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CONSPECTUS: Modern synthetic chemists have looked for rapid and
efficient ways to construct complex molecules while minimizing
synthetic manipulation and maximizing atom-economy. Over the last
few decades, researchers have made considerable progress toward these
goals by taking full advantage of transition metal catalysis and the diverse
reactivities of allenes, functional groups which include two cumulative
carbon—carbon double bonds.

This Account describes our efforts toward the development of Pd-
catalyzed cyclization reactions of allenes in the presence of compounds
that contain unsaturated carbon—carbon bonds such as alkenyl halides,
simple alkenes, allenes, electron-deficient alkynes, or propargylic
carbonates. First, we discuss the coupling-cyclization reactions of allenes
bearing a nucleophilic functionality in the presence of alkenyl halides,
simple alkenes, functionalized and nonfunctionalized allenes, or electron-
deficient alkynes. These processes generally involve a Pd(II)-catalyzed
sequence: cyclic nucleopalladation, insertion or nucleopalladation, and
P-elimination, reductive elimination, cyclic allylation or protonation. We
then focus on Pd(0)-catalyzed cyclization reactions of allenes in the
presence of propargylic carbonates. In these transformations, oxidative
addition of propargylic carbonates with Pd(0) affords allenylpalladium-
(II) species, which then react with allenes via insertion or
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nucleopalladation. These transformations provide easy access to a variety of synthetically versatile monocyclic, dumbbell-type
bicyclic, and fused multicyclic compounds. We have also prepared a series of highly enantioenriched products using an axial-to-

central chirality transfer strategy.

A range of allenes are now readily available, including optically active ones with central and/or axial chirality. Expansion of these
reactions to include other types of functionalized allenes, such as allenyl thiols, allenyl hydroxyl amines, and other structures with
differing steric and electronic character, could allow access to cyclic skeletons that previously were difficult to prepare. We
anticipate that other studies will continue to explore this promising area of synthetic organic chemistry.

B INTRODUCTION

Nowadays allenes have been recognized as reasonably stable
organic compounds with two cumulated C=C bonds, of which
two 7-orbitals are perpendicular to each other. This unique
structure together with the substituent-loading capability has
endowed them with distinctive reactivity and great potentials in
organic synthesis."

Palladium is one of the most powerful transition metals in
organic synthesis,2 with Pd(0) and Pd(II) complexes being the
most widely observed ones. It has long been recognized that
Pd(0) preferentially undergoes oxidative addition in the presence
of organic halides or their equivalents, whereas Pd(II) tends to
promote the reaction of coordinated unsaturated carbon—carbon
bonds with nucleophiles to promote nucleopalladation or
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undergo insertion.” These basic principles constitute the
foundation of all the work discussed below.

This Account will demonstrate our recent efforts on the
cyclization reactions of allenes in the presence of C=C bonds,
C=C bonds, and cumulated C=C bonds under Pd catalysis.
Generally speaking, two mechanistically different reaction
pathways are involved in theses transformations (Scheme 1):
(a) a PA(II) catalyst preferentially coordinates with one of the
C=C bonds of allenes 1 to promote cyclic nucleopalladation
leading to intermediate Intl, which then undergoes insertion
with various unsaturated carbon—carbon bonds to give
intermediates Int2—Int4 or an extra cyclic nucleopalladation to
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afford IntS; (b) Pd(0)-catalyzed oxidative addition of propargylic
carbonates 2 affords Pd(II) species Int6, which will react with
functionalized allenes 1 to generate intermediate Int7 or Int8 via
insertion or nucleopalladation, respectively.
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1. CYCLIZATION REACTIONS OF ALLENES IN THE
PRESENCE OF ALKENYL HALIDES, ALKENES,
ALLENES, OR ELECTRON-DEFICIENT ALKYNES

1.1. Cyclization Reactions of Allenes in the Presence of
Allylic or Other Terminal-Alkenyl Halides

2,3-Allenoic Acids. Butenolides are important structural
unit widely ex1sted in many natural products and biologically
active molecules.® Thus, a Pd-catalyzed cyclization reaction of
2,3-allenoic acids 3 in the presence of allylic halides was
developed, affording f-allyl polysubstituted butenolides S in
moderate to excellent yields (Scheme 2).* Highly enantioen-
riched products (+)- and (—)-5aa could be obtained via the
efficient axial-to-central chirality transfer.

Furthermore, this coupling-cyclization strategy may be
extended to the reactions of 2,3-allenoic acids with terminal
alkenyl bromides 6 to afford $-alkyl substituted butenolides 7 in
reasonable yields (Scheme 3).°

When deuterated homoallyl bromide [D,]-6a was utilized in
the presence of 2,3-allenoic acid 3a, [D,]-7aa was obtained in
52% yield (Scheme 4). Notably, the two deuterium atoms were
located at the terminal carbon atom of the noncyclic C=C bond,
indicating that the reaction may proceed via cyclic oxy-
palladation, carbopalladation of the terminal C=C bond,
repeated dehydropalladation/hydropalladation, and finally
dehalopalladation.

