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Abstract: The ehiral binaphthol-delved titanium perchlorate {or triflate) is shown to serve 

efficiently as an asymm~ic catalyst far the ene cyclization of type ~3,4~c~o,~~~ and 

j2,41e~o~,e~0 involving a-alkoxy aldehyde as an internal enophile to afford the 6- and ?- 

membered cyclic ethers in high enantiomeric purity. 

In~a~lecular ene reaction (ene cycli~tion) has recently been recognized as an efficient method for 

stere~on~oiled cyclization with c~bon-car~n bond formation (“carbo-cyclization”).~~~ Similar to 

intramolccufar [4+2] and [3+2] cycloadditions, ene cyctization profits from entropic advantage and exhibits 

s~~etically useful level of r&o- and ster~elecfivity. C~ceptually, ene cycli~tions can be classified into 

six different modes of cyclizations (Scheme 1) according to Ziegler’s notation originally proposed for the 

cyclic Claisen sigmatropic shifts.3 In the ene cyclizations, the carbons to which the tether connecting the 

[1,51-hydrogen shift system is attached are exemplified in (m,n) fashion. The subscripts endo and exe(‘) 

indicate the placement of the ene or enophile as a part of the tether and as an extraannular substituent, 

res~ectiveiy.4 Opp 1 o zer referred to the first three modes of ene cyciizations (eq. I-3) as type I-III, 

~s~ti~eiy.la Recently, Snider found a new type of ene cycli~tion (eq. 4): However, as~me~c catalysis 

for any mode of ene cyclization has never been developed. Only reported so far are the asymmetric version 

employing chiral internal enophilese 7 1 or using an excess amoust of chiral Lewis acids such as a bin~hthol- 

derived zinc complexs or a fate-delve t~t~iurn complex .9J@ Reported herein is the as~mme~c catalysis 

of ene cyclization by chiral ~maphtho1 ~IN~L)~e~v~ titanium ~rchlo~te (or t&late) of type (R)-1 

(Scheme;).1 
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Recently, we have develops an efficient asymmet~c catalysis of inte~l~uIar carbonyl-ene 

reactions12 with methyl gtyoxylate, which employ a chir& titanium dihalide of type (R)-2 prepared in situ 

from (i-PrO),TiX, (X=Ci or Br) and opticaily pure BXNOL in the presence of molecular sieves (MS 4A).t3 

This success prompted us to investigate the asymmetric catalysis by BINOLderived titanium complexes for 

thus far-developed modes of carbouyl-ene cyciizations (Scheme 2). Chosen as the internal enophile was a- 

alkoxy aldehyde to give the cyclic ethersI in view of the high reactivity in the intermolecular version.15 At 

the outset, we reasoned that the chiral titanium perchlorate (R)-1 would be efficient as an asymmetric Lewis 

acid catalyst.16 Thus, the chiral titanium perchlorate (R)-1 was prepared by the addition of silver perchlorate 

(2 equiv) to the chloride (R)-2a and shown to be an efficient asymmetric catalyst for the (3,4),xo,e~~ and 

[ 2,4)exd’,e~~ carbonyl-ene cyclizations. The addition of 1 equiv of AgC104 was observed to give only a 

similar level of ~uantio~l~tivity to that obtained with the dichloride (Wa. Furthermore, we found that 

AgCl04 itself did not catalyze the ene cyclization. 

0 

X = 0 or CH2 

(R)-BINOL 
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H GE41 

FH 

X 
X 
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;r GZ& ” 

(R)-1 : Y = co, 

( or OTf ) 

