantioselectivities were observed in
reactions using acrylates with smaller ester substituents (e.g:,
Me and Et). Although good enantioselectivity has been
achieved for some substrates, the range of activated alkenes is
limited to unsubstituted acrylate esters.

Despite this pioneering work reported in 1997, no further
progress was reported on the development of catalytic asym-
metric Lu’s [3 + 2] cycloaddition for about a decade. In the
recent decade, catalytic asymmetric Lu’s [3 + 2] cycloaddition
has experienced an explosive development with the develop-
ment of chiral phosphine catalysts. Fu’s group designed and
synthesized binaphthyl-derived chiral phosphine (R)-CP2,>'
which was originally designed as a ligand; however, chiral
phosphine (R)-CP2 was identified as an efficient catalyst for
enantioselective Lu’s [3 + 2] cycloaddition of p-substituted
enones and allenoates.*'” The cycloaddition of 7 with chalcone
substrates 42 catalyzed by chiral phosphine (R)-CP2 furnished
cyclopentene products 43 and 44 with two contiguous stereo-
genic centers in good yields (39-74%) with high regio- (up to
>20:1, 44:43) and good enantioselectivity (up to 90% ee)

Ph<
)\Apb)\

CP1 (10 mol%)

COEt CO,Bu
H/ * If Etogc/O‘coz‘Bu

7 8b (R)-9b
88% yield, 93% ee

toluene, 0 °C

Scheme 14 The first example of catalytic asymmetric Lu's [3 + 2]
cycloaddition.
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Scheme 15 The catalytic asymmetric Lu's [3 + 2] cycloadditions
reported by Fu's group.

(Scheme 15, eqn (a)). They also demonstrated that dienone 45
could also undergo a highly enantioselective cycloaddition to
give a spirocyclic product 46 in 81% yield with 89% ee using
chiral phosphine (R)-CP2. Fu’s report pointed out that the
axial chirality adjacent to the phosphine center played a critical
role in inducing high enantioselectivity (Scheme 15, eqn (a)).
Later, Fu’s group demonstrated that the chiral phosphine
CP3 was an efficient catalyst in the asymmetric [3 + 2] cyclo-
addition of a wide range of racemic y-substituted allenes with
activated alkenes, providing cyclopentenes 47 bearing nitro-
gen-, phosphorus-, oxygen-, and sulfur-substituted quaternary
stereocenters in high yields with good enantioselectivity,
diastereoselectivity, and regioselectivity (Scheme 15, eqn (b)).>*¢
The addition of the phosphine catalyst to the allene was
identified as the turnover limiting step of the catalytic cycle
through their mechanistic studies. In 2012, Jergensen and
co-workers employed chiral phosphine CP4 developed by
Fu’s group”'® in a highly enantioselective [3 + 2] cycloaddition
of 7 with olefinic azalactones 48, which was followed by a ring
opening of the azlactone moiety to achieve one-pot synthesis
of cyclic a-amino esters 49 in good overall yields and high
enantioselectivities (up to 95% ee) (Scheme 16)*> and they also
showed that products 49 could be easily transformed to amino
acids or a-hydroxy-p-ketoesters.

Marinettis’s group has done a lot of work for the develop-
ment of chiral phosphine catalyzed asymmetric [3 + 2] cyclo-
additions of a variety of allenes and activated alkenes. They
reported a stereoselective synthetic approach to prepare a
planar chiral 2-phospha[3]ferrocenophane CP5, which dis-
played good air-stability, and they applied it to promote
enantioselective [3 + 2]-cycloadditions between allenoates and
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Scheme 16 The catalytic asymmetric Lu's [3 + 2] cycloadditions of
allenoates with olefinic azalactones.

