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A cationic palladium(ll)-catalyzed enantioselective tandem [3 + 2] annulation of 2-acylarylboronic acids with substituted alkynes to yield
optically active 1-indenols was developed in high yields and excellent enantioselectivities.

The tandem annulation reaction catalyzed by transition metalsversatile possibilities for the carberarbon bond formatioh.

is one of the most challenging processes of constructing Recently our group has developed a series of addition

carbo- and heterocyclic compound§he indenol moiety is reactions of arylboronic acids to carbeheteroatom multiple

an important structure unit in various biological active and bonds catalyzed by Pd(ll) speci&s.In all of these systems,

pharmaceutical compounds. Pd(ll) species were used without the use of any redox system
Despite various developments of the catalytic synthesis which is indispensable in many Pd(0)-catalyzed reactions.

of these compounds} only one example on the enantiose- Compared to the neutral Pd(ll) catalysts, cationic Pd(ll)

lective formation of 1-indenol using [RhCI(H,),]./diene

ligands as catalyst with 81% ee has been repdfted. (3) For Pd catalysis: (a) Vicente, J.; Abad, J. A.; Lopez-Pelaez, B.;

Among many transrtlon metals used |n Organlc SyntheS|S MartineZ-Viviente, EOrganometaIIICSZOOZ,Zl, 58 and references therein.
. . . . - ' (b) Quan, L. G.; Lamrani, M.; Yamamoto, YJ. Am. Chem. SoQ000,
palladium is particularly useful as it provides the most 1254827 and references therein. (c) Tsukamoto, H.; Ueno, T.: Kondo, Y.

Org. Lett.2007,9, 3033. For Ni catalysis: Rayabarapu, D. K.; Yang, C.-

T Chinese Academy of Science. H.; Cheng, C.-HJ. Org. Chem2003,68, 6726. For Co catalysis: Chang,

*Rutgers, The State University of New Jersey. K.-J.; Rayabarapu, D. K.; Cheng, C.-Bl. Org. Chem2004,69, 4781.

(1) For recent reviews on metal-catalyzed carbocyclization, see: (a) (4) For Rh catalysis: (a) Matsuda, T.; Makino, M.; Murakami,&hem.
Grigg, R.; Sridharan, V. IlComprehensive Organometallic Chemistry 1l;  Lett. 2005, 34, 1416. (b) Shintani, R.; Okamoto, K.; Hayashi,Jhem.

Abel, E. W., Stone, F. G. A, Wilkinson, G., Eds.; Pergamon: Oxford, 1995; Lett.2005,34, 1294. (c) Miura, T.; Murakami, MChem. Commur2007,

Vol. 12, p 299. (b) Ojma, |.; Tzamarioudaki, M.; Li, Z.; Donovan, R. J.  217.

Chem. Rev1996,96, 635. (c) Frihauf, H. WChem. Re»1997,97, 523. (5) (@) Tsuji, J.Palladium Reagents and Catalysts: In@tons in

(d) Grigg, R.; Sridharan, VJ. Organomet. Chenml999,576, 65. Organic Synthesis; John Wiley: Chichester, U.K., 1995. (b) Soderberg, B.
(2) (@) Samula, K.; Cichy, BActa Pol. Pharm 1985, 42, 256. (b) C. In Comprehensive Organometallic Chemistry II; Abel, E. W., Stone, F.

Ishiguro, Y.; Okamoto, K.; Ojima, F.; Sonoda, €hem. Lett1993, 1139. G. A., Wilkinson, G., Eds.; Pergamon: Oxford, 1995; Vol. 12, p 241.
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species have the following advantages: (1) vacant coordina

tion sites for substrates or reagents, (2) stronger Lewis 1 pe 1. Optimization of Cationic Pd(Il)-Catalyzed

acidity, and (3) harder metal propeftj Our results in the
highly enantioselective formation of cycloalkanols led us to
investigate the intermolecular [ 2] tandem reaction of
2-acylarylboronic acids with alkynes. Herein we report the
synthesis of the optically active 1-indenol derivatives cata-
lyzed by cationic palladium species with high yield and
enantioselectivity.