2,3-Allenoates. 2,3-Allenoic acids are usually prepared from
the hydrolysis of 2,3-allenotes. However, in some cases, the
hydrolysis affords 2-alkynoic acids instead of 2,3-allenoic acids or
a mixture of both. Thus, direct cyclization of 2,3-allenoates with
allyl bromides is highly desirable. Toward this end, a FeCl;/
PdCl,-cocatalyzed coupling-cyclization of 2,3-allenoates 8 with
allylic bromides was developed, furnishing $-allyl polysubstituted
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butenolides $ in practical yields (eq 1, Scheme 5).° Control
experiments revealed that no reaction occurred in the absence of
FeCl,. In addition, when 2,3-allenoate 8a was treated with a
stoichiometric amount of FeCl; in the absence of PdCl, and
allylic bromide, 16% of 2(SH)-furanone 8aa and 19% of 3-
chloro-2(SH)-furanone 8ab were formed (eq 2, Scheme S).
Thus, 2(SH)-furanonyl iron species Int14 was proposed for this
reaction, which then underwent transmetalation with PdCl, to
form the 2(SH)-furanonyl palladium species IntlS and
regenerate FeCl,.

1,2-Allenyl Phosphonic Acids Monoesters. Phosphorus-
containing heterocycles, important skeletons widely existing in
bioactive molecules, such as 4-allyl-2,5-dihydro[1,2]-
oxaphosphole 2-oxides 10, may also be prepared via the
coupling-cyclization of monoesters of 1,2-allenyl phosphonic
acids 9 in the presence of allylic bromide in 42—57% yields
(Scheme 6).” Further elaboration of the products via RCM
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reaction and oxidation afforded biologically active 1,3-dihydro-
[2,1]benzoxaphosphole 1-oxide derivatives 11 in moderate to
good yields.

Scheme 6
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2-(2’,3’-Allenyl)acetylacetates. For allenes bearing an
acetylacetate functionality, two types of cyclization patterns are
possible, that is, C-attack versus O-attack.” Interestingly, in the
Pd-catalyzed coupling-cyclization reactions of 2-(2’,3'-allenyl)-
acetylacetates 12 with allylic halides, only O-attack exo-
cyclization products 4,5-dihydrofuran derivatives 13 were
obtained in 33—82% yields (Scheme 7).” High regioselectivity
and E/Z stereoselectivity were observed when nonsymmetric

allylic halides (R* # H) were employed.

Scheme 7
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1,2-Allenyl Ketones. Such regio- and stereoselectivity have
also been observed with 1,2-allenyl ketones 14, where addition of
1 equiv of K,COj as the base has been observed to be critical for
the coupling-cyclization reactions with allylic bromide, providing
endo-cyclization products 3-allyl polysubstituted furans 15 in
decent yields (Scheme 8).'° The furanyl palladium species Int17,
which was generated similarly via a cyclic oxypalladation of 1,2-
allenyl ketone 14, was proposed to react with allyl bromide to
give product 15 and regenerate Pd(II) species possibly via a
direct replacement of the bromine atom as indicated by the
stereoselectivity of the noncyclic C=C bond.
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Interestingly, however, it was noted that the reaction could
also be catalyzed by Pd(0) species (Scheme 9), which may
proceed via cyclic oxypalladation of 14a with Pd(II) species
Int18 followed by regioselective reductive elimination. This may
also nicely account for the regioselectivity of the nonsymmetric
allylic halides that has been observed in the cases of 2-(2',3'-
allenyl)acetylacetates 12.
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2,3- or 3,4-Allenols. 2,5-Dihydrofurans and §,6-dihydro-2H-
pyran units are commonly observed in natural products.’ Under
the catalysis of PACl,, the coupling-cyclization reactions of 2,3- or
3,4-allenols 16 with allylic bromides afforded polysubstituted 2,5-
dihydrofurans 17 or 5,6-dihydro-2H-pyrans 18 containing a
modifiable allylic group in practical yields (Scheme 10)."?
Primary, secondary, and tertiary alcohols with various sub-
stituents on the allene moiety are all compatible. However,
nonsubstituted 2,3-allenols furnished the desired products in
very low yields probably due to substantial dimerization, which
will be discussed in detail in section 1.3. The reactions most likely
proceed via Pd(II)-catalyzed cyclic oxypalladation, insertion, and
dehalopalladation.

2,3- or 3,4-Allenyl Amines. When the hydroxyl group of
2,3- or 3,4-allenols was replaced by a more nucleophilic amine
functionality, the resulting 2,3- or 3,4-allenyl amines 19 may react
with allylic bromide in a similar manner to give 2,5-dihydro-1H-
pyrroles 20 or 1,2,3,6-tetrahydropyridines 21 (eq 1, Scheme
11)."*> When an enantioenriched 2,3-allenyl amine (S)-19a or
(R)-19b was subjected to the standard conditions, optically
active 2,S-dihydropyrrole (S)-20aa or (R)-20ba was obtained
without obvious loss of enantiopurity, respectively (eq 2, Scheme
11), supporting that this reaction may also proceed via a Pd(II)-
catalyzed pathway.
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Scheme 10
4 3
R R pdc|2 (5 mol%) Re \:?57
R1 1
RS ij DMA, rt 7o R2 o
HO—, R pe_ i ph n-Bu, Br 17 (n=0) 18 (n
16 32-86% 34 87%
R'/R?/R® = H, alkyl, aryl Pl
R*R® = H, alkyl an
Br
R6
P 3
Pd(ll) R®
R4 rt )= R
RS o RS o/, R?
Int20 Int21
Scheme 11

5 equlv
PdCI2 (5 mol%)
TsHN DMA, rt R

TS Ts/
H Ph; R/R3/R* = H, alkyl 20 (n=0) 21 (n=1)
75-98% 14-97%

R1

3 1
R L A~Br_PdCl (5mol%)  Rs, @
4a DMA, rt 27 "N
R? 49 CHaNHTs (5 equiv) R®  Ts
20

