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Abslract: Decalin derivatives 3 (up w 80% cc) and indolisidine &rivative 6 (up to 86% ee) have been synthesised 
by an asymmetric Heck reaction starting with prochiral aikenyl iodidcs I and 4, respectively. The inqmrtant role 
of silver salts in the asymmetric Heck reacdon is discussed. and ihe wnversion of6 w Gcotdceinc (24) is also 
described. 

In 1989, we reported the first example of an asymmetric Heck reaction.la and while the 

enantioselectivity was only 46% for the cyclization of alkenyl iodide 1, we later reported that 3 could be 

obtained in 92% ee when alkenyl triflate 2 was used as the substrate.2 Other groups have also reported the 
advantage of alkenyl triflates as substrates in the asymmetric Heck reaction. However, in some cases, an 
efficient synthesis of alkenyl triflates is quite difficult, especially when complex molecules are involved. 
One such example involves alkenyl triflate 5. which was desired as a substrate for asymmetric cyclization to 

indolizicline derivative 6. Attempts to prepare triflate 5 from the corresponding aldehyde were unsuccessful 
presumably because of the reactivity of the enamide ring. In contrast, alkenyl iodide 4 is a readily available 
derivative (Figure 1),3 but the efficient reaction of alkenyl ioclides in the asymmetric Heck reaction is still a 

challenging problem for chemists. We have observed that silver salts strongly influences the enantiomeric 
excess of products obtained from the Heck reaction of alkenyl iodides, and here, we detail the effect of 

various silver salts on the catalytic asymmetric cyclization of iodides 1 (up to 80% e&b and 4 (up to 86% 

ee).3. 4 

Qj @ QJ #j 

1 X=l 0 4x=1 0 6 
2 X=OTf 5 X=OTf 

Figure 1 

Catalytic Asymmetric Synthesis of Decalin Derivatives 

Prochiral alkenyl iodide 1 was the first substrate we chose for the asymmetric Heck reaction, and its 
preparation is shown in Scheme 1. Cyclization of 1 was expected to create two chiral carbon centers, one 
quaternary and one tertiary carbon, and to give the optically active decalin derivative 3. However 
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preliminary results using N, N-diisopropylethylamine or sodium acetate as the base and Pd(OAc)z-DIPHOS 
as the achiral catalyst indicated that the cyclization of la was slow, providing a mixture of regio- and/or 
stereoisomers in low yield. Since Hallberg er al.5 and Overman et al.6 have reported that silver salts 
enhance the rate of Heck arylation and alkenylation and suppress alkene isomerizarion. we decided to try 

Ag&!O3 as a base, and we wen pleased to find that these conditions resulted in the formation of the cyclized 
product 3a in 68% yield as a single isomer. 

Is, Cut, “Bu,NI FCOOK 

7 (74%) 8 MeOH (61%) g 

6”::DW i q FxJ.~ ~ & 
10 (85%) 

E 

la : R = CO&le 3a H 
1 b : R = CH*OTBDMS 3b 
lc : R = CH,OAc 3c 
Id: R=CHzOH 3d 

Scheme 1 

Table 1. Ligand and Solvent Effects on the Asymmetric Synthesis of 38 

Entry Substrate Ligand Solvent Temp Time Yield 
(“c) olr) (%) &) 

1 la (S, R)-BPPFA DMF 
DMF : 

22.5 38 3 
z la (S, S)-BPPM 19 1 

la (R)-BINAP DMF 
4 la (R)-BINAP CH3CN z 9”5 

z 19 
66 8 

5 la (R)-BINAP DMSO : i6 99 1 
6 la (R)-BINAP THF 17 43 2 
7 la (R)-BINAP toluene 60 17 55 
: la la (R)-BINAP 

(R)-BINAP 
HMPA : 
TM0 

16 18 58 20 
58 9 

10 la (R)-BINAP DMPUc 60 16.5 69 23 
11 la (R)-BINAP NMpa 60 12 54 33 
12 lb (S)-BINAP NMP“ 40 70 74 35 
13 lc (S)-BINAP NMpd 40 27 69 20 

a AU nactious were carried out in the presewe of 5 mol % of Pd(OAch. 5.5 mol 96 of ligand, and 2.0 mol q of A&03. 
b N. N. N: W-tfaamethylurea. c 13-dimethyl-3,45,~ty~2(1~-~midinne. d l-methyl-2-pyxolidinone. 

Having established that the cis-decalin derivative 3a could be obtained in a stereo- and 
regiocontrolled manner, we turned our attention to the catalytic asymmetric synthesis of 3a from alkenyl 
iodide la. Using Pd(OAc)z and Ag2C03 in DMF, a number of optically active bidentate ligands7 were 
tested (Table 1). Only BINAPTC was found to promote the cyclization with moderate asymmetric induction 
(19% ee) and in good chemical yield (Tablel, entry 3). Solvent effects were then examined for this ligand. 
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and it was generaBy observed that polar amide solvents such as DMPU and HMPA gave sIightIy bigher 
enantiomeric excesses @f&23% ee) with NMP giving the highest (33% cc, entry I 1). In conha&, &vents 

such 8s DMSO and THF. and non-polar solvents such as toluetm were ineffective giving ptuduct of very Iow 

Table 2. The Effects of the Pd/BINAP Ratio on the Asymmetric Synthesis of 3aa 

Entry catalyst (R)-BINAP Time Yield 
WI (W 65 

: 
3 mol % Pd(OAc)z 3.3 mol% 140 
3 mol % Pd(OAc)g 9mol% 

: 
3 mol 96 Pd(OA& 15 moi % 1:: 

zi: : 

IO mol % ~2~[(R)-bin~] - 137 :; z 

a ‘i&e I@ craalyst was gcaerati in situ by rodaion with cy&obcxene. 
AU reactions were carried out in tbe prcscnce of 2 mot cq of A=m in NMP at 60 *C. 