(RI-2e : Y = CI 

(R)Bb: Y = Br 

Scheme 2 

Typical experimental procedure is represented as follows (eq. 7). To a suspension of (R)-BINOL (29 

mg, 0.1 mmol) and AgC104 (44 tug, 0.21 mmol) in CH$& (1.5 mL) was added (i-PrO)zTiClz (24 mg, 0.1 

mmol) in the presence of MS 4A (0.5 g) at room temperature under Ar atmosphere. After stirring for 1 h at 

that temperature, to the mixture was added a-alkoxy aldehyde (0.5 mmol) at 0 “C. After stirring for 1 day, the 

reaction mixture was poured into sat. NaHC03. Usual work up followed by column chromatography gave 

preferentially the trans-alcohol 3 in 40% isolated yield along with high enantiomeric excess. In sharp 

contrast, the dicbloro catalyst ?a affords an opposite sense of c&selectivity and lower enantioselectivity. The 

absolute configuration of the cyclic alcohol was deduced by the modified Mosher method” after converting to 

its (S)-(-}- and (R)-(+)-MTPA esters. It was confiimed that this asymmetric cyclization process using the 

catalyst (R)-1 gave rise to (3~,4~)-~~~-~~hol. The sense of ~~e~c ind~tion is, therefore, exactly the 

same as observed for the glyoxylate-ene reaction catalyzed by @)-$3; (Rf-1 provides (3R)-3. 
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0 %, 1 day (W, 4F1)-ffans- 3 

(i-PrO)2TiQ / (R)-BINOL (20 mol% each) 
/ A@104 (40 mol%) (84Ke) (74Zee) 

(50%) 

(i-PrO)2TiCl2 / (R)-BINOL (20 mol% each) 
(70&e) (79Zee) 

(73%) 

The 6-membered cyclization of type (2,4) exo’,em (n=O), however, does not provide any ene product 

(eq. 8), presumably because of the lower ene-reactivity of the allylic ether moiety under the Lewis acid- 

promoted conditions.18 By contrast, a similar 7-membered cyclization of &m&y& ether (n=l) gives the 

oxepane (4) in high enantiomeric excess (Table l), where the “gem-dialkyl”t9 substituents are not essential 

(entries 4.5). The BINOL-derived titanium triflate is shown to give comparably high level of enantiomeric 

excess (92% ee) (entry 6). However, the tetrafluoroborate counterpart provides only moderate level of optical 

yield (entry 7). A 8-membered cyclization of bishomoallylic ether (n=2) provides oxocane (5) with moderate 

level of enantiomeric excess but in low yield (entry 8). 

0 
(i-PrOkTiChI (F+BINOL (20 mop/, each) OH 

?- 

f 
H AgY (40 mol%) 

%J 

MS 4A 
- 3 

0 
0 

CH2C12 R 
R R 

R 1 day 

n=l 
I 

4a : R=H 

4b : R=Me 

n=2 5 :R=H 

Table 1. Ene cyclizations catalyzed by BINOLderived lFcomplexes.” 

entry substrate AgY temperature %e& % yield 

1 n=l, R=H AgC104 rt 91% ee 43% 

2 n=l, R=H none 0 “C 886ee 64% 

3 n=l, R=H AgC1OdC lt 88% ee 45% 

4 n=l, R=Me AgC104 0 ‘C 82% ee 40% 

5d n= 1, R=Me none 0 “C 67% ee 27% 

6 n= 1, R=H AgOTf rt 92%ee 40% 

7 n= 1, R=H AgBF4 R 55% ee 16% 

a n=2, R=H AgC104 rt 67% ee 16% 

9 n=2, R=H none It 34% ee 12% 

a All reactions were car&d out using 0.5 mmol of a-alkoxy aldehyde and 0.1 mmol 

(20 mol%) of BINOL-derived titanium complex. b The enantiomeric excess was 

determined by tH NMR analysis after conversion to the MTFA ester. C 20 mol% of 

AgCl04 was used. d 10 mol% of BINOL-derived titanium complex was used. 