On the basis of our recent report on the intramoleclar
enantioselective arylation of keton&scationic palladium
complex [Pd(dppp)(ED),](OTf), (4a,1*25 mol %) was first
used to examine the annulation reaction of 2-formylphenyl-
boronic acid (1a, 1.2 mmol) with methyl 2-butynoafa( 1
mmol) at 20°C. The targeted 1-inden@aawas obtained
in 85% yield after 12 h. Control experiments indicated that

no desired product was observed in the absence of the

palladium catalyst. [Pd(dppe)£B),](OTf)» (4b,112 3 mol %)
was found to be more effective than cdt, and3aa was
furnished in quantitative yield. While neutral catalyst Pd-
(OAc)./dppp (4c) gavelaa in 59% vyield, Pd(TFAYdppp
(4d)*® was completely inactive.

Then our attention was turned to the asymmetric version
of the reaction. Initially, the easily prepared cationic pal-
ladium complex [Pd®)-binap)(BO),](OTf), (4e ! 3 mol
%) was used as the catalyst;)¢3aawas obtained in high
yield (92%) with high ee (91%), (Table 1, entry 1). To further
simplify the operation for the ligand screening, we tried to
use the cationic palladium species preparesitu to replace
the prepared palladium complex. However, when Pd(BFA)
(R)-binap (4ffewas used, the reaction was totally inhibited
(Table 1, entry 2). This result prompted us to prepare Pd-
(OTf)-2H,0OMd and investigate its reactivity. To our delight,
when using Pd(OT$)2H,0/(R)-binap @g)t‘€as catalyst,€)-
3aawas obtained in 95% yield with 91% ee (Table 1, entry
3). After some optimization including the solvents and
ligands, Pd(OTf2H,0/(9-S1**' (4h)!19 in dioxane at
20 °C provided the best result{-3aa, quantitative yield,
98% ee; Table 1, entry 4).

(6) Pd(ll)-catalyzed 1,2-addition of aldehydes and ketones initiated by
acetoxypalladation of alkynes, see: (a) Zhao, L.; Lu,A\gew. Chem.,
Int. Ed.2002,41, 4343. (b) Lu, X.Top. Catal.2005,35, 73.

(7) Cationic Pd(ll)-catalyzed enantioselective addition of arylboronic
acids to ketones: (a) Liu, G.; Lu, X. Am. Chem. So2006,128, 16504.

(b) Song, J.; Shen, Q.; Xu, F.; Lu, Xrg. Lett.2007,9, 2947.

(8) Cationic Pd(ll)-catalyzed addition of arylboronic acids to nitriles:
(a) Zhao, B.; Lu, X Tetrahedron Lett2006,47, 6765. (b) Zhao, B.; Lu, X.
Org. Lett.2006,8, 5987.

(9) For reactions catalyzed by cationic palladium species, see: (a)
Nishikata, T.; Yamamoto, Y.; Miyaura, NAngew. Chem., Int. EQ003,
42, 2768. (b) Nishikata, T.; Yamamoto, Y.; Miyaura, @rganometallics
2004,23, 4317. (c) Yamamoto, Al. Organomet. Cheni995,500, 337.

(d) Sodeoka, M.; Hamashima, Bull. Chem. Soc. Jpr2005,78, 941. (e)
Gini, F.; Hessen, B.; Minnaard, A. @Qrg. Lett.2005,7, 5309.

(10) For a recent review, see: Mikami, K.; Hatano, M.; Akiyama, K.
Top. Organomet. Chen2005,14, 279 and references therein.