Hoping to improve the enantioselectlvity of this reaction, we examined the conditions for catalyst 
preparation and observed the following: (1) Pre-reduction of Pd(OAc)2 with cyclohexene in the presence of 
3 or 5 equivalents of BINAP improves the ee of the product. (2) Product isolated after long reaction times 

OR \ 61 I I -id-P 
12 1 L P 

* 
or 

Scheme 2 
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has a higher ee than that isolated after short reaction times, (3) A high BINAP/Pd-ratio is required for high 
ee @able 2). These facts imply that the low en~tio~1~~~ otrserved is due to the p~~~~ of free or 
solv~t~nat~ anon-B~AP c~~inat~) Pd(0) species in the cyclixation. This problem can be 
alleviated by using the Cl$df’R)-binap] complex. 8 Despite the low BINAP/Pd ratio (=l), treatment of la 
with AggCO3 and 10 mol % of the catalyst generated on prereduction of C!l2P~(R)-blhtap] in NMP at 60 OC 
produced 3a of 60% ee in 72% yield (Table 2, entry 4). Reaction using the ClgPdl(R)-binap] complex 
without pre-reduction also gave 3a of comparable ee (58% ee. Table 3, entry 1). These results clearly 
indicate that the efficient coordination of the chiral ligand to Pd(0) is essential for these asymmetric Heck- 
type mactions. 

To clarify the effect of Ag$C3 on the ee of the product, the cyclixation was carried out with Et3N as 
the base. It was found that the teaction was very slow and that the enantiomeric excess of the product was 
only 0.4% (low chemical yield), revealing that AggC.03 played a key role in tbc enantioselectlvity of the 

reaction as well as the yield These results ate consistent with the hypothesis that the Heck reaction ptoceeds 

via me 16-electron Pd+ intermediate 14 in the presence of AgZCO3, but via the neutral palladium 
intermediate 12 and/or X3 in the absence of Ag$!O3 (Scheme 2).9 The high enantioselectivity observed in 
the absence of AggCQ when allcenyl triflate 2 is the cycliration substrate may also be explained by the ease 
with which the l&electron Pd+ intermediate 15 is generated, 

Having observed that the addition of Ag2C03 is essential for good enantioselectivity in the 
cyclixation reaction, we examined the effect of a variety of other silver salts at 60 “C! (Table 3). In general, 

silver cations with polyanions gave higher ee than those with monoanions. 10 AgOAc was a particulsrly poor 

salt giving the product in 6% ee. In this case, however, the reaction proceeded rather rapidly, suggesting that 

it was proceeding via the Pd+ intermediate. It was found that the use of Ag$Q was most effective with the 

Table 3. On the Role of Silver Salts in die As~me~c Neck Reaction (1+3)s 

Entry Substrate Silver salt Time Recov. of SM Yield 
(2moleti olr) (%) (%) G) 

; 
la A82CQ3 210 I 65 58 
1st A820 48 11 54 63 

3b la 4&Q 188 12 48 69 
4h la &Nh 188 85 11 53 
sb la &Wb 134 39 27 
6b la A$004 230 _ 33 29 
7b ta A@Tf 108 31 23 
8b 18 AgUAc 61 70 6 
9b 

:“b 
Ag-xeohte.~ iO!$ _ 41 71 

10 A&D3 * 58 68 
11 

:t: 
A820 66 59 77 

12b Ag3PQ a4 67 80 
13b lb Ag-xeolitec 23 
14b lb Ag-zeolitee 209 : 

63 73 
59 78 

a All reacti(tns were canied cut in the presence of 10 mot 96 of Cl2~[(R)-~~pJ in NMP at 60 T. 

b caco3mmoIeq) was added to the reaction mixture. c Ald 36,660-P t@nxponding to ca. 6 
equiv of Ag). d Reaction tamp: 40 “C. 
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prochiral substrate lb being converted to 3b of 80% ee in 67% yield (entry 3 and 12). Silver-exchanged 

zeolite (AgxNay_x[(Aloz~(SiO~~*nH20). 11 which recently became commercially available from Aldrich, 
was also tested L&e Ag3PO4. silver-exchanged zeolite also promoted high aaymmetrlc induction (entry 13 
and 14). but the reaction rate was much faster. These facts indicate that the identity of the counter anion (Y-) 
largely influences the asymmetric induction. For now, it is difficult to explain this drastic effect of silver 
salt; however, one hypothesis can be presented. Monovalent couterions such as A& appear to make tight 
ion pairs with Pd+, thus interfering with the ideal squareplaner geometry in the intermediate and giving 

product of low ee. In contrast, the interaction between Pd+ and counterions such as AgCCs-, Ago-, 

Ag2PO4-, and Agx_INay_x[(A102),(Si02)z]~nH20- is expected to be weaker. Furthermore, when the silver 
salt is insoluble such as is silver-exchanged zeolite. the counterion should remain on the surface leaving the 
Pd+ cation intermediate “anion-free”. We believe that this “anion-free” squareplaner Pd+ cation intermediate 
is responsible for the high asymmetric induction observed in this reaction. 

For all reactions the enautiomeric excess (ee) was unequivocally determined by the HPLC analysis of 
3d obtained from either 3a - 3c by conventional methods, and the assignment of the absolute configuration 
of these products was achieved by application of the CD exciton chiiity method to 17 prepared from 3a as 

shown in Scheme 3. COOMe 

/I 
CHO 

H 

PhsP=CHCH&HCOOMe 

16 
Scheme 3 

Catalytic Asymmetric Synthesis of a Functionalized Indolizidine Derivative 

Indolizidine alkaloids such as castanospermine (l8),12 swainsonine (19)‘s and pumiliotoxin B (20)t4 

have received much interest from the synthetic community because of their ability to inhibit glycosidasel5 

and cardiotonic activity (Figure 2).16 Moreover, the discovery of the anti-HIV activity of castanospermine 

and its derivatives17 has stimulated both the search for superior therapeutic agents for AIDS treatment and 
the development of efficient synthetic approaches to such compounds and their analogs. To our knowledge 

;:B &,,oH $ HZwMe 

18 19 R 20 
Me OH 

Figure 2 

more than 60 syntheses of these compounds have been reported in this decade.18 and with a few 
exceptions’9 most syntheses of these indolizidine derivatives have utilized natural chiral starting materials 
such as carbohydrates, amino acid derivatives and tartaric acid derivatives. 