enones.”*® The planar chiral phosphine CP5 demonstrated the
robust ability to catalyze the [3 + 2]-cycloadditions of allenoate
with various electron-deficient alkenes, affording the desired
products 50 and 51 in high yields with good regio- and
enantioselectivities (Scheme 17). Subsequently, they found
that the chiral phosphine CP5 could be recovered after the
completion of catalytic reactions and reused for a further run,
giving comparable ratios of regioisomers and enantiomeric
excess.”®” The chiral phosphine CP5 also proved to be a
remarkably efficient catalyst for enantioselective [3 + 2]
cycloadditions of allenic phosphonates and enones in terms
of both product selectivity and enantioselectivity, furnishing
a variety of aryl- and heteroaryl-substituted cyclopentenyl-
phosphonates 52 in high yields with good enantioselectivities
(Scheme 17).>*° Based on the preliminary DFT calculations,
they accounted for the chiral induction role by CP5 in these
enantioselective [3 + 2]-cycloaddition reactions.*** In 2010,
Marinetti’s group reported that enantiomerically enriched aryl-
substituted dicyanocyclopentenes could be easily accessed
through the enantioselective [3 + 2]-cycloaddition of allenoates
and 2-aryl-1,1-dicyanoethylenes.”** The use of (S)-t-butyl-bine-
pine (S)-CP2 as the chiral organocatalyst allows the synthesis
of functionalized cyclopentenes 53 with both aryl and hetero-
aryl substituents on the stereogenic carbon, in high yields with
up to 95% ee (Scheme 17). This work was the first enantio-
selective variant of the phosphine-promoted [3 + 2] cyclo-
addition reaction between allenoates and 2-aryl-1,1-dicyano-
ethylenes, which expanded the scope of the enantioselective
[3 + 2] cycloaddition reaction. In 2008 and 2009, Marinetti’s
group reported that the [3 + 2] cycloadditions of allenic esters
and p-substituted exocyclic enones 54 catalyzed by CP5
afforded spirocyclic derivatives 55 in moderate yields with
good enantioselectivities (Scheme 17).2**” In addition, they
switched substrates to 3-alkylideneindolin-2-ones 56 and the
highly enantioselective [3 + 2] cycloadditions could also be
achieved, giving a range of spirocyclic oxindolic cyclopentanes
57 and 58 in good yields with high regioselectivities and excel-
lent enantioselectivities (Scheme 17).%*¢ It should be men-
tioned here that the reaction of allenoate with tricyclic indoli-
none 59 produced the unusual spirocyclic alkaloid scaffold 60
in an acceptable isolated yield (59%) and 94% ee
(Scheme 17).*? The spirocyclic moiety of 60 constitutes the
core unit of known natural products such as cyclopiamine B,
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Scheme 17 The catalytic asymmetric Lu’s [3 + 2] cycloaddition developed by Marinetti's group.

which demonstrates the potential synthetic applications of
these enantioselective [3 + 2] cycloadditions. In 2011,
Marinetti’s group also demonstrated the example of an
enantioselective desymmetrization process via the [3 + 2]
cycloadditions of activated allenes with 4-substituted 2,6-di-
arylidenecyclohexanones 61 or 2,4-diarylidenebicyclo[3.1.0]hexan-
3-ones 62 catalyzed by CP5 or (S)-CP2, producing the spiro-
cyclic compounds 63, as well as the unique spiranic scaffolds 64
involving the stereocontrolled production of up to five stereo-
genic carbon centers in a single process (Scheme 17).>¥ This
work extended Fu and Marinetti’s previous work?'?**? on the
asymmetric  synthesis of a spirocyclic compound.
Subsequently, the synthetic approach to access cyclopentene-
fused coumarin based on phosphine-promoted [3 + 2] cyclo-
additions demonstrated by Marinetti’s group.>*®
Enantiomerically enriched compounds 65 and 66 with un-
precedented substitution patterns and functionalization were
obtained in good yields (Scheme 17).

was
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In 2007, Wallace and co-workers first applied commercially
available bidentate DIOP (CP6) as a chiral phosphine catalyst
in the enantioselective [3 + 2] cycloaddition of allenyl methyl
ketone and substituted enones 67.>* Spirocyclic ketones 68
were acquired in moderate to good yields with moderate to
good enantiomeric excess (Scheme 18).