(11) (a) Stang, P. J.; Cao, D. H.; Poulter, G. T.; Arif, A. ®rgano-
metallics 1995, 14, 1110. (b) Fallis, S.; Anderson, G. K.; Rath, N. P.
Organometallicsl 991,10, 3180. (c) Fujii, A.; Hagiwara, E.; Sodeoka, M.
J. Am. Chem. S0d 999,121, 5450. (d) Murata, S.; Ido, Bull. Chem.
Soc. Jpnl1994,67, 1746. (e) Phua, P. H.; White, A. J. P.; de Vries, J. G;
Hii, K. K. Adv. Synth. Catal2006,348, 587. (f) Sun, Y.; Wan, X.; Guo,
M.; Wang, D.; Dong, X.; Pan, Y.; Zhang, Zetrahedron: Asymmet3004,

15, 2185. (g) Catalysth was preparedh situ from Pd(OTfp-2H,O and
(S)-S1 similar to4g.
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Asymmetric Annulation of 2-Acylarylboronic Acids with Methyl
2-Butynoaté

Me
B(OH), cat 4
+|| O CO,Me
_0 dloxane
CO Me 20°C
PPh, PPh, PPh2
PPh PPh
2 2 PPh2
R)-binap (S,S)-bdpp
cat. yield®/eec
entry (3 mol %) (%)/(%)
1 [PA((R)-binap)(H20)2l(OT)z 92/91
(4e)
2 PdA(TFA)2/(R)-binap -
(4f)
3 Pd(0OTN,-2H20/(R)-binap 95/91
(4g)
4 Pd(OT),-2H20/(S)-S1 >99/98
(4h)

a8 Reaction conditions:1a (0.3 mmol),2a (0.25 mmol), cat4 (3 mol
%), and dioxane at 20C. ® Isolated yield ¢ Determined by HPLC analysis
using a Chiralcel OD-H column.

However, the conditions were not applicable to other
alkynes. Whenla and 2b were mixed together in the
presence ofth at 20°C, no reaction occurred. Thus, reaction
temperature was raised to 30, and (+)-3abwas obtained
in 84% vyield with 86% ee (Table 2, entry 2). Finally,
substituted alkynes (1.0 mmol), 2-acylarylboronic acids (1.2
mmol), and Pd(OTH2H,0/(S)-S1 (4h3 mol %) mixed in
dioxane (2 mL) at 50°C for 12 h were selected as the
optimized conditions.

Under the optimized conditions, a variety of 2-acylaryl-
boronic acids and alkynes could be used to afford corre-
sponding 1l-indenols in excellent yields with high enanti-
oselectivities (Table 2, entries 2—6, 8, 9, and 14—18). The
ligand (S)-S1 was not applicable to the alky@g and
benzaldyde was obtained as the major product. After
screening, $9-bdpp was found to be the better ligand (Table
2, entry 7). The substituents on the 2-acylarylboronic acids
also affect the annulation reaction. The yields of the reaction
of 2-formyl-4,5-methylenedioxyphenylboronic acittjwith
corresponding alkynoate24—c ande) decreased sharply,
and most of the arylboronic acid was hydrolyzed to piperonal
under the above optimized conditions. On the basis of the
results in the nonasymmetric reaction, the expected products
were obtained in excellent yields and high enantioselectivities
when catd4ewas used instead @t (Table 2, entries 10
13).

Fortunately, excellent results could be also obtained when
the corresponding arylboronic ester was used instead of the
arylboronic acid under the optimal conditions (Scheme 1).
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Table 2. Cationic Pd(Il)-Catalyzed Enantioselective Tandem Scheme 2. Plausible Mechanism for the Intermolecular Tandem

[3 + 2] Annulation Reaction of Acylarylboronic Acids and Annulation Reaction of 2-Formylphenylboronic Acid with
Substituted Alkynes Substituted Akynes
R3 PA(OTH;2H,0 (3 mol %) R3 Pd(OTf),2H,0 + Chiral diphosphine lignad

1 1
R B(OH) I (S)-51 (3.3 mol %) R .
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R 4 R 1a
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Ph———CO,Me p-MeOC4H;———CO,Me MOM———MOM O
2d 2e 2 Me OMe
COMe ¥ 2a
. . e +PY
yield ee yield ee pac), ot d—pP
entry 1 2 3 (%® (%F entry 1 2 38 (%® (%) 5/ P @;p'; . Me
b
1¢ 1la 2a 3aa >99 98(+) 106 1c 2a 3ca >99 76(—) ¢ ~ 6(5\ 7 OTf
2 la 2b 3ab 84 86(+) 11# 1c 2b 3cb 99 83(—) B OMe