We planned to use a catalytic asymmetric intramolecular Heck reaction for the synthesis of the 
indolizidine skeleton (Scheme 4). Cyclization of iodide 4, easily prepared from amide 21,m was expected to 
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give the optically active lndollxldme 6 when catalyxcd with a chiral ~~(0) complex. First, howeve& 

we examined conditions for rhe cyclixatlon of 4 using the Pdz(dba)3*CHCl3 complex (5 mol % of Pd), 
diphenylphosphinobutane (dppb) (12 mol %) and silver phosphate (2 mol equiv) in various solvents.2t It 
was found that 4 cyclii smoothly ln DIG to give a mixture of the cycllxed products 6 and 22 (4.7 : 1) in 
67 % yield, and isomerimtion of 6 to 22 was madily achieved ln qnantitative yield by the treatment of this 
mixture with a catalytic amount of Pd/C in MeOH at 23 “C.22 

Scheme 4 

Next, we investigated the extent of asymmetric induction in DMP with a variety of commercially 
available chiral ligands (Table 4)’ Cyclization using (R)-BINAP, the most commonly used ligand in the 
asymmetric Heck reaction, was quite slow even at 90 “C. and the enantiomeric excess of product 22 was 
only 34%. (R)-(S)-BPPFOH7d was found to be the best ligand for this cyclixation. giving 22 as the only 

cyclixed product in 74% enantiomeric excess and in 45% yield. Interestingly, although BPPFA and 

BPPFOAc are very similar in structure to BPPFOH, these ligands were less effective for this reaction. 

Table 4. Ligand Effects on the Cyclixation of 4% b 

Entry Ligand Temp Time Ratioof Yield eeof 22 ~nfi~on 
(“C) 6 : 22 (%) (%) of 22 

(R)-BINAP 90 46h I : 3.3 
(R, R)-NORPHOS 90 1 : 2.2 
(S, S)-DIOP 50 

2.:: 
1 : 1.8 

(R, R)-MOD-DIOP 50 21 h 1 : 1.1 
(S. S)-BPPM 50 37 h 1.3: 1 
(5, s)-BCPM 50 46 h 1 : 5.9 
(R)-(S)-BPPFA 50 8.5 h 1 : 5.5 
(R)-(S)-BPPFOAc 50 14h 1: 12 
(R)-(.S)-BPPFOH 50 35h 0:l 

8 The iodide 4 was treated with Pd2(dba)3CHC13 (5 mol 46 of Pd), ligaud (f2 mol 96). Ag3PO4 (2 mol 

equiv), and CaC03 (2.2 moi quiv) in DMF. The initial concentration of 4 was 0.05 M. b No reaction 
occurred after 3 days when (~-(~~PPFA, (R. R)~~HOS, or (R~~OPHOS was used BS a ligmi. 

In all cases the enantiomeric excess was unequivocally determined by the HPLC analysis of 22 
before and after isomerization of the mixture of 6 and 22. Since no significant change in the ee of 22 was 

observed after isomerixation, kinetic resolution in the double-bond migration catalyzed by PdL*n must not 
be occurring in this case.a 

Table 5 summarixes our studies on the effect of solvent, temperature and silver salt on asymmetric 

induction. Contrary to the results described above for the decalin system, solvent did not signifKantly affect 
the ee of the product, and the reason is not yet clear. In DMSO, a solvent which was detrimental to the ec of 
the product in the decalin system the cyclixation proceeded smoothly at 50 “C to afford the cyclixed products 
with 73% ee and in 89% chemical yield. When the reaction was carried out at 23 “C, the ee of 22 was 
improved to 81% ee (chemical yield of 82%). The best result was obtained when silver-exchanged xeolite 
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was used (Table 5. entry 12) with the reaction proceeding at 0 ‘C to give 22 of 86% ee in 94% yield Whii 
no further improvement in the ee was observed, the reaction proceeded smoothly with silver-exchanged 
zeolite even at -13 “C. No reaction occurred with Ag$O4 at 0 “C. Thus silver-exchanged zeolite has been 
found to be most effective for this asymmetric Heck reaction. 

Table 5. Effects of Solvent, Silver Salt and Temperature on Cyclization of 4a 

Entry Silver Salt Solvent Temp Time Ratioof Yield eeof22 
(“C) 6 : 22 (%) 

A&Q 
Agd’Q 
AHQ4 
4@-‘@ 
Ag3P04 
A&Q 
Ag2CQb 
AgClO4 
Ag-zeolitee 
Ag-zeohted 
Ag-zeolitee 
Ag-zeolitee 
Ag-zeolitee 

DMF 21h 1:3.3 ZK :8 14.5 65 h h 0 1 : : 2.9 1 4; 

TMU ;: 13h 0:l :Zt 

DMSO 50 2h 1:1.7 DMSO 
DMSO 52: 

7 h 1 : 2.5 :; 
17 h 1 :2.2 98 

DMSO 7.5 h 1 : 2.8 DMSO ;: 3.3 h 1 : 4.5 :: 
DMSO 23 41h 1:13 42 
DMSO-DMF (2.5:1) 0 5d 1:1.6 78 
DMSO-DMF (1:l) 0 5d 1:1.4 94 
DMSO-DMF (1: 1) -13 7d 1:2 68 

74 

:: 
69 
73 

f: 

;; 
76 
84 
86 
86 

a The. iodide 4 was freated with Pd2(dba)3-CHCl3 (4 mol % of Pd). (R)-(S)-BPPFOH (9.6 mol %). Ag3P04 (2 
mol equiv) or silver-exchanged ze-olite (correqonding to IX. 6 equiv of Ag). and CaCO3 (2.2 mol equiv). The 
initial concentration of 4 was 0.05 M. b No CaCO3 was used. C Ald 36.660-9. d Atd 3&228-O. 