><o/,, PPh,
o o o) PPh,
CP6
X 0 toluene, rt
67
X =MeO, BnO, H 46-80% yield,
Y=CO 46-77% ee
n=0,1,2

Scheme 18 The catalytic asymmetric Lu's [3 + 2] cycloadditions of
allenyl methyl ketone with substituted exocyclic enones.
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In 2009, Loh achieved the asymmetric variant of the [3 + 2]
cycloadditions of aryl allenic ketones with acyclic, electron-
poor olefins using commercially available chiral phosphine
(S,5)-Et-DUPHOS (CP7) as a catalyst."® The highly enantioselective
products 32 were obtained in moderate yields (Scheme 19,
eqn (a)). Later, a highly enantio- and regio-selective one-pot [3 + 2]
cycloaddition reaction via isomerization of 3-butynoates to
allenoates was also reported by Loh, in which the commer-
cially available chiral phosphine (R,R)-DIPAMP CP8 was
employed as a catalyst (Scheme 19, eqn (b)).>® Their control
experiments indicated that 3-butynoates (41) were first in situ
isomerised to allenoates and the chirality of the allenoates did
not play a significant role in the asymmetric induction of the
reaction.

Inspired by Gilbertson’s work on phosphine-embedded
peptides,”® Miller’s group synthesized an amino acid-based
phosphine catalyst CP9 which has a chiral center separated by
a methylene group from the phosphine atom for enantio-
selective allenoate-enone cycloadditions in 2007.>” The reac-
tion of allenic ester with tetralone-derived exomethylene sub-
strate 67 was smooth in the presence of 10 mol% CP9 at
—25 °C in toluene to afford the desired product 69 as a single
regioisomer in 95% yield with 80% ee (Scheme 20, eqn (a)).
These reactions proved efficient for a variety of cyclic and
acyclic exomethylenes. The origin of enantio-induction was
rationalized by the intramolecular hydrogen interaction and
Coulombic P'---O~ interaction in the proposed key transition
state 70. In this system, the substrate approaches the zwitterio-
nic intermediate from the bottom face, opposite to a phenyl
substituent on the phosphine catalyst. Furthermore, they devel-
oped a “dynamic kinetic asymmetric transformation” using
y-substituted racemic allene substrates (+)-71, based on the

Q, Bt 1
(@) COR! . /_}LRE CP7 (20 mol%) RZJ:>_ COR
™S R? CHyCly, 1t O/}\Ra
30 31 32
R =Ph, 2-furyl >99% a single isomer (y)
R2 = Ph, 4-EtOCgH,, CO,Et 48-62% yield,
R® = Ph, 4-MeCgH,, OEt 71-92% ee

@;’M;%
@ MeO

b
(b) (R.R)- DIPAMP EtO,C
CO,Et ]f>-R1
Ri— 2 sz (10 mol%) i
toluene, 8 h, rt O/}\Rz

R = aryl, heteroaryl, aIkyI
R2 = aryl, COOEt
R® = aryl, CgHsCH=CH, OEt

66-95% yield,
81-99% ee

Scheme 19 The catalytic asymmetric Lu’s [3 + 2] cycloadditions devel-
oped by Loh’s group.
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Scheme 20 The catalytic asymmetric Lu's [3 + 2] cycloadditions devel-
oped by Miller's group.

fact that the addition of a phosphine to an allene gives a zwit-
terionic intermediate, such as 72 which erases the element of
planar chirality (Scheme 20, eqn (b)).>” They found that a stoi-
chiometric amount of the catalyst could promote the reaction
to full conversion, affording highly substituted cycloadducts
73 in excellent yields as single regio- and diastereomers
(Scheme 20, eqn (b)). Decreasing catalyst loading to 20 mol%,
the high enantioselectivity was retained; however, the yield
was significantly decreased. These examples provided unique
examples of allenoate deracemizations via chiral phosphine-
catalyzed [3 + 2] cycloadditions.

In 2010, Zhao’s group prepared a novel bifunctional N-acyl
amino phosphine CP10 and found that it was an effective cata-
lyst for the asymmetric [3 + 2] cycloadditions of allenoates and
activated alkenes.?® The first asymmetric organocatalytic [3 + 2]
cycloaddition of allenoates with dual activated alkenes 74
using a novel bifunctional N-acyl aminophosphine catalyst was
achieved, providing a series of chiral cyclopentenes 75 in high
yields (79-99%) with good to excellent enantioselectivities
(70-99%) (Scheme 21). Unfortunately, the activated alkenes
containing aliphatic substituents were not suitable for this
reaction. Compared to Marinetti’s work (see Scheme 17),>*¢ a
wider scope of the substrates and a great improvement of the
yields and enantioselectivities had been achieved by Zhao’s
work. A possible key transition state 76 similar to that
suggested by Miller”” may account for the stereochemical
results of their reaction. The catalyst assembles the allenoate
by a synergistic action of its two functional groups to form a
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Scheme 21 The catalytic asymmetric Lu’s [3 + 2] cycloadditions devel-
oped by Zhao's group.

zwitterion. Then the dipolarophile may approach the zwitter-
ion preferentially from the Si face to minimize the steric repul-
sion from the R* and phenyl groups of the catalyst.

