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3(2H)-Furanones and oxazoles are common structures in a
range of important pharmaceuticals.! Diaryl ketones are also
frequently found in natural products and pharmaceuticals,”!
and they are good precursors for nonsteroidal antiestrogen
drugs, such as tamoxifen,” and diarylmethyl compounds, such
as histamine H, antagonists,*! antitubercular compounds,*"!
and inhibitors of tubulin polymerization.*! A variety of
carbo- and heterocycles can be synthesized by transition-
metal-catalyzed reactions of unsaturated systems.’! Among
the available coupling methods, three-component carbon-
ylation reactions, such as the carbonylative Suzuki reaction,
the carbonylative Sonogashira reaction, and the carbonylative
Heck reaction, create interesting building blocks.!*” The vinyl
and aryl palladium intermediates are formed by the oxidative
addition of a carbon-halogen bond to palladium(0). In this
context, we propose a CCC coupling reaction: a cyclization—
carbonylation—cyclization coupling reaction of propargylic
compounds should afford symmetrical ketones with two
heterocyclic groups (Scheme 1).[%!

In this transformation, the triple bond of the substrate
coordinates to palladium(I) and undergoes nucleophilic
attack by the intramolecular nucleophile X followed by CO
insertion to produce the acyl palladium intermediate A.
Coordination of the triple bond of the second molecule
induces the second cyclization. Reductive elimination then
leads to the formation of a ketone with two heterocyclic
groups. We needed to avoid methanolysis of A during the
second cyclization step and anticipated that the m electrophi-
licity of the acyl palladium intermediate A would play an
important role. We believed that the use of bisoxazoline (box)
ligands would solve this problem.

Recently, we reported a ligand-controlled tandem carbon-
ylative cyclization of propargyl acetates with 1,4-diyne!* and
1,5-diyne structures (Scheme 2).° Tn these systems, if the box
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Scheme 1. Our concept of a cyclization—carbonylation—cyclization cou-
pling reaction (CCC coupling reaction) of propargylic compounds.

ligand was absent, the second triple bond did not react. The
use of the box ligand caused a significant change in the course
of the reaction, and tandem carbonylative cyclization oc-
curred as a result of insertion of the second triple bond. We
believe that the box ligand enhances the & electrophilicity of
palladium(II)*¥) and thus promotes coordination of the
second triple bond in the second part of the tandem reaction.
Previously, we also reported that the palladium(II)-mediated
cyclization—carbonylation of propargyl acetates affords cyclic
orthoesters in the same type of reaction as that shown in
Equation (1) of Scheme 2. We believed the CCC coupling
reaction of propargyl acetates 1 (Scheme3) to be an
intermolecular version of the tandem reaction in Equation (2)
of Scheme?2. On the basis of our earlier results, we

Pd(tfa),
p-benzoquinone
CO, MeOH

[(box)Pd(tfa),]
p-benzoquinone
CO, MeOH

2)

— OMe —-

Scheme 2. Previous studies: ligand-controlled tandem carbonylative
cyclization of propargyl acetates. tfa =trifluoroacetate.
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Scheme 3. [(box)Pd(tfa),]-catalyzed CCC coupling reaction of propargyl
acetates 1 and amides 2.

hypothesized that the [(box)Pd"] complexes should strongly
activate the triple bond of the second molecule and thus
enable the CCC coupling reaction of 1. Consequently, we
report herein the [(box)Pd(tfa),]-catalyzed CCC coupling
reaction of propargyl acetates 1 and amides 2 (Scheme 3).
We previously reported the [(CH;CN)PdCl,]-catalyzed
cyclization—carbonylation of propargyl acetates 1 to form
monomeric esters 5 in 61-99 % yield.” In the present study,
we initially screened some box
ligands (Scheme 4) for the CCC

O%O L1:R=Ph  coupling reaction of la according
I |\) L2:R=iPr .

QrN N-/ L3:r=Bn to our hypothesis. As expected, the

R R L4:R=H  CCC coupling reaction occurred

smoothly in the presence of the box
ligands to afford 3a in 52-63 % yield
together with trace amounts of Sa
(Table 1, entries 1-4). In our previ-
ous studies,”* ¢! substituents at the C4 position of the box
ligands played an important role in promoting the attempted
reactions. In this case, however, all box ligands exhibited
similar activity. Among them, the simple box ligand L4 gave
the best result (Table 1, entry 4). Pure 3a was readily obtained
by recrystallization from methanol, and the structure of 3a
was determined by X-ray crystallographic analysis.'” In the
absence of a box ligand, the monomeric ester Sa was obtained
as the major product (Table 1, entry 5), in agreement with our
previous results with the catalyst [(CH;CN),PdCl,].”*1 The
use of [{(—)-sparteine}Pd(tfa),] and [(2,2"-bipyridine)PdCl,)]
led to no reaction. Internal acetylenes also gave no reaction.
Furthermore, CH,Cl, and N,N-dimethylformamide were not
suitable as solvents.