3 la 2¢ 3ac 88 89(+) 122 1c¢c 2¢ 3cc >99 84(-)
4 la 2d 3ad 58 90(+) 132 1c 2e 3ce 71 89(—)
5 la 2e 3ae 83 89(+) 14 1d 2a 3da >99 96(+)
6e 1la 2f 3af 95 57(—-) 15 1d 2b 3db >99 99(+)
77 1b 2a 3ba 83 99(+) 16 1d 2c¢ 3dc 65 91(+)

Then the carbon—carbon triple bond inserts into the

8 1b 2b 3bb 92 84(+) 17 1d 2d 3dd 75 90(+) carbon-palladium bond to furnish vinylpalladium intermedi-
9 1b 2¢c 3bec 94 87(+) 18 1d 2e 3de 55 87(+) ateC, which undergoes nucleophilic addition to the carbonyl
aReaction conditions:1 (1.2 mmol),2 (1 mmol), Pd(OTH-2H;0 (3 group at the ortho position resulting in the formation of a
mol %), and (S)-S1 (3.3 mol %) in dioxane at 50. ®Isolated yield.  fiye-membered carbocycle D with alkoxypalladium spe-

¢ Determined by HPLC analysis using a Chiralcel OD-H or OJ-H column. . ;53 I lvsi f
The sign of optical rotation is indicated in parenthesd@eaction temper- ciest** Finally, protonolysis occurs to form produgga

ature was 20C. ©(S,S)-bdpp as ligand1b (2.5 mmol) and2a (1 mmol) and regenerates the cationic palladium spetidhe vacant
were useds 4ewas used as catalyst. coordination site and high Lewis acidity of the palladium
center inC may activate the carbonyl group by coordination
and enable the addition reaction to occur ea$ilfthe
coordination with the palladium center plays a key role in
the enantiotopic discrimination of the aldehyde resulting in
the high ee values*

In conclusion, a cationic Pd(ll)-catalyzed enantioselective
tandem [3+ 2] annulation reaction of 2-acylarylboronic acids

It should be noted that the asymmetric annulation reaction
did not take place with 2-acetylphenylboronic acid under the

Scheme 1. Annulation Reaction of Arylboronic Ester with

2-Butynoate . . . . . .
with substituted alkynes to yield optically active 1-indenols
93§< Me PdOTRz2H:0 (3 mol %) Me was developed in high yields and enantioselectivities. Further
o By’ m (S1S1(3.3 mol %) <oCOZME studies on the mechanism and applications of this reaction
<Oj©§ doxanelie0 (100 are underway.
] CO,Me OH
o]
. . yield:91% . .
1.0 equiv 1:2 equiv ee:95% Acknowledgment. The Major State Basic Research
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A plausible mechanism for the asymmetric annulation is
shown in Scheme 2. First, Pd(OT9H,0 and the chiral Supporting Information Available: Experimental pro-

diphosphine ligand form cationic Pd(ll) catalydt The  ceqyres and characterization data of new compounds.
cationic nature of the transition-metal species makes theThis material is available free of charge via Internet at

transmetalation of the catalyst with substrateeasily to http://pubs.acs.org.
give intermediateA, in which the o-coordination of the

carbonyl group with the palladium center may stabilize the OL702503E
intermediate and make the transmetalation eddféfNext,

the s-coordination of carborcarbon triple bond or the gg ¥icente, 3, /\\(baﬁl, Jk AOrganr?me%llicsl%Z,11&:*315[11521605 "
H H ; amamoto, Y.; Nakamura, Top. Organomet. e , 14,
o-coordination of the oxygen in the alkynoates to the 51 ;0 references therein

palladium center will occur to form the intermedidie (14) Ramén, D. J.; Yus, MAngew. Chem., Int. E®R004,43, 284
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