In 2011, Lu’s group designed and synthesized a new family
of dipeptide-based chiral phosphines.>** They first reported
that the enantioselective [3 + 2] cycloaddition reactions of
a-substituted acrylates 77 with tert-butyl buta-2,3-dienoate
could be catalyzed by Thr-i-tert-Leu-based phosphine CP11
efficiently, affording functionalized cyclopentenes 78 contain-
ing quaternary stereocenters in 61-97% yields and 68-94% ee
(Scheme 22, eqn (a)). More sterically hindered substituents,
such as 9-phenanthryl and ¢-Bu, are necessary for higher
diastereoselectivity and enantioselectivity for the formation of
78. A plausible mechanism and a key transition state model to
rationalize the enantioselectivity for this reaction are presented
in Scheme 23. The hydrogen-bonding interactions of the acry-
late substrate and the dipeptidic backbone of the catalyst are
proposed to play an important role in stereoselectivity. They

@ ',PhJ\/\
>(S"o " PPh,
Oy NH
>;:NH
02\0><’<C|
R20,C,

CP11 (5 mol%) Riv
toluene, rt, 10 min-24 h

(@ 1%{ oR? CO,tBu
R + —

[¢]

77 78 CO,tBu

R'=aryl, Bn

61-97% yield
R2 = 9-phenanthryl

68-94% ee

o

CP11

N o]

(b) /N\NJ\]/ . CO,tBu (10 moi%) =Ny
= - .,
\LK R toluene = 8
t, 20-48 h R
79 80 CO,Bu
R =Ar, Me, Bn

71-93% vyield
36-66% ee

Scheme 22 The catalytic asymmetric Lu's [3 + 2] cycloadditions devel-
oped by Lu’s group.
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propose that the nucleophilic addition of the phosphine cata-
lyst to the allene generates the phosphonium enolate inter-
mediate, which approaches the acrylate from its Re face to
afford the major stereoisomer. The high regioselectivity is
probably due to the unfavorable steric hindrance of the bulky
tert-butyl group in the acrylate substrate and the sterically hin-
dered carbamate moiety in the catalyst inhibited the gene-
ration of the y-regioisomer. Subsequently, Lu’s group first
reported that acrylamides 79 derived from 3,5-dimethyl-1H-pyr-
azole were also suitable for the asymmetric [3 + 2] cyclo-
addition with tert-butyl buta-2,3-dienoate.>®” Thr--tert-Leu-
based phosphine CP11 is also proven to be the most effective
catalyst for these reactions, affording regiospecific [3 + 2]-cyclo-
addition products 80 in excellent yields with moderate
enantioselectivities (Scheme 22, eqn (b)).

In 2012, Shi’s group also applied Thr-i-tert-Leu-based phos-
phine CP11 in a highly enantioselective [3 + 2] cycloaddition of
maleimides with allenes.’>*” In the catalysis of CP11, a variety
of maleimides 81 and electron deficient allenes underwent the
asymmetric [3 + 2] cycloaddition reaction smoothly, affording
the corresponding functionalized bicyclic cyclopentenes 82
containing two tertiary stereogenic centers in moderate to
good yields along with good to high enantioselectivities
(Scheme 24, eqn (a)). Subsequently, they reported an interest-
ing chiral phosphine catalyzed asymmetric [3 + 2] cyclo-
addition of allenoates with alkylidene azlactones 83 using
chiral phosphine (R)-SITCP CP12 as the catalyst,>" furnishing
the spiro cycloadducts 84 in good yields with excellent dia-
stereo- and enantioselectivities (Scheme 22, eqn (b)).>? Later
on, they again applied the chiral phosphine (R)-SITCP CP12 as
the catalyst in a highly enantioselective [3 + 2] cycloaddition of
benzofuranone-derived olefins 85 with allenoates and substi-
3¢ Interestingly, they found that the
y-substituent in the allenoate strongly affected the regio-
selectivity. Using allenoates without y-substituents, y-addition
products 86 were the main products; however, employing
allenoates having y-substituents, the main products were

tuted allenoates.
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Scheme 24 The catalytic asymmetric Lu’'s [3 + 2] cycloaddition devel-
oped by Shi's group.