To elucidate the absolute configuration of chii indolizidine derivative 22, (->22 obtained from the 
reaction using (RI-(S)-BPPFOH (86% ee): [a]# -331 ’ (c 1.18, CH2C12) was converted to known amide 23 
then 8coniceine (24) (Scheme 5). As the optical rotations of saturated amide intermediate 23 and 8 

coniceine (24) are +3.0 ’ (c 2.1, CH2C12) and +13.3 ’ (c 0.94. EtOH) respectively, the absolute configuration 

of (-)-22 must be (S).B It is possible that the cyclization occurs via 25 with the interaction between the 

hydroxyl group of the ligand and the carbonyl group of the substrate stabilizing the intermediate shown and 
resulting in the predominance of the (S)-enantiomer (Scheme 5). 

p z,J++ z& <qJ$&> 

(97%) ’ 23 & ‘ph 25 

/ 
(63%) 24 

Scheme 5 

In conclusion, decalin derivatives 3 and indolizidine derivative 22 have been efficiently synthesized 

in excellent enantioselectivity (-86% ee) by the asymmetric cyclization of the alkenyl iodides. The 
advantages of using silver-exchanged zeolite and silver phosphate in the asymmetric Heck-type cyclization 
of alkenyl iodides has been also demonstrated. These functional&i decalin and indolizidine derivatives (3 

and 22) should be versatile intermediates for the synthesis of various biologically active compounds 

including indolizidine derivatives 18, 19, and 20. 
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EXPERIMENTAL SECTION 

General Methods Infrared (IR) spectra were measured on a JASCO A-300 diffraction grating infrared 
spectrophotometer. lH-NMR spectra were recorded with a JEOL JNM-FX 100 NMR spectrometer or a 
JEOL JNM-GX 270 NMR spectrometer with tetramethylsilane as an internal standard. Mass spectra (MS) 
were obtained with a JEOL JMS-DX303, a JEOL JMS-D300, or a JEOL JMS HX-110 mass spectrometer. 
Optical rotation was measured on a JASCO DIP-140 polarimeter. In general, reactions wete carried out in 
dry solvents under an argon atmosphere unless otherwise mentioned. 
1,4-Diiodo-1-butyne (8). To a suspension of sodium carbonate (18.45 g, 174.1 mmol), copper(I) iodide 
(1.66 g. 8.71 mmol) and tetra-n-butylammonium iodide (6.43 g, 17.4 mmol) in DMF (40 ml) was added a 
solution of Ciodo-1-butyne (7)z (15.66 g, 87.0 mmol) in DMF (6 ml) at rt. To this mixture was slowly 
added iodine (22.10 g, 87.1 mmol) in DMF (50 ml) over 24 h, and the whole reaction mixture was stirred at 
rt for additional 24 h.26 After dilution with ether and filtration, the filtrate was washed with 10% aqueous 
Na2S203 and brine, dried (Na$04), and concentrated The 
graphy (hexane) to give 8 as a colorless solid (19.74 g, 74%): P 

roduct was purified by silica gel chromato- 
H-NMR (CDC13) 6 2.85-3.02 (m, 2H), 3.13- 