Having optimized the reaction conditions, we examined
the reaction of different substrates with the simple box ligand
L4. The cyclic substrates 1a—d and acyclic substrates 1e-g
were transformed in moderate to good yields (Table 1,
entries 4 and 6-11). The gem-dialkyl effect!!! plays a funda-
mental role in the success of the reaction: the CCC coupling
of simple propargyl acetate (1h) did not proceed (Table 1,
entry 12). Instead, the reaction afforded methyl (E)-4-ace-
toxy-3-methoxy-2-butenoate™” in 4 % yield through intermo-
lecular methoxycarbonylation.”

Scheme 4. Box ligands.
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Table 1: CCC coupling (cyclization—carbonylation—cyclization coupling)
reaction of propargylic acetates 1.
MeO
R 7 ligand (7.5 mol%) Me\&r/o MeQ
)( Pd(tfa), (5 mol%) 0o d N\
R O R + R O
O0—  p-benzoquinone (1.5 equiv) Ogr o /\Q"OMe
Me CO, MeOH, -10°C, 8-31h _enOMe RO Me
1 3 RO Me 5
Entry R Ligand Yield of 3 Yield of 5
1%] [9%]
18 L(CH,)s- (S)-Phbox 3a:56 5a:2
(L)
26 (CH,)s (S)-iPrbox 3a:52 5a:2
(L2)
3B (CH,)s- (R)-Bnbox 3a: 55 trace
(13)
4 -(CHps box (L4) 3a: 63 5a:3
56 (CH,)s- none 3a: 11 5a: 37
6  -(CH,).- box (L4)®! 3b: 62 trace
7 -(CHye box (L4)® 3c: 59 trace
8  -(CH,),-NBoc- box (L4)® 3d: 85 -
(CHy),
9 Bn box (L4) 3e: 85 -
10 Et box (L4) 3f: 65 trace
11 Me box (L4)®! 3g: 76 -
1200 H box (L4)®! -

[a] The reaction was carried out at 0°C for 24 h. [b] The isolated complex
[(L4)Pd(tfa),] (5 mol%) was employed as the catalyst. Bn=benzyl,
Boc = tert-butoxycarbonyl.

To demonstrate the value of compounds 3, we converted
the dimeric ketones into carbonyl difuranones 6 by a two-step
procedure (Table 2). Acid hydrolysis of 3 gave the corre-
sponding triketones, which were treated with a base to afford
6 in moderate to good yields through a Knoevenagel-Claisen-
type double condensation.

Table 2: Conversion of dimeric ketones 3 into carbonyl difuranones 6.

o O o o O o
1) 10% HCl,q R R | 2)NaHCO; R R
3 R 00 Rl——— r V[ LR
Q [e] M H @] o]
MeOH \< % o0 Me Me
6
Entry R t (step1) [h] ¢t (step2) [days] Yield of 6 [%)]
1 -(CH,)s- 0.5 3 6a: 83
2 -(CHY) 0.5 5 6b: 60
3 -(CHY¢- 0.5 3.5 6c: 81
4 Bn 72 1.58 6e: 61
5 Et 0.5 4 6f: 69
6 Me 0.5 5 6g: 62

[a] K,CO; was used instead of NaHCO;.

Previously, Bacchi et al. reported that the palladium(II)-
catalyzed cyclization—carbonylation of propargyl amide 2¢
afforded a mixture of the £ and Z isomers of the 5-
((methoxycarbonyl)methylene)oxazoline

7c¢ in 90 % yield (E/Z 83:7) together with Vi CO,Me
the dimeric ketone 4¢ in 8% yield.'*¥ O Ve

: ph—4&
Although the yield of 4c¢ could be N” "Me 7¢
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increased by carrying out the reaction at higher concentra-
tions ((E)-7c: 30%, (Z)-7¢: 7%, 4¢: 43%), only this one
example of a CCC coupling product was presented.