switched to a-addition products 87 (Scheme 24, eqn (c)). In
2013, Shi’s group also successfully applied their own multi-
functional chiral thiourea-phosphine CP13 having an axially
chiral binaphthyl scaffold in the asymmetric [3 + 2] cyclo-
addition of allenoates with a,a-dicyanoolefin-substituted acry-
lates.**? In the catalysis of CP13, a,a-dicyanoolefin-substituted
acrylates 88 and benzyl allenoate underwent the [3 + 2] cyclo-
addition reaction, affording the single o-regioisomer 89 in
good yields with moderate enantioselectivities (Scheme 24,
eqn (d)). This was the first report to employ a,a-dicyanoolefin-
substituted acrylates as substrates in the [3 + 2] cycloaddition
of allenoates with electron-deficient alkenes, which extended
the reaction scope of the asymmetric [3 + 2] cycloaddition
reaction.

Very recently, Zhang’s group reported a highly regio-, dia-
stereo- and enantioselective [3 + 2] cycloaddition of
y-substituted allenoates with p-perfluoroalkyl enones catalyzed
by (R,R)-DIPAMP CP8 or multifunctional phosphine CP14
developed by Zhang’s group as a catalyst, furnishing a wide
range of densely functionalized perfluoroalkylated cyclo-

This journal is © the Partner Organisations 2017
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Scheme 25 The catalytic asymmetric Lu's [3 + 2] cycloaddition devel-
oped by Zhang's group.

pentenes containing three contiguous chiral stereocenters.>?
In the catalysis of CP8, a wide range of p-trifluoromethyl substi-
tuted enones 90 containing different electron nature func-
tional groups with y-aryl substituted allenoates underwent the
enantioselective [3 + 2] cycloaddition smoothly, affording a
series of highly regioselective a-addition tri-fluromethylated
cyclopentenes 91 in good yields with high diastereo- and
enantioselectivities (Scheme 25). It was noteworthy that both
B-pentafluoroethyl and f-heptafluoropropyl enone were also
tolerated in this asymmetric [3 + 2] cycloaddition reaction. In
the catalysis of (R,R)-DIPAMP CP8, the cycloaddition of y-alkyl
substituted allenoates with B-perfluoroalkyl enones did not
proceed very well. Thus, they utilized multifunctional phos-
phine CP14 as a catalyst to achieve a highly regio-, diastereo-
and enantioselective [3 + 2] cycloaddition of y-alkyl substituted
allenoates with p-perfluoroalkyl enones (Scheme 25).

Despite the fast development of asymmetric catalysis of the
intermolecular Lu’s [3 + 2] cycloaddition, there has been no
corresponding progress with respect to the enantioselective
intramolecular Lu’s [3 + 2] cycloaddition reaction. Until 2015,
Fu and co-workers achieved highly enantioselective intra-
molecular Lu’s [3 + 2] cycloaddition reactions, delivering func-
tionalized, fused bicyclic ring systems that bear multiple con-
tiguous stereocenters.”® Using chiral phosphine CP15 as a
catalyst, a wide range of substrates underwent the intra-
molecular Lu’s [3 + 2] cycloaddition reaction smoothly,
affording a series of diquinane and quinolin-2-one derivatives
in good yields with high enantioselectivies (Scheme 26), which
provided an access to useful scaffolds that are found in bio-
active compounds.
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X X
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X = CH,, C(CO,Bn),, NTs up to 95% vyield, 98% ee

Scheme 26 The catalytic asymmetric intramolecular Lu's [3 + 2] cyclo-
addition reported by Fu's group.
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Scheme 27 The catalytic asymmetric Lu's [3 + 2] cycloaddition of
allenoates with imines developed by Marinetti’s group.

