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ABSTRACT
R2

Pd(PPh3)4 (5 mol %)
KaPOy (1.0 equiv)

z + RINH, + R? — Z N-R
Ag;PO, (0.7 equiv)
DMF, 90 *C \E/
R2
Z=TsN, PhN,
C(CO4R),

A three-component Pd(0)-catalyzed reaction of 1,5-bisallenes with organic halides in the presence of primary amines was observed to afford
stereodefined not readily available ten-membered cyclic compounds highly chemo- and regioselectively. A mechanism involving two sz-allylic
palladium intermediates was proposed to account for the observed regio- and stereoselectivity.

Most of the biologically active molecules are cyclic
compounds.' However, medium-sized heterocycles includ-
ing ten-membered compounds are difficult to prepare due
to entropic and enthalpic reasons.? Known methods
always require very special techniques, such as highly
diluted solutions.® Thus, new methodologies for the effi-
cient synthesis of this medium-sized heterocycle are highly
desirable.
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On the other hand, transition-metal-catalyzed reactions
of functionalized allenes have become one of the most
important tools for the synthesis of some biologically
important systems.* With the development of multicom-
ponent reactions (MCRs), which have become efficient
synthetic methods to create complex molecules,” novel
multicomponent reactions involving allenes as substrates
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to construct complex structures have attracted much
attention.®

Pd-catalyzed carbopalladation of allenes may afford the
m-allyllic palladium species which would react with a
nucleophile to form the allylation product.”®* Based on
this, we envisioned that the carbopalladation of 1,5-bisal-
lenes may afford two sr-allylic Pd intermediates, which may
be trapped by a NuH,-type of nucleophile sequentially to
give cyclic products.” Nontheless, there are three types of
intermediates and each one has four reaction sites which
may lead to six types of products A to F (Scheme 1). It
should be mentioned that most of the known reports on the
trapping of two sr-allyllic metal species by a NuH,-type of
nucleophile are prone to form 5- or 6-membered cyclic
compounds.'® Thus, in this reaction the control of regio-
and stereoselectivity would be a formidable challenge. Of
particular interest is the possible selective formation of the
ten-membered products A. Herein, we wish to disclose our
recent observation of the three-component cyclization for
the highly regioselective synthesis of ten-membered hetero-
cycles with two stereodefined C=C bonds.

Our initial work began with the cyclization of bis(2,3-
butadienyl)tosylamide la with phenyl iodide 2a in the
presence of benzylamine 3a as the NuH,-type of nucleo-
philes. When the reaction was carried out in N,N-dimethyl-
formamide (DMF) at 90 °C catalyzed by 5 mol %
Pd(PPhj), in the presence of 4.0 equiv of K,COs, surpris-
ingly, the ten-membered cycloalkene 4a was obtained in
35% yield exclusively (Table 1, entry 1)! The structure and
configuration of the C=C bond was unambiguously es-
tablished by its X-ray diffraction study (Figure 1)."" It is
worth noting that other B—F types of regio- and
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Scheme 1. Possible Reaction Pathways for Carbopalladation of
Allenes and Bisallenes
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stereoisomers were not observed, indicating that this reac-
tion is highly regio- and stercoselective. The solvent effect
was examined with Pd(PPhs), as the catalyst, and DMF
was found to be the best for the reaction (Table 1, entries
1-5). No better results were observed by using catalyst

Figure 1. ORTEP drawings of (a) 4a and (b) 4u.
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systems of Pd(dba),/phosphorus or a nitrogen containing
ligand (Table 1, entries 6—7). A Pd(dba),/N-heterocyclic
carbene (NHC) ligand catalyst system failed to catalyze the
reaction (Table 1, entry §). When the same reaction was
carried out with Ag;POy as the halide scavenger, the yield
of 4a was very similar (36%) (Table 1, entry 9). Then, the
reaction was tested with different bases, such as K,COs,
Cs,CO3, K3POy4, and Na3;PO4. Among them K5PO,4 was
shown to be the best with 4a being isolated in 43% yield
(Table 1, entries 13—16). Thus, Pd(PPhs), (5 mol %),
AgsPOy (0.7 equiv), and K3;PO,4 (1 equiv) in DMF at
90 °C were defined as the optimized reaction conditions
for further study. Based on the NMR analysis of the crude
reaction mixture formed under the optimized conditions
before separation, only one stereoisomer was formed.