(S)-19a: R" = n-Bu, R? = CH5, R® = H (87% ee)
(R)-19b: R" = CH; R? = H, R® = n-Bu (78% ee)

(S)-20aa (92%, 86% ee)
(R)-20ba (88%, 76% ee)

1.2. Cyclization Reactions of Allenes in the Presence of
Simple Alkenes

Although the coupling-cyclization reactions of allenes with allylic
halides have been extensively studied, the cyclization-Heck
reactions of functionalized allenes have rarely been exploited."*
We found that monoesters of 1,2-allenyl phosphonic acids 9
reacted with simple alkenes 22 to afford 4-1(E)-alkenyl-2-
ethoxy-2,5-dihydro[1,2]- oxaghosphole 2-oxides 23 via a Heck-
type reaction (Scheme 12)."> The in situ formed Pd(0) can be
reoxidized to the catalytically active Pd(II) species by using either
the combination of CaH, (cat.)/Nal (cat.)/O, or benzoquinone

(BQ).
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1.3. Cyclization Reactions of Allenes in the Presence of
Allenes

1.3.1. Double Cyclization Protocols. Homodimerization
of 2,3-Allenoic Acids. Previously, we have studied the Pd(0)/
Ag*-cocatalyzed coupling-cyclization reactions of 2,3-allenoic
acids 3 with aryl or alkenyl iodides for the synthesis of S-aryl or
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alkenyl substituted butenolides.'® However, f-alkyl substituted
butenolides were not accessible via this strategy as alkylpalladlum
species undergoes S-H elimination preferentially.> Thus, a
Pd(1I)-catalyzed approach involving oxypalladation forming
furanonyl palladium was proposed for the preparation of this
type of compounds from 2,3-allenoic acids 3 and alkyl iodides.

Quite unexpectedly, in the presence of PdCl, and an alkyl
iodide, homodimerization reactions of 2,3-allenoic acids 3 were
observed instead to afford dumbbell-type bibutenolides 24 in
moderate to excellent yields in open air, albeit as a mixture of
diastereoisomers (eq 1, Scheme 13)."7* Gratifyingly, excellent
diastereoselecltivity (d.r. > 20:1) was observed when enantio-
pure 2,3-allenoic acids were utilized with benzoquinone (BQ) as
the oxidant: optically active bisbutenolides 24 were obtained in
high yields w1th complete retention of enantiopurity (eq 2,
Scheme 13),'7° suggesting that the reaction was most likely
proceed via a double oxypalladation followed by a reductive
elimination."® Control experiments indicated that the alkyl
iodide may just release I", which would be oxidized to the real
oxidant I, with the aid of O, in air. In fact, the oxidant could be
replaced with two alternative oxidation systems: Kl/air or
benzoquinone."

Scheme 13
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Homodimerization of 2,3-Allenamides. Under the standard
conditions for the homodimerization reactions of 2,3-allenoic
acids, 2,3-allenamides 25 failed to give the corresponding
dimerization products. However, when 1 equiv of K,CO; was
added as the base in the presence of PdCl, and Nal, dimerization
products Z-bis(furanimine) derivatives 26 were obtained in 58—
88% yields (eq 3, Scheme 13)."" I, generated in situ from the
oxidation of Nal with the O, in air may act as the oxidant for the
regeneration of Pd(II) species. Interestingly, N-attack cyclization
products y-lactams were not observed.”

Cyclization of 2,3-Allencic Acids in the Presence of 1,2-
Allenyl Ketones. In the homodimerization reactions of 2,3-
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allenoic acids, an external oxidant was needed to achieve the
turnover efficiency of the Pd(II)-catalyst. However, in the
heterodimeric cyclization reactions of 2,3-allenoic acids 3 with
1,2-allenyl ketones 14, no external oxidant was required.”'
Starting from highly enantioenriched axially chiral 2,3-allenoic
acids, optically active polysubstituted 4-(3-furanyl)-2(SH)-
furanones 27 have been obtained without obvious loss of
enantiopurity (Scheme 14) 2™

Scheme 14
R3 (0)

R! R2 PdCl,(MeCN),

/:':< + I>7 5 —(5.mol%)

R

H 3 COOH d CHCN, 1t 4h g =0

97-99% ee 14 27 (67-87%)
R = alkyl, aryl; R? = H, alkyl; R® = alkyl 95% - >99% ee

The reaction is believed to proceed via a double cyclic
oxypalladation forming Intl9 that underwent subsequent
reductive elimination (Scheme 15). Isolation of the byproducts
28a—c from the reaction mixture indicated that Pd(0) species
may be converted back into catalytically active Pd(II) species as
follows: an initial bimolecular cyclometalation of allenyl ketones
14b with Pd(0) involving the two nonterminal C=C bonds
affords intermediate Int26, which would be protonated by the in
situ generated HCI to give Pd(II) species and diketone 28a,
which would isomerizes to its isomers 28b,c.

Cyclization of 2,3-Allenamides in the Presence of 1,2-
Allenyl Ketones. The heterodimeric cyclization reactions of 2,3-
allenamides with 1,2-allenyl ketones afforded 4-(furan-3-yl)-
furanimines 29 in practical yields in a similar way (Scheme 16).**
Benzoquinone was found to be the most effective oxidant in this
case.