3.3.2 Catalytic asymmetric Lu’s [3 + 2] cycloaddition of
allenes with imines. In 2006, Marinetti and co-workers first
reported an asymmetric [3 + 2] cycloaddition of 2,3-butadieno-
ates with aryl imines.>** They systematically screened a series
of commercially available chiral phosphines, and identified
bidentate chiral (S)-phosphine CP16 as an efficient catalyst for
this asymmetric cycloaddition reaction. However, only moder-
ate yield and enantioselectivity were achieved in their studies
(Scheme 27, eqn (a)).*** Although they subsequently improved
the enantioselectivity of the reaction by increasing the size of
the ester group of the allenoates and employed the binaphthyl-
derived monodentate chiral phosphine (S)-CP2 as the catalyst
(Scheme 27, eqn (b)), high enantioselectivity was still not
achieved and the substrates were limited.**”

Jacobsen and co-workers made a great improvement to the
[3 + 2] cycloaddition of 2,3-butadienoates with aryl imines.?’
Employing N-diphenylphosphinoyl (DPP) imines 92 as sub-
strates combined with a specifically designed chiral bifunc-
tional thiourea-phosphine catalyst CP17 they achieved high
enantioselectivity up to 98% ee to access pyrrolines 93
(Scheme 28, eqn (a)). They proposed a model to rationalize
stereoinduction based on a proposed key transition state 94, in
which the imine may associate with the thiourea moiety in the
catalyst through hydrogen bonding. The zwitterionic enolate
probably adds to the imine from the Re face in an intra-
molecular manner, providing the favoured enantiomer of the
cycloadduct. However, high enantioselectivity did not only rely
on the hydrogen bonding interaction between the chiral cata-
lyst and the substrate, since Marinetti’s group also achieved
high enantioselectivity for the same reaction using chiral phos-
phine (S)-CP2 that did not have any hydrogen bonding inter-
action with the substrate.*** They employed N-DPP-substituted
imines 92 as substrates and BINEPINE (S)-CP2 as the catalyst,
giving pyrrolines 93 in good yields with a high enantiomeric
excess (up to 92% ee) (Scheme 28, eqn (b)). In this particular
case, the increased chiral induction probably resulted from the
increased steric constraints owing to the bulky N-DPP substitu-
ent. Later on, Lu and co-workers achieved a highly enantio-
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Scheme 28 Enantioselective thiourea-catalyzed [3 + 2] cycloadditions
of DPP-imines with allenoates.

selective [3 + 2] cycloaddition of allenoates and imines by
using their own amino-acid-based bifunctional phosphine
CP18.°° In the catalysis of CP18, the asymmetric [3 + 2] cyclo-
addition of N-phosphinylimines and allenoates occurred
smoothly, affording the corresponding pyrrolines 95 in high
yields with excellent enantioselectivities (Scheme 28, eqn (c)).
They extended the substrate scope from aryl imines to alkyl
imines and proposed the key transition state 96 to account for
stereoinduction. The hydrogen-bonding interactions formed
between the amide and carbamate protons of the catalyst CP18
and the oxygen center of N-phosphinylimine were suggested to
play a crucial role in the high enantioselectivity.

Guo’s group screened a series of thiourea-based and amino
acid-based bifunctional chiral phosphines to observe their per-
formance in the asymmetric [3 + 2] cycloaddition of allenoates
with sulfamate-derived cyclic imines.”” In the presence of
10 mol% amino acid-based bifunctional chiral phosphine
CP10, which was first developed by Zhao’s group,®® a variety of
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Scheme 30 Enantioselective phosphine-catalyzed [3 + 2] cycloaddi-
tions of C,N-cyclic azomethine imines with &-aryl-substituted
allenoates.

sulfamate-derived cyclic imines 97 were employed in this
asymmetric [3 + 2] cycloaddition reaction, affording enantio-
merically enriched sulfamate-fused dihydropyrroles 98 in good
yields with moderate to excellent enantiomeric excess
(Scheme 29). They also demonstrated that this reaction could
be performed on a gram scale and the product 98 could
undergo further transformations to provide various hetereo-
cycles and pharmaceutically attractive compounds. Wang and
co-workers almost simultaneously developed the same
efficient phosphine-catalyzed [3 + 2] cycloaddition of alleno-
ates with sulfamate-derived cyclic imines.’® Although they
tried to develop an asymmetric variant by using commonly
used chiral phosphines, highly enantioselective reactions were
not achieved.