3.32 (m,.2H); IR (neat) 2940,2870,1460,1370,1240,1170 cm-l; MS mlz 306 @I+). 179 @4+-I). 127 (bp); 
Anal. Calcd for QI-I.&: C, 15.71; H, 1.31; I, 82.98. Found: C, 15.67; H, 1.35; I, 82.79; mp 32-34 ‘C. 
(Z)-1,4-Diiodo-1-butene (9). To a suspension of potassium azodicarboxylate27 (13.18 g, 67.0 mmol) in 
methanol (15 ml) was added lP-diiodo-1-butyne (8) (1.38 g, 4.52 mmol) in methanol (15 ml). The mixture 
was stirred while a solution of acetic acid (12.0 ml, 210 mmol) in methanol (30 ml) was added at such a rate 
as to cause gentle boiling. The reaction mixture was stirred for additional 2 h at rt, quenched by the addition 
of water at 0 OC, and extracted with ether. The organic layer was washed with saturated aqueous NaHCO3 
and brine, dried (MgS04). and concentrated. The product was purified by silica gel chromatography 
(hexane) to give 9 (849 mg. 61%) as an orange oil: lH-NMR (CDC13) 6 2.75 (ddt, J = 6.6, 1.3.7.1 Hz, 2H), 
3.20 (t, .I = 7.1 Hz. W), 6.25 (dt, J = 7.5,6.6 Hz, lH), 6.43 (dt, J = 7.5, 1.3 Hz, 1H); IR (neat) 2940, 1610, 
1420. 1280. 1160 cm-l; MS m/z 308 (M+), 181 (M+-I. bp). 149, 127; HRMS (M+) Calcd for CqH&: 
307.8560. Found 307.8589. 
l-[(Z)-4-Iodo-3-butenyl]-l-methoxycarbonyl-2,S-cyclohexadiene (la). To a solution of lithium 
diisopropylamide prepared from diisopropylamine (1.2 ml, 8.6 mmol), n-butyllithium (1.72 M in hexane, 4.7 
ml, 8.1 mmol) and THF (12 ml) was added a solution of I-methoxycarbonyl-2,Slyclohexadiene (lo)28 
(1.01 g, 7.30 mmol) in THF (15 ml) at 0 OC, and the mixture was stirred at 0 “C for 30 min. To the mixture 
was added a solution of the iodide 9 (2.48 g. 8.05 mmol) in THF (15 ml) at O’C. After stirring at 0 OC for 1 
h, the reaction was quenched by the addition of saturated aqueous NH&l, followed by extraction of the 
mixture with ether. The combined organic layers were washed with 10% aqueous Na&03 and brine, dried 
(MgSO4), and concentrated. The product was purified by silica gel chromatography (hexane-Cl-IzC12.5: 1) 
to give la (1.98 g, 85%) as a colorless oil: IH-NMR (CDC13) 6 1.74-1.82 (m, 2H), 2.03-2.12 (m, 2H), 2.65- 
2.70 (m, 2H), 3.70 (s, 3H). 5.76 (ddd. J = 10.4, 1.8, 1.8 Hz, 2H), 5.95 (ddd, J = 10.4. 3.1, 3.1 Hz, 2H), 6.06 
6.20 (m, 2H); IR (neat) 1730,1605.1430, 1230 cm-l; MS m/z 318 &I+), 259 (M+-COzMe), 181, 131,91 
(bp); Anal. Calcd for Cl2Hl5IO2: C, 45.30; H, 4.75; I, 39.89. Found: C. 45.49; H. 4.88; I, 39.72. 
l-Hydroxymethyl-l-[(-4-iodo-3-butenyl]-2,5-cyclohexadiene (la). To a suspension of lithium 
botohydrlde (22.2 mg, 1.02 mmol) in ether (2 ml) was added the ester la (104.2 mg, 0.328 mmol) at 0 ‘C. 
The reaction mixture was stirred at 0 OC for 1 h and at rt for 2.5 h. The reaction was quenched by the 
addition of acetone and then water. The mixture was stirred at rt for 30 min and extracted with ether. The 
organic layer was washed with brine, dried (MgS04) and concentrated. The product was purified by silica 
gel chromatography (hexane-ether. 2:l) to give the alcohol Id (65.7 mg. 69%) as a colorless oil: ‘H-NMR 
(CDC13) 6 1.20-1.60 (m, 3H), 1.95-2.25 (m, 2H), 2.60-2.80 (m. 2H), 3.40 (s. 2H), 5.40 (ddd, J = 10.4, 1.9, 
1.9 I-Ix, 2H), 5.90-6.25 (m. 4H); IR (neat) 3400. 3030.2940.2880. 1610, 1420, 1300, 1030 cm-l; MS m/z 
259 (M+-MeOH), 181, 163 (M+-I), 145, 131, 91 (bp); HRMS (M+-I) Calcd for CltHl50: 163.1105, Found 
163.1125. 
l-tert-Butyldimethylsilyloxymethyl-l-[(Z)-4-iodo-3-butenyl]-2J-cyclohexadiene (lb). To a solution of 
the alcohol Id (24.2 mg, 0.083 mmol) in methylene chloride (0.5 ml) were added triethylamine (35 p1,0.25 
mmol), t-butyldimethylsilyl chloride (25.2 mg, 0.17 mmol), and a catalytic amount of N, N- 
dimethylaminopyridine at 0 “C!, and the mixture was stirred at rt for 4 h. The reaction was quenched by the 
addition of water, and the mixture was extracted with ether. The organic layer was washed with brine, dried, 
and concentrated. The product was purified by silica gel chromatography (hexane) to give the silyl ether lb 