1.3.2. Mono-Cyclization Protocols. Dimeric Cyclization
of 2,3-Allenols. In the homodimerization reactions of 2,3-
allenoic acids and 2,3-allenamide, both allenes underwent
cyclization to form the dumbbell-type products. However, in
the homodimerization of 2,3-allenols 16, a very different reaction
pattern was observed: one molecule of 2,3-allenol underwent
cyclization while the other one formed a 1,3-diene unit obviously
via f—OH elimination, leading to 4-(1,3-dien-2-yl)-2,5-dihy-
drofuran derivatives 30 in moderate to good yields with high
stereoselectivity (Scheme 17).* Control experiments indicated

Scheme 16
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3
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Scheme 17
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R PACl, (5 mol%) \ R
R2 Nal (0.5 equiv) R —( g2
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HI IPd
IPd R RI__V R1
R
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Pd R1 - R1 OH
= R2—{wH i
R Fal OH OH Pai "
Int28b R3 = Int28a
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that PdI,, which was formed in situ from mixing PdCl, with Nal,
may be the catalytically active species. Cyclic oxypalladation of
2,3-allenol followed by carbopalladation with another molecule
of 2,3-allenol would form 7-allyl palladium species Int28, which
underwent trans-f-OH elimination to afford the coupling
products 30. The IPd*[OH™] species was converted back into
Pdl, by its reaction with HI generated in the first step (Scheme
17). The high E/Z stereoselectivity observed in the cases of
secondary 2,3-allenols (R* = alkyl, R* = H) may be attributed to
the fact that the intermediate Int28a was more favored for its
thermodynamic stability than Int28b due to the intrinsic 6—7—c
rearrangement.

Scheme 15
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Me )
Me — HO
3a
+
Me”
Me
g O}—Me
28c 14b
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o
0 Me Me
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P No” =0
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Int25 27ab
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(e}
Me }—Me
(e}

PdL,
14b
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Int26
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Highly enantioenriched 2,5-dihydrofurans 30a could also be
prepared in good yields with a high E/Z stereoselectivity from
optically active 2,3-allenols (R)-16a (Scheme 18).

H
(E R)—30a 97% ee (Z,R) 30a 97% ee
95 : 5

Scheme 18

Bu-n PdCl, (5 mol%)
Igf _Nal (0.5 equiv)
CHs DM, 80°C, 4h
HO

86%
(R)-16a, 97% ee °

Furthermore, two different 2,3-allenols may undergo this type
of reactions with 2-substituted 2,3-allenols 16 being cyclized and
2-unsubstituted 2,3-allenols 31 forming the 1,3-diene unit in the
presence of PdI, and BF;-Et,0,”* indicating the unique effect of
the substituent at 2-position of 2,3-allenols on the reactivity
(Scheme 19).

Scheme 19
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;
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0
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>99% e RS H, alkyl, Ph; R* = H, alkyl >99% ee

R' = alkyl, Ph, CO,Me; R? = alky, aryl E only when R® = H,R* = H

Cyclization of 2,3-Allenoic Acids in the Presence of 2-
Unsubstituted 2,3-Allenols. In the heterodimerization reactions
of 2,3-allenoic acids in the presence of 2-unsubstituted 2,3-
allenols, 2,3-allenoic acid underwent cyclization to form the
butenolide skeletons whereas 2,3-allenol 31 was acting as the
precursor of a 1,3-diene unit (Scheme 20).>> When secondary

2,3-allenols were used, only (E)-32 was formed.

Scheme 20
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R? R! 0 R!
I><R4 PdCl; (5 mol%)
Ne—e( + — e —
R3 COOH HO RS DMA, 30 °C R2
3 31 RG 00

32 (52-82%)

R!/R3/R%= H, alkyl: R%/R?* = H, alkyl, aryl
IR% , alkyl; R%/ » alkyl, ary! E only when R* # H,R5 = H

When enantiopure 2,3-allenoic acid (R)-3b was subjected to
the standard conditions in the presence of 2,3-allenol 31a, the
coupling-cyclization product (R)-32ba was obtained with a
serious racemization (Scheme 21). Interestingly, when 0.8 equiv
of TFA (CF;CO,H) was added, complete axial-to-central
chirality transfer was achieved, indicating that the racemization-
inducing basic [OH™] species may be formed during the
reaction. Thus, we proposed that the reaction may proceed via
cyclic oxypalladation, carbopalladation, and f—OH elimination
to afford the products and XPd*[OH™] species, which was
converted to PdX, via protonation with H*.

Cyclization of 2,3-Allenoic Acids in the Presence of Simple
Allenes. In all these reactions discussed above, the Intl-type
cyclic alkenyl palladium species may undergo insertion with the
C=C bond of functionalized allenes; thus, we envisioned such a
cyclization in the presence of simple allenes. In fact, in the
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Scheme 21
Me
Me
Ph Me \
j:l:< + :-:><Me PdC|2 (5 mol%) Me
H CO,H HO DMA, 30°C
(R)-3b Me
31a PR Yo" N0
98%ee (R)-32ba
without TFA 58%, 36%ee
with TFA (0.8 equiv) 62%, 98%ee
XPd_
XPd  Me ve 2 me
Pd(ll) Z:X 32a _
Me OH,
pt O O NS O| v-patrAL-
HX 29 Ph o XPd*[OH]

presence of a nucleophile (LiBr) and an oxidant (BQ), the
Pd(II)-catalyzed cyclization reactions of 2,3-allenoic acids 3 with
nonfunctionalized simple alkyl or aryl-substituted allenes 33
afforded butenolides (Z)-34 bearing an allylic bromide unit in
moderate to good yields. Excellent ax1a1 to-central chirality
transfer was also observed (Scheme 22).%° The reaction proceeds
via cyclic oxypalladation, carbopalladation, and nucleophilic
allylic bromination. The exclusive Z stereoselectivity observed
may be explained by the fact that formation of 7-allyl palladium
species anti-Int31 with the R® group anti to the relatively bulky
furanone moiety was more favorable than that of syn-Int31.