In 2014, Shi’s group reported a highly enantioselective [3 + 2]
cycloaddition of C,N-cyclic azomethine imines with &-aryl-
substituted allenoates.*® A wide range of C,N-cyclic azomethine
imines 99 and d-aryl-substituted allenic esters 100 underwent
the v,8-C-C bond involving [3 + 2] cycloaddition in the catalysis
of chiral phosphine CP19 (S)-Me-f-KetalPhos,*® affording
functionalized tetrahydroquinolines 101 in good yields with
good enantioselectivities under mild conditions (Scheme 30).
This was the first time that §-aryl-substituted allenoates were
used as a C, synthon in Lu’s [3 + 2] cycloaddition, which was a
new [3 + 2] reaction model and extended the substrate scope of
Lu’s [3 + 2] cycloadditions.

3.4 Mechanistic studies

Although the mechanism of Lu’s [3 + 2] cycloaddition reaction
was first proposed by Lu’s group (see Scheme 5), the detailed
mechanism was investigated through DFT calculations by Yu’s
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group until 2007.*'* Subsequently, Yu’s group continued to
investigate the detailed mechanism of the phosphine-catalyzed
[3 + 2] cycloaddition reactions of allenoates and electron-
deficient alkenes with the aid of DFT calculations and kinetic
experiments.*'?¢ They suggested that this reaction proceeded
via the following consecutive steps: (1) in situ generation of a
1,3-dipole A from the nucleophilic addition of phosphine to
allenoate; (2) the first carbon-carbon bond formation to give
an intermediate B and then the second carbon-carbon bond
formation occurring to provide a [3 + 2] cycloaddition inter-
mediate C, which takes place in a stepwise manner; (3) water
is associated with the intermediate C to give a complex D, then
a proton transfer from water to the carbon atom connected to
the phosphorus atom occurs to afford a contact ion pair E
which undergoes another proton transfer to give complex F;
(4) elimination of water to furnish an intermediate G; (5) elim-
ination of the phosphine catalyst to afford a product H
(Scheme 31). They concluded that Lu’s [3 + 2] cycloaddition is
a stepwise process, and the generally accepted intramolecular
[1,2] proton shift in Lu’s [3 + 2] cycloaddition reaction was not
possible owing to the very high activation barrier, however, the
[1,2] proton shift process could take place with the assistance
of trace water.

Through computational analysis at the B3LYP/6-31G(d) level
of theory, Dudding and Kwon also verified that Lu’s [3 + 2]
annulation proceeded in a stepwise manner, and provided a
rationale for the reaction regioselectivity.*> Based on the calcu-
lation results, they revealed that Lewis acid activation, strong
hydrogen bonding (H-bonding), and minimization of unfavor-
able van der Waals contacts were the critical factors affecting
regioselectivity. They also found the catalytic role of trace
water, which acted as a proton-shuttle, for a proton transfer
step."?” Shi’s group recently rationalized the regioselectivity
affected by the y-substituent of allenoate through DFT
calculations.?%

E
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Scheme 31 The detailed mechanism for phosphine-catalyzed [3 + 2]
cycloadditions proposed by Yu's group.
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4. Synthetic applications of Lu’'s
[3 + 2] cycloaddition

Besides the development of Lu’s [3 + 2] cycloaddition reaction,
a few research groups frequently applied this reaction in the
total synthesis of natural products. In 2003, Lu and co-workers
performed the total synthesis of (—)-hinesol 103.*’ In the cata-
lysis of PBuj, the [3 + 2] cycloaddition of 2-alkynoate with
2-methylene cyclohexenone took place to construct the spiro-
cyclic ring skeleton 102 (Scheme 32). Further functional trans-
formations produced (—)-hinesol 103 in good yield.

Krische’s group has contributed a lot of work for the total
synthesis of natural products by utilizing Lu’s [3 + 2] cyclo-
addition reaction.** Utilizing the intramolecular Lu’s [3 + 2]
cycloaddition reaction of allene and alkene, the 5,5-fused
bicyclic intermediate 104 was constructed in one step, which
provided two of the three rings in the target product; the fol-
lowing reductions and oxidations completed the total syn-
thesis of (+)-hirsutene 105 (Scheme 33).*** Krische’s group also
applied Lu’s [3 + 2] cycloaddition to synthesize (+)-geniposide
107 (Scheme 34).*? They constructed the core structure from
Lu’s [3 + 2] cycloaddition reaction of 2,3-butadienoate and
enantiomerically enriched enone, furnishing a high yield of
the cycloadduct 106. Functional group manipulations and the
subsequent glycosidation generated (+)-geniposide 107.