Asymmetric Heck reaction of alkenyl iodides 379 

(33.2 mg, 98%) as a CoIorIess oils IH-NMR KDC!l3) 6 -0.03 (s, 6I-& 0.84 (s, 9H), 1.30-1.56 (m. 2H), 1.85 
2.16 (m, w), 2522.72 (m, 2Hj, 3.36 (s, 2I-Q 5.46 (d&i, I = 10.4.1.9.1.9 Hx. 2I-I). 5.84 (ddd, I = 10.4,3.81 
3.8 Hz, W), 6.06-6.30 (m, 2H); IR (neat) 1610,14’70,1460,1250,1110,1070,840,780 cm-l; MS m/z 389 
~~~~~ 347 (M+-tBu). 145,131,115,89 (bp); HRMS (M+-tBu) Calcd for Cl3Hz@ISi: 347.0328, Found 

. . 
1-Acetoxymethyl-l-[fZj-4-iodo-3-butenylladiene (1~). To a solution of the aIcoho1 Id 
(103.3 mg, 0.356 mmol) in methylene chloride (2 ml) were added pyridine (0.3 ml, 3.7 mmol), acetic 
anhydride (0.2 ml, 1.8 mmol), and a catalytic amount of N, Ndimethylaminopyridine at 0 “C. The mixture 
was stirred at rt for 15 h. quenched by the addition of water (stir& for 30 min), and extracted with ether, 
The organic layer was washed with brine, dried (Na$O4), and concentrated The product was purified by 
silica gel chromatography (hcxane-cthcr, 2: 1) to give the acetate lc (113.4 mg, 96%) as a colorless oil: 1H- 
NMR (CDC13) S 1.26-1.64 (m, 2H), 1.94-2.18 (m, 2H), 204 (s, 3Hj, 2.58-2.72 Cm, 2H), 3.88 (s, 2H), 5.40 
(ddd, I = 10.4, 1.9. 1.9 Hz, W), 5.90 (ddd, J = 10.4,3.8, 3.8 Hz, 2H), 6.00-6.20 fm, 2H); IR (neat) 1745, 
1605, 1380, 1300, 1230, 1030 cm-*; MS m/z 205 @&+-I). 181. 167,91,43 (bp); HRMS (M+-I) Calcd for 
C13H1702: 205.1229, Found 205.1225. 
Procedure for Asymmetric Cyclization of 1 (Table 1). Pd(OAc)2 (5 ma1 I), ligand (5.5 mol %), and 
Ag&Q (2 mol equiv) were placed in a reaction flask. To this mixture was added a solution of the substrate 
1 in solvat (0.1 M). The mixtme was degassed by ~~-purn~~aw cycles, stirred at 60 ‘C (or 40 “C) 
until the starting material was consumed, diluted with ether at rt, and filtered through a celite pad. The 
filtrate was washed with brine, dried (Na2SO& and concentrated. The product was purified by silica gel 
chromatography (hexanecther. l&l for la and lc; hexane for lb) to give the cyclized product 3 . 
Procedure for Asymmetric Cydization of 1 (Table 2). To a suspension of Pd(OAc)z, (R)-BINAP (or 
ClzPd[fR)-binap]) and Ag2C03 (0.4 mmol) in degassed NMP (1 .O ml) was added cyclohexene (2 equiv to 
Pd). The mixtum was stirred at 60 Y! for 3h. To this mixture was added a solution of the substrate la (0.2 
mmol) in &gassed NMP (1.0 ml). The mixture was stirred at 60 “C until the starting material was 
consumed, diluted with ether at rt, and filtered dough a celite pad. The filtmte was washed with brine, 
dried (NazSO4). and connoted. The product was purified by silica gel c~mato~aphy (hexane-ether, 
I&l) to give the cyclized product 3a as a colorless oil. 
Procedure for Asymmetric Cyclization of 1 OTabIe 3). ClzPd[(R)-binap] (10 mol %), silver salt (2 mol 
equiv) or silver-exchanged zeolite (Aldrich 36,660-g. Ag content = 20-25%, 100 mesh powder, 6 mol equiv 
of Ag), and CaCQ (2.2 mol equiv, if necessary) were placed in a reaction flask. To this mixture was added 
a solution of the substrate 1 in NMP (0.1 U). The mixture was degassed, stirred at 60 “6 until the starting 
material was consumed, worked up, and purified in the same manner as described above. 
the product were as follows. 

Spectral data of 

~ZS,6S~-l-MethoxycarbonylbicycIo~4.4.Oldeca-2,4,7~triene (3a): *H-NMR (CDCl3) 6 1.85-1.90 (m, 2H), 
1.93-2.10 (m, 2H), 3.61 (m. lH), 3.72 (s, 3H). 5.56 (bd, J = 9.5 Hz, lH), 5.65-5.75 (m, 3H), 5.79 (dddd, J = 
9.5,5.1,2.2,0.7 Hz, lH), 5.94 (ddd, J = 9.5, 5.1,0.7 Hz. 1H); IR (neat) 1730, 1680. 1650, 1240 cm-l; MS 
mlr 190 (IW), 131 (bp), 115,105,91; HRIW (M+) Calcd for QH14O2: 190.0994, found 190.0994; [a]$0 
+262 ’ (c 0.84, CHC13) (69% ee). 
f~S,6S~-l-~~-Buty~dimethylsilylox~e~ylbicyc~o[4.4.~~d~-2,4,7-~riene (3b): *H-NMR (CDC13) 6 0.01 
(S, 6H), 0.87 (s, 9H), 1.59 (dt, f = 13.2.5.1 HZ, lH), 1.77 @id, f= 13.2,9.2,5.5 Hz, IH), 1.96 (m, WI.), 2.09 
(m, IH), 2.88 (m,.lH), 3.34(d,J=9.5 Hz, lH), 3.5O(d,J=9.5 Hz, lHj.5.37 (d,J=9.5 HZ, IH). 5.45 &id, 
J = 9.9,4.8,2.2 Hz, lH), 5.59 (dd, J = 9.5.5.1 Hz, 1H). 5.69-5.78 (m, 2H), 5.88 (dd, J = 9.9,5-l HZ, 1H); IR 
(neat) 2950,174O. 1460,1252,1120,835 cm-l; MS mlz 276 fM+), 219 (M+-tBu), 144,131,115,89,73 (bp); 
HRMS (M+) Calcd for C17H2t3OSi: 276.1910 Found 276.1901. [a]$* +242 ’ (c 0.88, CHCl3) (80% ee). 
(ZS,6S)-l-Acetoxymethytbicycfof4.4.01deca-2,4,7-triene (3~): ‘H-NMR (CDC13) S 1.62 (ddd, J = 13.2, 
8.8,5.9 Hz, IH), 1.72 (dt,J = 13.2.5.3 Hz, IH), 1.90-2.20 (m, 2H), 2.07 (s, 3H), 2.80-2.90 (m,.lH), 3.98 (s, 
2H),5.35 (d, J = 9.5 Hz, lH1.5.47 (ddd, J = 9.9,5.5,2.0 Hz, lH), 5.63 (dd, J = 9.5.5.1 Hz, lH), 5.72-5.83 