Scheme 22
Pd(OAc), (2 mol%) R Br
3 c)p (2 mol% — 2
R! R? R* " LiBrH,0, BQ R
. . —
/ C HOAc, 60 °
H o, COOH 33 OAc, 60 °C g1+ NS0
98% ee R" = aryl; R? = alkyl; R® = aryl, alkyl (2)-34
44-88%, 97-98% ee
Pd(ll) .
+ 2 R3f’j1/ Br
Pd R 33 \_&RZ
S
R™ 0770 R™ Mo”0 Pd(0) 2= pd(il)
Int23 anti-Int31 HOAc

When this strategy was extended to the reactions of 2,3-
allenoic acids with 1,5-bisallenes 35, the desired 36-type bicyclic
products were not formed. Interestingly, we found that
unexpected tricyclic “sandwich-type” products cis-37 were
obtained in decent yields when the reactions were carried out
in the presence of S mol % of PdCL(PhCN), with 1,2-
bis(diphenylphosphino)ethane (dppe) as the hgand and
benzoquinone (BQ) as the oxidant (Scheme 23).2 Notably,
when the a-position of the lactone (R') is an allyl group, twelve-
membered rings 38 containing three (Z)-C=C bonds were
obtained in practical yields via RCM reactions.

A possible mechanism was proposed for this transformation
(Scheme 23). Cyclic oxypalladation followed by intermolecular
carbopalladation of one allene moiety in bisallene 35 would form
m-allyl palladium species Int32, which underwent intramolecular
carbopalladation to generate vinyl palladium species Int33. Int33
would trigger a cyclic oxypalladation of another molecule of 2,3-
allenoic acid, which was followed by a reductive elimination to
furnish the final tricyclic product 37.

1.3.3. Intramolecular Reactions. 1,w-Bisallenols. When
two 2,3-allenol units were combined into a molecule, intra-
molecular cyclization reactions of the resulting 1,w-bisallenols 39
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Scheme 23
+ X\_ """"
3 COOH —
R* 3 35
R'/R®=H, alkyl | PdCI(PhCN), (5 mol%)
R2 = alkyl dppe (5 mol%) Not formed

BQ (1.25 equiv
X =NTs, O, CH, MeC(:N A )

0
cis-37 (52-81%)

o)
R'=allylic |Grubbs II
R2=R3=Me| DCM

cis-38
X = TsN, 83% (cis-38a)
X = CHy, 67% (cis-38b)

afforded 2,5-dihydrofuran-fused bicyclic skeletons 40 in $1—81%
yield under Pd catalysis (Scheme 24).>

Scheme 24
R._OH R
ﬁ; X'n 7 ~H
o PdClI, (5 mol%)
DMF, 25-80 °C —
R = aryl, alkyl R
R™ "OH X =CH,, NTs, O, SO,
39 n=1,2 40 (51-81%)

When “unsymmetric” 1,6-bisallenol 41a was used, a mixture of
bicyclic products 42b and 42c¢ were obtained. Gratifyingly, when
one of the hydroxyl groups was protected as an ester group as
reported by Alcaide et al,”® the reaction afforded 42b or 42c
exclusively in 77% and 94% yield, respectively (Scheme 25).

Scheme 25§
1
p-ClCeHa~ LG CeHCl-p n-Bu
PdCl, (5 mol%) “H “>H
Nal (0.5 equiv) .
DMF, 80 °C — —
) n-Bu o) p-CICgHy4 o
B, LG 42b 42¢
LG" = LG? = OH (41a) 32% 50%
LG' = OAc, LG? = OH (41b) 7% -
LG" = OH, LG? = OAc (41c) - 94%

Using this strategy, optically active substrates (S)-41d and (S)-
41e were converted into the corresponding bicyclic products 42
without racemization (Scheme 26).

A rationale was proposed for this reaction (Scheme 27). Cyclic
oxypalladation of the 2,3-allenol moiety with Pd(II) would form
intermediate Int34, which underwent intramolecular carbopalla-
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Scheme 26
n-Bu OAc n-Bu
PdCI, (5 mol%) ~H
( Nal (0.5 equiv)
B — e
N DMF, 80 °C
Et” “OH Et™ o

(S)-41d, n = 2, 99% ee? (S)-42d (80%, 99% ee)
(S)-41e, n =1, 99% ee? (S)-42e (76%, 99% ee)
@ Referred to the 2,3-allenol part.

dation with the remaining allene moiety to afford s-allyl
palladium intermediate Int3S. Subsequent pf-hydroxide or
acetate elimination gave the bicyclic product highly stereo-
selectively.

