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ABSTRACT
R
Ar
’M J/\/X + AB(OH), Pd(0), base R )\Cﬁ
v toluene, t-60°C v
1 2 3

A Pd(0)-catalyzed 1,6-enyne cyclization —arylation cascade reaction was effected via  s-allylpalladium intermediate formation and subsequent
Suzuki coupling to give cyclic products with stereodefined exocyclic double bonds.

m-Allylpalladium chemistry is one of the most fruitful areas lowing enyne substratek can afford “metallo-ene”-type

of organometallic catalysisHowever, most reactions involve  productslli—V, the stereoselectivity of the reaction could
nucleophilic attack to a-allylpalladium intermediate by hard  not be controlled, and the ratio of the products varies with
or soft nucleophile$? The insertion of an alkyne to a different metals, ligands, and even the tethering Y atoms
m-allylpalladium species has been scarcely reported except(Scheme 152 It is generally accepted that the reaction
for a dimerization—allylation reaction of terminal alkynes,
a benzannulation reaction of alkynes and allyl tosylatas
several intramolecular reactions followed by carbonylation Scheme 1. Nickel(0)- and Palladium(0)-Catalyzed Allylation/

such as the “metallo-ene” procedure Oppolzer devel6ped. Carbonylation Reaction

Of all of these transformations, the cyclization of 1,6-

. . . _ Y
dienes has been studied more extensively than the corre Y. M°Ln CO, MeOH
sponding reaction of enyne substrateslthough the fol- (:F/ / —
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further transformations to regenerate the Pd catalyst. Em-best base, and several other bases such as CgFO¢ sind
ploying different trapping methods allowed the reaction to K,CO; were effective as well. Although the reaction was
be developed into useful processes such as a cyclizationfaster at 60°C (entry 13, Table 1), it also proceeded at a
carbonylation cascade (Schemé&¥€and a tandem cycliza- reasonable rate at room temperature to give a comparable
tion/anion capture reactich. yield (entry 14, Table 1). Therefore, we chose KF as the
Since organoboron reagents are nontoxic, air-stable, andoase, Pd(PR}y as the Pd(0) source, toluene as the solvent,
easily accessiblethe Suzuki coupling is one of the most and room temperature as the standard reaction conditions.
important ways to form a carbercarbon bond? It is Under the optimized reaction conditions, we then tested
worthwhile to explore the possibility of combining the the reaction with a range of the aryl boronic acids, and the
cyclization and Suzuki coupling reaction. Namely, if we trap results are summarized in Table 2. When aryl boronic acids
the vinyl palladium speciedl(in Scheme 1) with organobo-
ron reagent, we may develop the reaction into a highly
selective process. Herein, we report our preliminary results
in the study of the cyclization—Suzuki coupling reaction of

Table 2. Reaction of Aryl Boronic Acids with Enyné&a?

Bu Ar

1,6-enynes.

. . . . l | Cl Pd(0) x* R

To explore the proposed cylizatietsuzuki coupling f\/ + ArB{OH); — Bu

reaction, a readily available enyne substreaeand phenyl o 0
boronic acid2a were chosen to screen the reaction condi- 1a 2 3
tions. Under an argon atmosphere, a Schlenk reaction tube entry ArB(OH), temp. (°C)  time (h) {‘,‘/f)l,?
was charged witia (50 mg, 0.25 mmol)2a (61 mg, 0.5
mmol), K;CO; (69 mg, 0.5 mmol), Pd(PEh (14 mg, 0.0125 - _
mmol), and acetonitrile (5 mL), and after the mixture was ! @\ 25 4 kT
heated at 60C for 4 h with stirring, the desired product B(OH),

3aawas isolated in 62% vyield (entry 1, Table 1). Through

[\

\©\ 2¢ 25 8 3ac: 76
B(OH),

Meo\@\ 2d 25 §  3ad:74
Table 1. Optimization of the Reaction Conditiohs o B(OH),
Bu Ph 4 \©\ 2e 60 2 3ae: 87
B(OH),

Pd(0
|M J/\/C] + PhB(OH), # Bu)\b(k o
2f X
5 o 5 o\©\ 25 7 3af77
1a 2a 3aa B(OH),
CF3