(m, 2H), 5.94 (ddd. J = 9.5, 5.1, 0.7 Hz, 1H); IR (neat) 1740, 1440, 1380, 1240, 1030 cm-l; MS mlz 204 
(M+L 145, 131,43 (bp); HRMS (M+) Calcd for C1381602: 204.1150, Found 204.1167; [a]D2* +89 ’ (c 
1.16, CHc13) (20% ee). 
Enantiomeric excess of the cyclized product (3a-c) was determined by the HPlX analysis of 3d: DAICEL 
CHJR.ALC!EL Of, hex~e-2-p~p~ol, 9: 1; retention time: 12.8 min (IR, 6R~nMtiomer). 14.9 min (IS, 6S- 
enandomer) (Vo = 2.5 ml, 0.5 mlfmin, 23 OC, UV monitor: 290 nm). Conversions of 3a-c to 3d were as 
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follows. 
f~S,6s)-1-Hy~xylaeUylbicydo[4.4.OldeCp (3d): To a solution of 3a (16.8 mg. 88 mol) in 
ether (2 ml) was added lithium aluminum hydride (3.4 mg. 90 ~01) at 0 “C!. The mixtme was stirred at 0 
‘C for 1 h, quenched by the addition of Na2S04*10H@ and water, and extracted with ether. The ether layer 
was washed with brine, dried (Na$O4), and concentrated. The product was purified by silica gel chromato- 
graphy (hexane-ehter, l&l) to give the alcohol 3d (13.1 mg, 91%) as a colorless oil: IH-NMR (CDC13) 6 
1.51-1.65 (m. 2H). 1.70 (dt, / = 12.8,S.l Hz. 1H). 1.90-2.20 (m. 2I-I). 2.87-2.93 (m. 1H). 3.47 (d, J = 10.6 
Hr., lH), 3.53 (d, J = 10.6 I-Ix, HI), 5.35 (d, I = 9.5 Hz, HI), 5.47 (ddd, J = 9.5.5.1.2.9 Hz, H-I), 5.65 (dd, J 
= 9.5.5.1 I-Ix, lH), 5.72-5.82 (m. 2H). 5.99 (ddd, J 5: 9.5.5.1.1.1 I-Ix, 1H); IR (neat) 3330.1640.1580.1090, 
1020 cm-l; MS m/z 162 (M+), 144 (M+-H20). 131 (bp). 116, 91; HRMS (M+) Calcd for CtIHI40: 
162.1045. Found 1621048. From 3b: To a solution of 3b (11.3 mg, 41 pool) in acetonittile (2 ml) was 
added a mixture of 40% aqueous HF and acetoninile (3:7,250 pl) at -25 “C. The mixture was stirred at -25 
‘C for 20h. quenched with saturated NaI-IfQ (stitmd at -25 ‘C for 30 mitt), and extracted with ether. The 
organic layer was washed with brine, dried (Na$O4), and concentrated. The product was purified by silica 
gel chromatography (hexane-ehter, 2: 1) to give the alcohol 3d (7.9 mg, 100%) as a colorless oil. The acetate 
3c was converted to 3d accotding to the same procedure as 3a in quantitative yield 
(ZR, 6S)-l-[(E, E)-e_methoxycarbonyl-l~butadienyllbicydo[4.4.O~d~-2,4,7-~~e (17). To a solution 
of (+)-3a (22 mg. 0.12 mmol) in hexane (0.6 ml) was added a solution of diisobutylaluminum hydride (l&f, 
250 pl, 0.25 mmol) at -80 “C. ‘Ihe mixture was stirred at -80 ‘C for 1 h, quenched with brine, and extracted 
with ether. The organic layer was dried (Na2SO4). and concentrated, The product was roughly purified by 
short silica gel column chromatography (hexaneCH2Cl2,2:1) to give the crude aldehyde 16 (9.5 mg. cu. 
52%). To a solution of the aldehyde in benzene (0.5 ml) was added methyl 4-(triphenylphosphoranylidene)- 
crotonate29 (130 mg), and the mixture was refluxed for 15 h. After cooling to rt, the mixture was diluted 
with ether, passed through a short silica gel column, and concentrated. The 
gel chromatography (hexaneCH2Cl2,4:1) to give 17 (4.9 mg, 17% from 3a): P 

uct was purified by silica 
H-NMR (CDC13) 6 1.50-1.66 

(m, H-I), 1.78 (dt, J = 13.45.0 I-Ix. 1H). 2.05-2.35 (m, W), 2.87 (m,.lH), 3.73 (s, 3H), 5.33 (d, J = 9.5 Hx, 
H-I), 5.48 (ddd. J = 9.9.5.1,2.2 I-Ix, lH), 5.65 (dd, J = 9.5.5.1 Hz, lH), 5.72-5.85 (m, 2II), 5.83 (d, J = 15.4 
I-Ix, Hi), 5.94 (ddd, J = 9.5.5.1, 0.7 I-Ix, lH), 6.12 (d, J = 15.4 I-Ix, lH), 6.23 (dd, J = 15.4. 10.3 Hz, lH), 
7.28 (dd, J = 15.4, 10.3 I-Ix, 1H); IR (neat) 1720, 1640, 1430, 1260, 1240, 1140, 1000 cm-l; MS m/z 242 
(M+), 210 (M+-MeOH). 183 (M+-CC2Me), 155,141,130, 115,91 (bp); HRMS (M+) Calcd for Ct&&: 
242.1307, Found 242.1310. CD spectrum of 17 showed a positive first Cotton (AE,,,~: 277 nm) and a 
negative second Cotton (Acmax: 248 nm). 
(Z)-3-Iodo-2-propen-l-01. To a suspension of $ tassium axodicarboxylate2~ (69.0 g. 356 mmol) in 
methanol (200 ml) was added 3-Iodo-2-propyn-l-01 0 (16.3 g, 86.7 mmol) in methanol (150 ml) at rt. The 
mixture was stirred while a solution of acetic acid (40.8 ml, 712 mmol) in methanol (100 ml) was added at 
such a rate as to cause gentle boiling. The reaction mixture was stirred for additional 2 h at rt, quenched by 
the addition of water at 0 ‘C, and extracted with ether. The organic layer was dried (MgSOd), and 
concentrated to give a yellow oil. To this mixture was added n-propylamine for conversion of the 
oveneduced product to the ammonium salt. The mixture was diluted with ether, washed with water and 
brine, dried (MgS04). and concentrated The product was purified by silica cl chromatography (hexane 
AcOEt, 3:l) to give (Z)-3-iodo-2-propen-l-01 (7.62 g, 49%) as a yellow oil: f H-NMR (CDC13) 6 1.92 (s, 