Scheme 27
RZ: ;OY
X
HOY E':
PdX, ;
R SOH
39 or 41
HX 2
(1x] R oy
XPd*[OY] X
R2 ( PdX
7 "H 1
X R2 R (0}
oy Int34
- X PdX
1 \
R0
40 or 42 = Y=HorAc
;
R™™0
Int35

1.4. Cyclization Reactions of Allenes in the Presence of
Electron-Deficient Alkynes

Electron-deficient alkynes could also be used as the coupling
partner in the cyclization reactions of functionalized allenes. For
example, the Pd(OAc),-catalyzed cyclization reactions of 2,3-
allenoic acids with a@,f-unsaturated alkynones 43 yielded the
coupling-cyclization product 44 as a mixture of Z/E isomers in
moderate yields in the presence of BF;-Et,O, which acted as a
Lewis acid to improve the reactivity of @,f-unsaturated alkynones
43. Gratifyingly, heating the reaction mixture in DMSO at 90 °C
for 7 h allowed for exclusive isomerization of the Z isomers to E
isomers (Scheme 28).%°

Interestingly, when methyl propiolate 46 was utilized instead
of a,f-unsaturated alkynones 43, the 1:2 adducts 48 with the
C=C bonds migrated via double [1,7]-H shift were obtained as
the major products in 44—60% yields together with a minor
amount of 1:1 adducts 47 (Scheme 29),>" indicating that further
carbopalladation of intermediate Int38 with the second molecule
of methyl propiolate proceeded much faster than its protonolysis.
The double [1,7]-H shift from Int40 to final product 48 was
supported by deuterium experiments. The sharp difference
between methyl propiolate and @,f-unsaturated alkynones in
these reactions may be attributed to stronger electron-with-
drawing ability of the ketonic carbonyl group than the ester
group, which makes intermediate Int36/Int37 prone to
protonolysis while Int38 is stable enough to undergo an
insertion with second molecule of propiolate 46. An excess
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Scheme 28
1) Pd(OAc), (5 mol%) R3
R R o  BFzEt0 (1.0 equiv) __ R2
.= ClsCMe, 30-35 °C _
H H R3 2) evaporation 1
3 C02 43 7 3)pMs0,90°C, 7h R'™Ng7=0
0,
R'/R® = aryl, alkyl; R? = alkyl 4;?2 gg /ﬁ’)
DMSO
90 °C
+ )= R2 H+ _ R2
Pd __
R N9 0 R 0”0
Int36 Int37 44
mixture of
E/Z isomers

amount of BF;-Et,O was added in this case to release Sc(OTf),
from the products as it has been reported that the Lewis acid
coordinates preferentially with the methyl acrylate derivative
products.**

Scheme 29
RZ
R E (46)
Pd(OAc 2 (5 Mol%)
H COOH SC(OTf); (30 mol%) g
3 BF3°Et,0 (4 equiv)
R' = aryl, alkyl CCI3Me 35°C 48 (44 -60%)
R? = alkyl E = COOMe 47/48 =1/9-1/16
HX,
Pd(ll)
AEA=a e neel
Int38 Int39
H E
[1.7-H Vet [1,7-H
48 <shift X\ shift
1
RNy 0
Int41

2. CYCLIZATION REACTIONS OF ALLENES IN THE
PRESENCE OF PROPARGYLIC CARBONATES

2.1. Intermolecular Reactions

Palladium-catalyzed reactions of propargylic carbonates have
become a powerful tool for constructing carbon—carbon and
carbon-heteroatom bonds since Tsuji’s pioneering work in
1985.% In the facile irreversible oxidative addition of propargylic
carbonate with Pd(0), a molecule of CO, is released with
concomitant formation of an allenylpalladium species Int6
(Scheme 30), which may participate in a wide range of
transformations to provide allene-containing products in a
quite efficient manner.**

2,3-Allenoic Acids. In 2006, we developed a Pd(0)-catalyzed
“allene-to-allene” approach for the synthesis of p-allenyl
butenolides 49 from 2,3-allenoic acids and propargylic
carbonates (Scheme 31). 3 The allenylpalladium species Int6
may react with 2,3-allenoic acids via either insertion followed by
nucleophilic substitution or nucleopalladation followed by
reductive elimination to give the vinylallene product 49, which
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Scheme 30
Pd(0
R’ Pd(0) (() R? R! R
RI— R3 R! = R3 | —
2 OCO,Me (OCOzMe ) Pd R3
COZ OMe
Int6

can be further converted into various more complicated
polycyclic com}pounds via pericyclic reactions such as Diels—
Alder reaction,™ [1,1]-H shift, and 67- or 87-electrocylization.*®

Scheme 31
2 1 5 Pd(OAc), (5 mol%) R4 RS

R R  RE— Ré (2-furyl)sP (10 mol%) R
R3 3 COOH 2 0OCO,Me DMSO,35°C RS R2

(0]
RU/R3=H,alkyl ~ RYR®=alkyl r? O

0,
R2=aryl, alkyl ~ R®=H,n-Bu, Ph 49 (54-93%)

4,5-Allenoic Acids. When 4,5-allenoic acids 50 were utilized
instead of 2,3-allenoic acids, exo-cyclization was observed,
providing 5-(1,3,4-alkatrien- 2—yl) 4,5-dihydro-2(3H)-furanones
51 in good yields (Scheme 32).% Rigorous Z/E stereocontrol of
the nonallenyl C=C bond was achieved by employing the
sterically hindered monophosphine ligand Gorlos-Phos‘HBF,,
recently developed in our group.*® Control experiment revealed
that the Bronsted acid HBF,, which was utilized to stabilize the
phosphine ligand, has no influence on the reaction outcome.