entry base solvent temp (°C) time (h) yield (%)® 6 /@\ 2g 80 3 3ag: 60

1 KoCOs CH3CN 60 4 62 R B(OH),

2 K0 THF 60 2 61 a8 Reactions were performed wifta (50 mg, 0.25 mmol)2 (0.5 mmol)

3 K.COs DMF 80 2 30 Pd(PPB)s (14 mg, 0.0125 mmol), and KF (29 mg, 0.5 mmol) in toluene (5

4  KsCOs dioxane 80 2 35 mL). b Isolated yield.* KOH (28 mg, 0.5 mmol) was used as a base.

5 KoCOg3 toluene 60 4 73

6 KoCOg3 benzene 60 3 63

7  KyCOs¢ toluene 60 3 72 . . .

8  K,COsd toluene 60 3 61 with electron-donating groups on the aromatic ring were
9  K,COs toluene 60 4 73 employed, the reaction proceeded smoothly at room tem-
10 NayCOs toluene 60 18 34 perature in good yields. However, when aryl boronic acids
11  K3PO,3H;0 toluene 60 36 31 bearing electron-withdrawing groups were used, the reaction
12 Cs2C0s toluene 60 2 73 proceeded sluggishly at room temperature and was not
13 KF toluene 60 2 84 complete even after 24 h. Nevertheless, at elevated temper-
14 KF toluene 25 6 83 atures (60 and 86C), the reaction was finished within 3 h
15 CsF toluene 60 2 80

to give good yields (entries 4, 6, Table 2).
a All of the reactions were run witha (50 mg, 0.25 mmol)2a (61 mg,
0.5 mmol), Pd(PP§4 (14 mg, 0.0125 mmol), and base (0.5 mmol) in a

specified solvent (5 mLY? Isolated yield.¢ Pc(dbay-CHCl; (7 mg, 0.0063
mmol) and PP (7 mg, 0.025 mmol) were use@iPd(OAc) (3 mg, 0.0134
mmol) and PP§(14 mg, 0.053 mmol) were usetiH,O (45uL, 2.5 mmol)

was added.

(8) (a) Burns, B.; Grigg, R.; Sridharan, V.; Worakun, Tetrahedron
Lett. 1988,29, 4325. (b) Burns, B.; Grigg, R.; Ratananukul, P.; Sridharan,
V.; Stevenson, P.; Worakun, Tetrahedron Lett1988 29, 4329. (c) Grigg,

R.; Sridharan, V.J. Organomet. Cheml999, 576, 65. (d) Fretwell, P.;
Grigg, R.; Sansano, J. M.; Sridharan, V.; Sukirthalingam, S.; Wilson, D.;
Redpath, JTetrahedror2000,56, 7525. (e) Grigg, R.; Sukirthalingam, S.;
Sridharan, VTetrahedron Lett1991,32, 2545. (f) Griss, RJ. Heterocycl.
. . . Chem.1994,31, 631.
extensive screening, we found that the reaction proceeded  (g) Ulimann's Encyclopedia of Industrial Chemisfréth ed., Wiley-
in a variety of solvents. Of all the solvents tested, toluene vc(% )V(V?mshelmlé GAegnanyA, ZOIOEh 185,57, 1749, (b) Suzuki, A

. a) Suzuki, A.Pure Appl. Chem ,57, . uzuki, A.
was the b?St. Both Biba) CHC_:|3 and Pd(PP{), served Pure Appl. Chem1991,63, 419. (c) Miyaura, N.; Suzuki, AChem. Rev.
as convenient sources of palladium(0). KF proved to be the 1995,95, 2457. (d) Suzuki, AJ. Organomet. Chenl999,576, 147.
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A variety of enyne substrates were studied in the reaction, allyl halide or carbonate to Pd(0) first generates-allylpal-
and the results are summarized in Table 3. Under the abovedadium intermediated. Insertion of the alkyne to the Pd-
allyl bond of4 affords5. Then, trapping of the transient vinyl
palladium comple)s via transmetalation with aryl boronic
acids followed by reductive elimination gives the cyclized
products3 and regenerates the Pd(0) catalyst. A palladium
metallocycle4’ may also be formed under the reaction

Table 3. Various Enyne Substrates Coupled with
Phenylboronic Acid?a?

R
Pd(0) o conditions!®*and it could react further vig-X elimination'4
l fyx + PhB(OH), —— R/%\ to give 5.
v Y Another mechanism involving a carbopalladatiéhpath-
1 2a 3 way (Scheme 3) may also be responsible for the reaction.
1
t R Y X ield (%) !
oy yield (%) Scheme 3. Carbopalladation Pathway
1 la n-Bu (0] Cl 84
2 1b H 0 Cl 21¢ PdLnB(OH
3 1lc Me O al 90 P )\K
4 1d Ph 0 cl 77 fv
5 le Ph 0 0CO;Me 70
6 1f n-Bu NTs Cl 83
7 1g Me NBn Cl 38 Ar PdLnB(OH),
8 1h Me  C(COMe);, CI 88 AdeL”B(OH)Z N X
9 1i n-Bu Br 64 e
aReaction conditions: enyrie(0.25 mmol), boronic aci@a (0.5 mmol), ArB(OH); ©
Pd(PPB)4 (14 mg, 0.0125 mmol), and KF (29 mg, 0.5 mmol) in toluene (5 d (0) Ln
mL) at 60°C for 3 h.? Isolated yields® 1b was recovered. or
XPdLnB(OH)
%/ 2 R)\C(\
mentioned standard reaction conditions except at a reaction XB(OH) o 3

temperature of 60°C, all of the 1,6-enyne substrates
employed afforded the desired cyclic products.