Table 1. Optimization of the Reaction Conditions for the
Pd-Catalyzed Three-Component Cyclization of 1a with
BnNH, and PhI?

Ph
TsN + BnNH, + Phl &lyst_ TsN N—-Bn
base
solvent, 90 °C, ¢ —
Ph
1a 2a 3a 4a

base or yield la
entry catalyst additive  solvent/t (h) (%)° (%)
1 Pd(PPhj), K,CO3 DMF/10 35 0
2 Pd(PPhj), K;CO3 CH5CN%/16.5 28 30
3 Pd(PPhs)4 K,CO;  THF%10 n.d. 48
4 Pd(PPhs), K5CO3 toluene/17 n.d. 60
5 Pd(PPhs), K,CO;3 dioxane/22 n.d. 45
6 Pd(dba)y/L¢ KoCO3 DMF/10 n.d. 0
7 Pd(dba)s/PPh; K,CO;  DMF/10 17 0
8 Pd(dba)y/IPY  K,CO3  DMF/10 n.d. 0
9 Pd(PPhs), AgsPO, DMF/10 36 0
10  Pd(PPhg), Ag,COs# DMF/10 n.d. 25
11 Pd(PPh,), AgNO;* DMF/10 n.d. 0
12 Pd(PPhj), AgOAc®  DMF/10 n.d. 0
13 Pd(PPhj), K,COy DMF/10.5 28 0
14 Pd(PPhj), Cs;COs  DMF/10 n.d. 0
15 Pd(PPhy), K;PO4  DMF/10 45(43) 0
16  Pd(PPh,), Na,PO,/ DMF/10 32 0

“The reaction was carried out using 1a (0.1 M), BaNH, (1.0 equiv),
PhI (3.0 equiv), base (1.0 equiv), additive (0.7 equiv), palladium complex
(5 mol %), and ligand (10 mol %) at 90 °C. ® Determined by "H NMR
analysis with mesitylene as the internal standard. n.d. = not detected.
“1a recovered after the reaction. “ The reaction was conducted under
reflux. ¢ L = 2,2'-bipyridine.” 6 mol % IPr was added. IPr = 1,3-bis(2,6-
diisopropylphenyl)-1,3-dihydro-2 H-imidazol-2-ylidene. ¢ 1.0 equiv of
silver salt was added to the reaction mixture. 2.0 equiv of silver salt
was added to the reaction mixture. ‘0.7 equiv of Ag;PO, was added.
/Tsolated yield.

With the optimized conditions in hand, we turned to
examine the substrate scope of the reaction. We first
studied the cyclization reaction of bisallene la with
different amines under the optimized reaction conditions
(Table 2). The reaction is obviously influenced by the
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structures of amines: substituted benzylamine with an
electron-donating group at the phenyl moiety gave poorer
results than benzylamine (Table 2, entry 2). Aliphatic
amines gave better results. In addition, the following issues
should be noted: (1) The yields of these reactions range
from 35% to 62%:; (2) phenethylamine (Table 2, entry 6)
may also be used to afford the corresponding ten-mem-
bered rings with an excellent stercoselectivity.

Table 2. Pd(PPh;),-Catalyzed Coupling Cyclization of 1a with
Different Amines under Standard Conditions®

Pd(PPh3)s (5 mol %) —
K3POy4 (1.0 equiv

TsN b RINHp + phi—e(10edn) o N-R’
Ag3PO4 (0.7 equiv)
DMF, 90 °C, 10 h —

1a 2 3a
4
entry R'NH, yield of 4 (%)°
1 Bn (2a) 43 (4a)
2 p-MeOCgH,CH; (2b) 35 (4b)
3 n-C4Hg (2¢) 49 (4e)°
4 n-CgHys (2d) 62 (4d)
5 cyclopropyl (2e) 48 (4e)°
6 Cg¢H,CH,;CH;, (2f) 56 (4f)

“The reaction was conducted using 1a (0.1 M), R'NH, (1.0 equiv),
PhI (3.0 equiv), Pd(PPhs)4 (5 mol %), K3POy (1.0 equiv), and Ag;POy4
(0.7 equiv) in DMF at 90 °C. ”Yield of isolated product. “ Amine (2.0
equiv) was used.