To demonstrate the utility of the [3 + 2] cycloaddition reac-
tion of allene and alkylimine, Loh and co-workers performed
the formal synthesis of (+)-allosecurinine 110 (Scheme 35)."°
Remarkably, the unmasked 6-hydroxy-3-hexynoate underwent

(o]

TN f
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toluene, rt Me

o]
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7
Me Me

102, 63% yield

Me
: Me
_— T Me
pp— OH
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Scheme 32 Total synthesis of (—)-hinesol.
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Scheme 33 Total synthesis of (+)-hirsutene.
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annulation with the alkylimine to produce a high yield of the
desired dihydropyrroline 108 (Scheme 35). After several func-
tional transformations, they obtained compound 109, a known
synthetic intermediate of (+)-allosecurinine 110.

An asymmetric [3 + 2] cycloaddition of allene and alkyli-
mine has been developed by Lu’s group; they reported a
concise formal asymmetric synthesis of (+)-trachelanthamidine
113 (Scheme 36).>* From the reaction of the allenoate and the
alkylimine, they isolated 2-alkyl dihydropyrroline 111 in good
yield and enantioselectivity. The subsequent removal of pro-
tecting groups completed the synthesis of 112, which is a
known intermediate of (+)-trachelanthamidine 113.

Kwon and co-workers first applied the asymmetric [3 + 2]
cycloaddition of an allenoate and an indole derived imine in
the total synthesis of (+)-ibophyllidine 115 (Scheme 37).*’
Utilizing the readily accessible 2,3-hexadienoate and indole-3-
carboxaldimine as substrates and the chiral phosphine CP20
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as the catalyst, they synthesized the 2-indolyl-dihydropyrrole
114 in high yield with excellent enantioselectivity. Three of the
five rings of (+)-ibophyllidine 109 were accessed in one step
with high efficiency. After the formation of the remaining two
rings and insertion of the functional group, the concise
enantioselective synthesis of (+)-ibophyllidine 115 was com-
plete. Very recently, they successfully performed a catalytic
asymmetric total synthesis of (—)-actinophyllic acid, in which
the chiral phosphine CP21 catalyzed [3 + 2] cycloaddition
between an allenoate and an imine was employed to synthesize
a key pyrroline intermediate 116 in 99% yield with 94% ee
(Scheme 38).® After the following Cul-catalyzed coupling
between a ketoester and a 2-iodoindole to shape the tetra-
hydroazocine ring, intramolecular alkylative lactonization, SmI,-
mediated intramolecular pinacol coupling between ketone and
lactone subunits to assemble the complex skeleton of (—)-actino-
phyllic acid, and an unprecedented regioselective dehydroxyl-
ation, (—)-actinophyllic acid 117 was successfully obtained.

5. Conclusions

Lu’s [3 + 2] cycloaddition reaction has been developed tremen-
dously since Prof. Xiyan Lu’s group reported the first example.
The substrate scope of Lu’s [3 + 2] cycloaddition reaction has
been dramatically expanded, affording a wide range of highly
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functionalized carbo- and heterocycles. With the development
of chiral phosphine organocatalysts, highly enantioselective
Lu’s [3 + 2] cycloaddition reactions were also achieved. The
detailed mechanism for Lu’s [3 + 2] cycloaddition reaction has
been revealed; and the synthetic applications in total synthesis
have been demonstrated by a few research groups. In
summary, Lu’s [3 + 2] cycloaddition reaction has already
become a powerful tool to synthesize highly functionalized
carbo- and heterocyclic compounds. In the future, with the
further development of efficient asymmetric phosphine-cata-
lyzed transformations, new discoveries will stimulate the
further development of Lu’s [3 + 2] cycloaddition reaction. Last
but not the least, the other related cycloaddition patterns of
allenes with electrophiles, such as [4 + 2] and [4 + 1] cycloaddi-
tions have also been developing fast in recent years, which is
worthy of more attention.
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