lH), 4.12-4.48 (m, W), 6.30-6.48 (m, lH), 6.51 (dt, J= 7.6.5.1 Hz, H-I); IR (neat) 3350, 1610, 1280 cm-l; 
MS mlz 184 (M+). 57 (M+-I, bp); I-IRMS (M+) Calcd for C3H5OI: 183.9385, Found 183.9384. 
(Z)-1-Iodo-3-methanesulfonyloxy-1-propene. To a solution of (Z)-3-iodo-2-propen-l-o1 (49Og, 26.9 
mmol) in methylene chloride (90 ml) was added triethylamine (7.50 ml, 53.8 mmol) and then 
methanesulfonyl chloride (3.20 ml, 41.4 mmol) at -30 Y!. The mixture was stir& at -30 OC for 1 h, diluted 
with ether, washed with brine, dried (MgSO& and concentrated. The product was purified by silica gel 
chromatography (hexane-AcOEt, 1:l) to give (Zj-1-ioclo-3-methanesulfonyloxy-I-ptopene (6.53 g, 93%) as 
a yellow oil: lH-NMR (CDC13) 6 3.15 (s, 3H). 4.81 (dd, J = 5.8, 1.5 Hz, 2H), 6.56 (dt, J = 8.0.5.8 Hz, lH), 
6.68 (dt, J = 8.0, 1.5 Hz, 1H); IR (neat) 1353, 1171,945,817 cm- 1; MS m/z 262 (M+). 183 (M+-CH$302), 
167 (M+-CH3SO3, bp), 135 (M+-I); HRMS (M+) Calcd for QHfiIS: 261.9161, Found 261.9152. 
3,4-Dihydro-l-[(Z)-3-iodo-2-propenyl]-2(la)-pyridone (4). To a solution of (Z)-1-iodo-3- 
methanesulfonyloxy-1-propene (3.40 g, 13.0 mmol) in acetone (18.6 ml) was added sodium iodide (1.94 g. 
13.0 mmol) at 0 OC. The mixtute was stirred at rt for 2h. diluted with ether, and filtered The filtrate was 
washed with 10% aqueous Na2S203 and brine, dried (NazS04). and concentrated. The product was purified 
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by silica gel catchy (hexane) to give ~Z~-l,3~~l-p~~~ (3.19 g, 83%) as a dark red oil. This 
unstable iodide was immediately used for next step. To a solution of the iodide in DMF (6.7 ml) was added 
sodimu salt of 3,4~y~~l~-p~~ne prepared from 3,~hy~~l~~p~done~ (810 mg, 8.34 
mmol) and sodium hydride (60%. 367 mg, 9.17 mmol) in DMP (10.0 ml) (0 oC-tt, 1.3 h). The mixtum was 
&red at rt for 1.5 h, and directly purified by silica gel chromatography (hexan+AcOEt, 2~1) to give 4 (1.49 
g, 68%) as a yellow oil: tH-NMR (CDCl3) 6 2.26-2.37 (m. 2I-I). 2.53 (t, / = 8.0 Hz, 2H). 4.21 (dd, J = 6.8, 
1.5 Hz, 2 H). 5.17 (dt, J = 8.0.4.0 Hq 1 HI), 6.03 (dt, J = 8.0. 1.8 Hz, 1 II), 6.25 (dt, J = 8.0.6.8 Hz, lH), 
6.46 (dt, J = 8.0, 1.5 I-Ix. 1 H); t3C-NMR (CDC13) 6 169.3, 136.5, 129.3, 106.6, 84.9,49.6, 31.2, 20.3; IR 
(neat) 2926, 1664 cm”; MS m/z 263 (M+), 167, 137, 136 (bp), 96; HRMS @I+) Calcd for CgHlflNI: 
262.9808, Found 262.9796. 
(S)-3~~~a-Tetrahydro-5~x~indolizine (22). Representative procedure for the asymmetric cyclization 
reaction of 4 is as follows. To a mixtum of Pd2(dba)3*CHQ (3.3 mg. 3.14 ptnol), silver-exchanged zeolite 
(Aldrich 36,660-g, Ag content = 2025%. 100 mesh powder, 508 mg, cu. 0.942 mmol of Ag), Cam (34.6 
mg O.~Smmol), ~~~~~~-EPP~H (9.0 mg, 15.1 pool) and DMF (0.5 ml) was added a solution of 4 (41.2 
mg, 0.157 mmol) iu DMP (1.0 ml) and DMSO (1.5 ml) at rt. The mixture was &gassed by freeze-pump- 
thaw cycles, stirred at 0 ‘C for 5 d, diluted with AcOEt-methanol (10: 1) at 0 “C, and ftltered through a short 
silica gel column. The filtrate was concentrated at 100 OC under reduced pmssum (40 mmHg)_ Under this 
condition almost all DMP but not DMSO was removed without loosing the de&red products. ‘lhe nsufting 
residue was purified by silica gel column chromatography (hexane-acetone, 5:4) to give a mixture of 6 and 
22 as a colorless oil (19.9 mg, 94%, 6:22, 1:1.4). This mixture of cyclized products was dissolved in 
methanol (4.6 ml), and 10% Pd/C (2.7 mg) was added The mixture was &red at rt for 2 d, filtered through 
a celite pad, and concentrated to affonl22 (19.9 mg, 100%) as a colorless oil: 1H NMR (C&$6 1.53-1.62 
(m, 2 H). 3.91-4.16 (m, 2 H), 4.33-4.45 (m, 1 H), 5.06-5.13 (m, 1 II), 5.20-5.31 (m, 1 H), 5.81 (ddd, J = 
10.0,5.5, 3.6 Hz, 1 H), 6.06 (dt, J = 10.0,2.0 Hz, 1 H); 13C-NMR (CDC13) 6 162.7, 138.3, 129.3, 127.7, 
126.6,62.6,52.0,30.0; IR (neat) 2922, 1658 cm-*; MS m/z 135 (M+, bp); HRMS CM+) C.&d for CaHgON: 
135.0684, Found 135.0684. 
Enantiomeric excess of the cyclized product (22) was determined by the HPLC analysis: DAICEL 
CHIRALPAK AS, hexane-2-propanol, 4: 1; retention time: 25 min (~~n~tiomer), 18 mitt (R~nantiomer) 
(Vo = 2.5 ml, 1.0 ml/mitt. 23 “C, UV monitor: 254 nm). 
5-Oxoindolizidine (23). To a solution of 22 (41.7 mg, 309 pmol) in ethyl acetate (2.0 ml) was added 
platinum(W) oxide (12.6 mmol). The mixture was stirred under hydrogen atmosphere at rt for 13 h, filtered 
through a celite pad, and concentrated to give 23 (43.8 mg, 97%). 
with those mported.3t 

The spectral data of 23 were identical 
The amide 23 was converted to 24 according to the reported procedure.~t 
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