Scheme 32
R3
R3
]
RN N,C00H by (dba)sCHCI (2.5 mol%) H 2
50 Gorlos-Phos*HBF4 (10 mol%)
+ RS KzCO; (2 equiv), DMSO _
RZ— R3 + o
2 0CO,Me PHCy,

O'Pr 0o
- 51 (80-86%)
ZIE > 95/5

R'/R3 = alkyl; R? = aryl

BF,
Gorlos-Phos'HBF,

2,3-Allenamides. The Pd(0)-catalyzed cyclization reactions
of 2,3-allenamides with propargylic carbonates afforded O-attack
cyclization products f-allenyl furanimines 52 in 42—93% yields
(Scheme 33).* Again, N-attack®® cyclization products were not
observed.

Scheme 33
2 s PA(OAC), (5 mol%) gs R*
Me R R RR6 (furyhsP (10mol%) ™\, /" oo
1 o 0Cco,Me Ko2COs (1 equiv) e -
R RonN 2 2V pmso, 38-50°C X R!
=N
25  R'=Me, Et; R2 = H, Me; R® = Bn, n-Bu, t-Bu Me” O

R3

R* = H, n-Bu, Ph; R® = alkyl; R® = alkyl, Ph (2)-52 (42-93%)

(2,3-Butadienyl)malonate or Bis(phenylsulfonyl)-
methane. The reactions of (2,3-butadienyl)malonate or
bis(phenylsulfonyl)methane 53 with propargylic carbonates
yielded exo-cyclization products tetrasubstituted allenes with a
cyclopropylvinyl substitutent 54 in 73—96% yield, possibly via
the z-allyl palladium intermediate syn-Int42 (Scheme 34),*
probably due to the unfavorable steric compulsion between Pd
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and the relatively bulky nucleophilic moiety in the anti
configuration. The in situ generated methoxy anion was acting
as the base to deprotonate the activated methylene group in 53,
thus, no external base was required. The vinylallene products can
be efficiently converted to polysubstituted cyclopentenone
derivatives 55 via Pauson-Khand reaction under mild conditions.

Scheme 34

R r2 Pd(PPhy), R R®

- 5 mol%)
E+ R3T€R2 (
— 2 0OCOMe

— 7
TBAI (10 mol%) R°
53 & CH4CN, 80 °C

R'=H, Bn, Et; E = CO,Me, SO,Ph E

E

2 — . R3 =

R2 = alkyl; R® = H, alkyl, CO,Me 54 (73.96%)
s E o)

R? R R?
/ E
R
R
Pd

— E
syn-Int42

R1

[Rh(CO),Cl},
(2.5 mol%)
1 atm CO
DCE, rt

RZ
R® R’
55 (69-89%)

2-(2’,3’-Allenyl)acetylacetates. Interestingly, the reactions
of 2-(2',3'-allenyl)acetylacetates 12 with propargylic carbonates
afforded five-membered 1,3,4-alkatrien-2-yldihydrofurans 56
rather than cyclopropane derivatives, albeit also via exo-
cyclization (Scheme 35),*' which may be explained by the
formation of the enolate intermediate syn-Int44 due to the
presence of a neighboring acyl group.

Scheme 35

R3 - Pd(PPhs); RS

COR' , Ré—— RS (5 mol%)
TBAI (10 mol%) RS
R2 2 OCOMe “ryip ofiux
12

o R' = Me, Et; R? = Me, i-Pr; R® = H, Bn 56 (65-96%) 4
" s COR
R* = H, Ph, alkyl, CO,Me; R® = alkyl
5 4 1
R R COR RS R* CO,R!
RS R? N \
M\ RO Ry
PdOMe MeOH Pd
syn-Int43 syn-Int44

2,3-Allenyl Amines. In the previously discussed Pd(0)-
catalyzed cyclization reactions of functionalized allenes with
propargylic carbonates, the CO, generated in situ via oxidative
addition of propargylic carbonate with Pd(0) was uselessly
released. Based on previous studles in this area,”” we developed
an atom-economic CO,-recycling® reaction for the synthesis of
medicinally active oxazolidin-2-one skeletons $8 from 2,3-allenyl
amines and propargylic carbonates (Scheme 36).>”** Control
experiments confirmed that the —COO— unit in the oxazolidin-
2-one 58 came from propargylic carbonate rather than carbonate
salt such as K,CO;. When 4-monosubstituted 2,3-allenyl amines
were employed, (Z)-58 were formed exclusively by utilizing
Gorlos-Phos*HBF, as the ligand. Efficient axial-to-central
chirality transfer was also achieved, suggesting that the reaction
was more likely proceed via a cyclic oxypalladation followed by
reductive elimination mechanism.'® Due to the unfavorable
steric repulsion between R' and the to-be-coordinated palladium
species in Int47, Z isomers of 58 were obtained via the
intermediacy of Int46.