To investigate the generality of the CCC coupling
reaction, we attempted the [(box)Pd"]-catalyzed carbonyla-
tion of propargyl amides. As expected, the reaction pro-
ceeded smoothly in the presence of the (+ )-Phbox ligand L1
to afford the dimeric ketones 4 in good to excellent yields
(Table 3).> For benzamides 2a—c and 4-substituted benza-

Table 3: CCC coupling reaction of propargylic amides 2.

R2 4 (£)-Phbox (10 mol%) \O \;FR1
5 Pd(tfa), (5 mol%) N
§ HN—{O inone (2 equi o 0o
o Preee wo) o0 (]
2 RZ2=H
1
4 _ O\“/R
" o 2oRZ R?
R7’<\N EZ
R? = Me, -(CHp)s-
Entry R R? T[°C] t[h]  Yield of
4[%]
1 Ph H 0 12 4a: 90
2 Ph -(CHy)s- 0 3 4b: 97
3 Ph Me 0 2 4c: 99
4 4-MeOC¢H, H 0 6 4d: 90
5 4-MeOCH, (CH)s -10 1 4e: 92
6 4-MeOC¢H, Me -10 5 4f:99
7 4-MeC¢H, Me —-10 6 4g: 99
8 4-CIC,H, H 0 5 4h: 92
9 4-CICH, (CHy)s 0 5 4i: 89
10 4-CIC¢H, Me 0 5 4j: 95
1 4-BrC¢H, H 0 5 4k: 90
12 4-BrCeH, (CH,)s 0 5 41: 95
13 4-BrCgH, Me 0 3 4m: 96
14 3-furyl (CH,)s  —30—-20 24 4n: 89
15 3-furyl Me -20 24 40:93
16 2-furyl Me 0 3 4p: 84
17 2-indolyl Me —30—-20 24 4q: 95
18 3-indolyl -(CHy)s  —30—-20 24 4r: 92
19 CH,=CH -(CHy)s- 0 3 4s: 93
20 CH,=CH Me 0 3 4t: 85
21 cinnamoyl Me 0 3 4u: 99
22 Me Me —-30—-10 70 4v: 87
23 Et Me —-30—-10 70 4w: 79
24 cyclohexyl -(CH,)s- -20 12 4x: 82
25 Me H RT 24 -

mides 2d-g, the reaction proceeded well (Table 3, entries 1-
7). Br and CI substituents were tolerated on the benzoic acid
moiety under the reaction conditions, and products 4h-m
were obtained in good to excellent yields (Table 3, entries 8-
13). Furan and indole derivatives 2n-r also underwent
conversion in good yields (Table 3, entries 14-18). Substrates
2s-u containing alkenyl groups as the R substituent were also
found to be suitable (Table 3, entries 19-21), as were the alkyl
amides 2v-x (Table 3, entries 22-24). The substituent at the
propargylic position was found to be important for this type of
reaction: the reaction of a-unsubstituted alkyl amide 2y gave
a complex mixture (Table 3, entry 25).
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Steric hindrance in the acyl palladium intermediate also
seems to play an important role in the dimerization. The
reaction of internal acetylene 2z afforded the (Z)-5-
((methoxycarbonyl)methylene)oxazoline 7z in 52% yield
together with recovered starting material (39 %; Scheme 5).
The configuration of (Z)-7z was confirmed by NOE experi-
ments to be that shown in Scheme 5.

Ph MeO,C
Me)/ ()-Phbox (7.5 mol%) ) Ph
Pd(tfa), (5 mol%
Me o (tfa)z (5 mol%) 0 :)NOE
HN—( ) . Ph Me
p-benzoquinone (2 equiv)
2z P CO, MeOH, RT—40°C, 32h Me
Z 7z :52%

Scheme 5. Reaction of the internal acetylene 2z.

In conclusion, we have presented a cyclization—carbon-
ylation—cyclization coupling reaction (CCC coupling reac-
tion) of propargylic acetates and amides catalyzed by
[(box)Pd"] complexes. Symmetrical ketones containing two
heterocyclic groups were obtained in moderate to excellent
yields. We believe that the box ligand enhances the m elec-
trophilicity of palladium(II)®* and thus promotes coordina-
tion of the triple bond of a second molecule to the acyl
palladium intermediate A to enable the dimerization reaction
to take place. We are currently investigating other new
tandem reactions based on the cyclization—carbonylation—
cyclization strategy presented herein for the synthesis of other
types of ketones containing two heterocyclic groups.
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rical ketone in 18 % yield together with dimeric ketones 4v
(37%) and 3g (7%).
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