The tethering atoms in the enyne substrates did not seemn this route, oxidative addition of aryl boronic acid to Pd-
to play a vital role in the reaction; good to excellent yields (0) generates an aryl palladium spec&sas was reported
(up to 90%) were obtained with most substrates except for by Uemura and othefS.Insertion of the triple bond to a
1g, which has an NBn group as the tethering group (entry pd-aryl bond then affords a new vinyl palladium intermedi-
7, Table 3). Enyne substrates with a terminal alkyne moiety ate 7. Subsequent insertion of the intramolecular carbon
also gave poor yields (entry 2, Table 3). carbon double bond into the-@d bond would generag&

The configuration of the exocyclic double bond is exclu- j-heteroatom eliminatidd of 8 would give the cyclized
sively in the (B-form, which was determined by NOE spectra products3. If this is the case, initiation of the reaction with
and comparison with the authentic sampland further  pd(il) may also give good results since the transmetalation
confirmed by the X-ray structure of the produsfa.'? reaction of aryl boronic acids with Pd(ll) is well docu-
Scheme 2 shows a plausible mechanism that accounts foimented'” However, when Pd(ll) catalysts such as PgClI
the stereochemistry of the reaction. Oxidative addition of pdCL(MeCN),, and Pd(OAc) were employed, the reaction

gave poor yields with recovered starting materials.

(11) Sample was made by Suzuki coupling reaction with 3-(1-chloro-
pentylidene)-4-vinyl tetrahydrofuran (ref 18) and phenyl boronic acid.

(12) See Supporting Information.

(13) (a) Trost, B. M.; Lautens, M.; Chan, C.; Jebaratnam, D. J.; Mueller,
T. J. Am. Chem. Sod 991,113, 636. (b) Trost, B. M.; Romero, D. L,;

Pd
Il ~ox J) Rise, F.J. Am. Chem. Sod.994,116, 4268. (c) Hatano, M.; Terada, M.
J/V Mikami, K. Angew. Chem., Int. E2001,40, 249.
Ln
Pd

Scheme 2. Plausible Mechanism of the Reaction

(14) (a) Ma, S.; Lu, XJ. Chem. Soc., Chem. Commu®90, 733. (b)
Ma, S.; Lu, X.J. Org. Chem1991,56, 5120. (c) Lu, X.; Zhu, G.; Wang,
Z. Synlett1998, 115. (d) Zhang, Z.; Lu, X.; Xu, Z.; Zhang, Q.; Han, X.
' Organometallics2001,20, 3724.
(15) For carbopalladation reaction of alkynes: (a) Arcadi, A.; Cacchi,
Y g
dAr

S.; Marinelli, F.Tetrahedrorl985 41, 5121. (b) Yoshikawa, E.; Yamamoto,
Y. Angew. Chem., Int. E®000,39, 173. (c) Zhang, Y.; Negishi, E.-J.

Ar
R A Am. Chem. S0d.989 111, 3454. (d) Trost, B. M.; Lee, D. . Am. Chem.
S0c.1988,110, 7255. (e) Zhou, C.; Emrich, D. E.; Larock, R.@g. Lett.
0 ArB(OH), 2003,5, 1579.
3 (16) (a) Cho, C. S.; Uemura, 3. Organomet. Chen1994,465, 85. (b)
Moreno-Mafias, M.; Pérez, M.; Pleixats, R.Org. Chem1996,61, 2346.
(c) Aramendia, M. A.; Lafont, F.; Moreno-Mafas, M.; Pleixats, R.; Roglans,

A. J. Org. Chem1999,64, 3592.
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Additional important proof supporting the proposedl-

lylpalladium pathway (Scheme 2) is that substiHté could Scheme 5
also undergo the same reaction to afford the cyclic product X Ar
3ja in good vyield (Scheme 4). However, whether the R P P
k Jy) ArB(OH), M %
| v v
Scheme 4 4 n

Ph ;
Pd(PPh3), l

H c X * PhB(OH); —————— "X =
j/\ KF, toluene
o° o (e} e

Ar Ar
74%
1j 3ja R/\H: de/\ RTN\__/~= R/\i_f§
Y Y

transmetalation occurs after or prior to the insertion of the , ) i .
C—C triple bond into &-Pd bond (Scheme 2 vs Scheme 5) ment of an asymmetric version of the reaction are ongoing
remains unclear and worthy of further investigation. in our laboratory.

In summary, we have developed a highly efficient,
versatile cascade reaction that utilizes Pd(0)-catalyzed 1,6-
enyne cyclization and Suzuki coupling reactions to give
cyclic products with stereodefined exocyclic double bonds.
Further elucidation of the reaction mechanism and develop-
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