The scope of this reaction of differently tethered 1,5-
bisallenes 1 with different phenyl iodides to give ten-
membered rings has also been demonstrated (Table 3).
The phenyl ring in the aryl iodide could be substituted by
4-Me, 3-Me (Table 3, entries 1—-2), 4-Cl (Table 3, entry 4),
p/m-Br (Table 3, entries 5—6), and the aryl group (Table 3,
entry 10). Polysubstituted phenyl iodides are also suitable
for this MCR process (Table 3, entry 3). Phenyl iodides
with electron-withdrawing and -donating substituents on
the phenyl ring are all good substrates (Table 3, entries
7-9). The reaction also proceeded smoothly with other
aliphatic amines (Table 3, entries 11 and 12). Moreover,
with differently tethered bisallene as the substrates, a ten-
membered ring was obtained in moderate yields (Table 3,
entries 13—15). The structure and configuration of the
C=C bonds of 4u were further confirmed by an X-ray
diffraction study (Figure 1).'? Finally, it is easy to conduct
the reaction to afford 4d in 62% yield in a gram scale
(Scheme 2).

The high regio- and stereoselectivity of this reaction
may be explained as follows: Carbopalladation of one
of the two allene groups in the substrate would favor
the formation of m-allylic Pd intermediate anti-7 due
to the steric interaction of the phenyl group R and the
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Table 3. Pd(PPh;),-Catalyzed Cyclization of 1 with Amines and
Organic Halides under Standard Conditions

Pd(PPhs), (5 mol %) —
KsPO, (1.0 equiv)

AgsPO, (0.7 equiv)

+ RINH, + R2Ar

~

DMF, 90 °C, ¢
2 3
yield of
entry y/ R'NHy/R?ArI t(h) 4%’
1 TsN (1a) n-CeH,s (2d)/4-Me (3b) 16 50 (4g)
2 TsN (1a)  n-CgHys (2d)/3-Me (3¢) 10 53 (4h)
3 TsN (1a) n-CgH;5(2d)/3,4-Mey (3d) 10 61 (4d)
4 TsN (1a)  n-CgHys (2d)/4-C1 (3e) 10 59 (4§)
5 TsN (1a)  n-CeH,s (2d)/4-Br (3f) 10 51 (4k)
6 TsN (1a) n-CgH;3 (2d)/3-Br (3g) 10 54 (4l
7 TsN (1a) n-CgH,s (2d)/4-F (3h) 10 61 (4m)
8 TsN (1a) n-CgHis(2d)/4-EtOOC (3i) 10 51 (4n)
9 TsN (1a)  n-CgH;s (2d)/4-MeO (3j) 10 44 (40)
10  TsN(la) n-CeHy3(2d)/4-CeHs(8k) 9.5 42 (4p)
11 TsN(la) n-C4Hg (2¢)/4-Br (3f) 10 54 (4q)°
12 TsN(la) Bn(2a)/4-Br (3f) 8 45 (4r)
13 PhN(1b) n-CgHy3(2d)/4-EtOOC (8i) 10 38 (4s)
14  X@1e¥  n-CgHys (2d)/H (3a) 10 33(4t)
15 X(1e? n-CgHjys (2d)/4-Br (3f) 10 40 (4u)

“The reaction was conducted at 90 °C in DMF with 1 (¢ = 0.1 M),
R'NH, (1.0 equiv), R?Arl (3.0 equiv), K5PO4 (1.0 equiv), and AgsPO, (0.7
equiv) in the presence of Pd(PPhs)4 (5 mol %) at indicated time. ? Yield of
isolated product. © Amine (2.0 equiv) was used. X = C(CO,Me)s.

substituent containing the other allene group in syn-7.
The regioselective intermolecular allylation of anti-7 would
lead to the formation of intermediate 8. Then carbopalladation
of the second allene moiety in the substrate would favor the
formation of zr-allylic Pd intermediate anti-9. The regioselec-
tive intramolecular allylic substitution of anti-9 would lead to
the formation of the ten-membered product 4 (Scheme 3).
In conclusion, we have developed a highly efficient
methodology for the synthesis of challenging ten-mem-
bered rings from 1,5-bisallenes, amines, and organic ha-
lides. As a result of the challenge often encountered in the
synthesis of ten-membered rings, this Pd(0)-catalyzed
three-component coupling cyclization reaction is highly
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Scheme 2. 1-g Scale Reaction of 1a
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Scheme 3. Rationale for the Selectivity Observed
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regio- and stereoselective, which involves two s-allylic Pd
intermediates and utilizes primary amines as dinucleo-
philes. Further studies in this area including the scope of
the bisallenes and other NuH,-types of nucleophiles are
being pursued in our laboratory.
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