(8) 
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Finally, we examined the asy~e~~ catalytic ene cyclization of the chin-~alogue (eq. P), which 

might be less reactive than the oxygen counterpart (eq. 7). Indeed, the carbonyl-ene cyclization of the carbon- 

analogue did proceed slowly to give the trans-alcohol5 in moderate level of enantiomeric excess. It should he 

noted here that the observed racy-selectivity is not so high in view of the exclusive formation of the rraw 

alcohol 6 (but in completely raeemic form) with BIN~L-delve zinc ~agent.*,6b p 
catalyst - aK + 

MS 4A 

~Y~l, If&W-ti 
rt, 2 days 

(~-~)2TiCI~ I (GBINOL (20 mol% each) 
I &Cl04 (40 mol%) 

WrQzTiC12 I (~)-B~OL (20 mol% each) 59 : 
(21% ee) 

(66%) 
(64&e) 

(54%) 
(41Zee) 

The rru~s~~is-selectivity in the {3,4) eXO,eXO ene ~ycl~ations can be explained in terms of the bicyclic 

transition state model (Figure 1) in which the carbonyl group adopts the equatorial and uxial orientations, 

leading to the fruns and cis alcohols, respectively. Thus, the franr-selectivity largely depends on the steric 

bulkiness of the chiral Lewis acid complexes. Furthermore, the trunrlcis-selectivity may also reflect the C=O- 

--MLn* angie (8) which depends on the nature of the central metal?* 

r 

: 

- cis 

Figure i 

In summary, we have demonstrated that the chiral titanium perchlorate (or triflate) 1 thus developed 

efficiently serves as an asymmetric catalyst for both the chiral recognition of the enantioface of the nldehyde 

and the di~~mination of the diaster~topjc protons of the ene component in the c~~nyl-ene ~y~li~tion of 

a-alkoxy aldehydes. 
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Experimfmtal Section 

General. Molecular sieves (MS 4A, activated powder) was p~ha~d Tom Aldrich Chemical Co. (R)-l,l’- 

bi-2-naphthol was purchased from Wako Pure Chemical Indus~~s Ltd. IH and ‘SC NMR spectra were 

measured on a Varian EM390, GEMINI 300, or JEOL GSX-500 spectrometer. IR spectra were measured on a 

JASCO FT/IR-5000 spectrometer. Optical rotations were measured on a JASCO DIP-370. All experiments 

were carried out under an argon atmosphere. Dichlorometane was freshly distilled from CaHz. 

P~paration of the Ene Substrate. c+Alkoxy aldehydes were prepared by reduction of the co~spon~ng a- 

alkoxy esters, which were prepared by e~~~~don of alcohols as follows. 

Preparation of l,lJ-Trimetbyl-3-buten-Lot. To a suspension of magnesium (5.35 g, 220 mmol) in ether (5 

mL) was added dropwise l&dibromoethane (1 mL) with vigorous stirring. The mixture was cooled down to 

-10 “C and diluted with ether (120 n-L). To the mixture was added dropwise a solution of 3-chloro-2- 

me~ylpro~ne (18.1 g, 200 mmol) in ether (80 mL) at that tem~mmre. After stirring for 30 min, a solution 

of acetone (5.81 g, 100 mmol) in ether (20 mL) was added dropwise to the mixture at that ~mperat~e. After 

stirring for 12 h at room temperature, the reaction mixture was poured into sat. NH&I (100 mL) at 0 ‘C and 

extracted with ether. The combined organic layer was washed with brine and dried over MgS04. After 

evaporation under reduced pressure, the concentrated solution was distilled under reduced pressure (57 - 60 

“C / 4.5 m&g) to give 1,1,3-trimethyl-3-buten- l-01 in 52% yield (5.89 g): 1H NMR (CDC13) 6 1.25 (s, 6H), 

1.61 (bs, lH), 1.85 (s, 3H), 2.22 (s, 2H), 4.72 (s, iH), 4.90 (s, 1H). 