1,5-Bisallenes.*® When the nucleophilic functionality of the
aforementioned allene moiety was replaced by another simple
allene unit, the resulting 1,5-bisallenes 35 reacted with
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Scheme 36
Pdy(dba)yCHCl; g3
(2.5 mol%)
H H R® Gorlos-Phos*HBF, H
10 mol%
+ Rz—e ( ) _
R' CH NHBn 2 0OCOMe KeCO:(2equiv)
57 ¢ 2 DMSO
97-98% ee Pd(0)

_H s _ 4
base % 7;0 (2)-58 (66-84%)
R N 94-96% ee
* @ ‘Bn
,,Pd
% OMe Int47
l:':< Bn Int6
R' N, ﬂ
Intd5  COO~ Pd(0)
| H_ aH
e N e~
o | @-
(7)// Bn | R? R
Int46 3
PdL,, R
favored OMe

R' = H, alkyl; R? = Ph, Me, n-Bu; R® = alkyl

propargylic carbonates in the presence of organoboronic acids
to afford cis-fused bicyclo[4.3.0]nonenes 60 in reasonable yields
in a single ogeration with high regio- and stereoselectivity
(Scheme 37).% A plausible mechanism was proposed for this
reaction. The allenylpalladium species Int6 first underwent
intermolecular carbopalladation with one allene moiety of 1,5-
bisallene to form the 7-allyl palladium species Int48. Subsequent
double intramolecular carbopalladation followed by isomer-
ization would generate the intermediate Int51, which then gave
the final product 60 via a Suzuki coupling reaction.

Scheme 37
R*B(OHY), (59)
R! ——— Pd(dba); (5 mol%)
S 2 _(2-furyl)sP (10 mol%)
" T%CR:O M; X\—I N32C03 (2 equiv)
2 2 25 90 °C, (CH,Cl),
Pd(0) R' = Ph, alkyl; R2 = H, alkyl
R® = aryl, alkyl; R* = aryl Pd(O)\I 5
3 ,  X=NTs, G(COzBn),, C(SOzPh),
R R
H

2.2. Intramolecular Reaction

Previous studies have been focused on the intermolecular
reactions of allenes with propargylic carbonate, we recently
developed a Pd(0)-catalyzed intramolecular cyclization reactions
of the allene-propargylic carbonates 61 in the presence of
geminal bisnucleophiles 62, furnishing synthetically versatile
bicyclo[4.3.0] skeletons 64 in up to 85% yield with a high E/Z
stereoselectivity (>94/6) in a single operation (Scheme 38). ¥
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Control experiments revealed that 63-type monocyclization
products were first formed in this transformation, possibly via an
oxidative addition, intramolecular carbopalladation and regiose-
lective intermolecular nucleophilic allylation sequence. The
monocyclization products 63 then underwent further cyclization
and C=C bond migration to furnish the final bicyclic products
64 with the aid of K;PO, and the in situ generated MeOH.

Scheme 38
RS | RY. E'
/T R <E Pd(PPha), (5 mol%) E2
— R? E2 K3POy4 (3 equiv)
3 0OCO-M DMSO or DMF R3 R2
R™ e 2V€ 62 “700r90°C R’
99% ee R' = alkyl; R%/R® = H, alkyl 64 (51-85%,99% ee)
R* = H, c-CgHyy, Ph EIZ>94/6
pa)  X=NTs, O, C(COEN, KsPO,
E' E?=CO,Me, CO,Et M B H
- CO,'Bu, COMe, CN ©
£
X 2
R3 R
3 R?

When enantioenriched axially chiral allene-propargylic carbo-
nates (R)-61 was subjected to the standard reaction conditions,
the corresponding bicyclic products was obtained with serious
racemization, which is not surprising as racemization of the
Int53-type 7-allyl palladium species via a 6—z—0 process has
been observed in previous studies.'® Fortunately, we found that
when the reaction was carried out in a one-pot two-step manner
with the first step being conducted at room temperature, efficient
axial-to-central chirality transfer was achieved, affording optically
active bicyclic products in practical yields with only a slight
decrease of enantiopurity (Scheme 39). The coordination of Pd
with the allene moiety in Int53 may be critical for its 7'-nature at
room temperature explaining such a high efliciency of chirality
transfer.

Scheme 39
H Bu-n
S 1) PA(PPhy), (5 mol%) :
X Bu-n . <C02R MBSO 25 e 3t b s COR
= CO,R 2) K3PO4 (3 equiv) \ CO,R

(R}61 OCOMe ~oo '50-90°C, 10h

99:1er X =NTs, O; R =Me, Et (S)-64 (67-78%)
94:6-97.5:2.5 er

B CONCLUSIONS AND PERSPECTIVES

In this Account, we summarized our recent studies on Pd-
catalyzed cyclization reactions of allenes in the presence of
unsaturated carbon—carbon bond-containing compounds such
as alkenyl halides, alkenes, allenes, electron-deficient alkynes, or
propargylic carbonates, which have enabled expeditious synthesis
of a wide range of synthetically versatile monocyclic, dumbbell-
type bicyclic, and fused polycyclic compounds. Efficient axial-to-
central chirality transfer has been accomplished in certain types
of reactions and application of this strategy to other cases may be
possible, thanks to the remarkable progress made in the area of
enantioselective synthesis of axially chiral allenes in recent
years.** On the other hand, developing asymmetric versions of
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these reactions should also be a promising area of future
endeavors given the vast potentials of transition metals and
various types of chiral ligands.

Further efforts to expand these reactions to other types of
functionalized allenes, such as allenyl thiols and allenyl
hydroxylamines, or different combinations of reaction partners
bearing different steric and electronic nature will allow for more
accesses to some privileged skeletons that are otherwise difficult
to prepare. It will also be highly desirable to investigate the
possibility of constructing medium or macrocycles by extending
the length of the carbon chain between allene moiety and the
nucleophilic functionality. Finally, more attention will be paid to
the applications of these methodologies in target synthesis in the
coming years.
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