Preparation of 4-Methyl-4.penten-l-01. To a solution of 2-me~yl-2~pro~n-~~l(21.6 g, 300 mmol) in 

triethyl orthoacetate (275 mL, 1.5 mol) was added 2,~~me~y~henol(2.57 g, 21 mmol). After refluxed for 

12 h at ISO’C with removal of ethanol, the reaction mixture was evaporated under reduced pressure to give the 

crude ester, which was reduced without purification. The crude material in ether (30 mL) was added dropwise 

to a suspension of LiilIQ (22.8 g, 600 mmol) in ether (300 mL) at 0 “C. After stirring for 1 day at rmrn 

tem~t~e, sat. Na2SO4 solution was added to the reaction mixture. After dried over Na#Q, the mixturn 

was filtered through a pad of Celite. The filtrate was evaporated under reduced pressure to give the crude 

alcohol (Cmethyl+enten-I-01): tH NMR (CDClj) S 1.34 (m, 2H), 1.72 (s, 3H), 2.10 (m, 2H), 3.55 (m, 3H) 

4.69 (s, 2H). 

General Procedure for the Preparation of cGAlkoxy Ester. Methyl &Methyl-3-oxa&beptenoate. To a 

suspension of N&I con~ning 50% ash (23.0 g, 480 mmol) in THF (300 mL) was added dropwise a THF (70 

mL) ~lution of 3-~~yl-3-buten-l~l(17.2 g, 200 mmol). The ~xt~e was refluxed for 2 h and cooled to 0 

“C. To the solution was added dropwise a THF (70 mL) solution of bromoacetic acid (27.8 g, 200 mm@ at 0 

“C. After refluxed for 1 h, the resultant soIution was poured into water at 0 ‘C and washed with ether (100 

I&). The aqueous layer was acidified with cont. HCI at 0 “C and extracted with ethyl acetate. The combined 

organic layer was washed with brine and dried over MgSO+ The solution was evaporated under reduced 

pressure to give the crude acid, which was ester&l without pmification. 
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The crude material was dissolved in MeOH (20 mL) and ~methyl o~ofo~ate (21.2 g, 200 mmol). Cont. 

HzS04 (0.5 mL] was added dropwise to the solution at 0 “C. After stirring for 12 it at room te~~rature, the 

reaction mixture was poured into 5% NaHCO3 solution (50 mL) and extracted with ethyl acetate. The organic 

layer was washed with brine and dried over MgSO4. After evaporation under reduced pressure, the resultant 

concentrate was distilled under reduced pressure (77 - 78 “C / 8.5 mmHg) to give methyl 6-methyl-3-oxa-6- 

heptenoate in 72% yield (22.8 g): *H NMR (CDCl3) 6 1.77 (s, 3H), 2.36 (t, J = 6.9 Hz, 2H), 3.66 (t, J = 6.9 

Hz, ZH), 3.76 (s, 3H), 4.11 (s, 2H), 4.76 (s, HI), 4.80 (s, 1H); t3C NMR (CDC13) 6 22.5, 37,5,X7, 68.1, 

70.0,111.6, 142.2, 170.7; IR (neat} 2956,1758, 1653, 1439, 1210, 1141,988,89Ocm-1. 

Methyl 7-Metbyt-3-oxa-6-~tenoate. IH NMR (CDCl3) 5 1.63 (s, 3H), 1.71 (s, 3H), 2.34 (q, I = 7.1 Hz, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ bp81-85a&/5m~g, 

Methyl 4,4,6-Trimethyl-3-oxa-6-heptenoate. tH NMR (CDCl3) 6 1.21 {s, 6H) 1.79 (s, 3H), 220 (s, 2H), 

3.70 (s, 3H), 4.01 (s, 2H), 4.68 (s, HI), 4.82 (s, 1H); 13C NMR (CDCl3) 6 24.2,25.3,48.0,51.7,60.4,76.6, 

114.4,142.5, 171.4; IR (neat) 2976, 1767, 1644,1439, 1207, 1120, 1029,891 cm-t; bp 111 - 114 “C/ 29 

mmHg. 

Methyl 7-Methyl-3-oxa-7~ten~te. ‘H NMR (CDCl3) 6 1.73 (s, 3H), 1.77 (m, ZH), 2.10 {t, I = 7.2 Hz, 

2H), 3.53 (t, I = 6.6 Hz, 2H), 3.76 (s, 3H), 4.09 (s, 2H), 4.69 (s, lH), 4.72 (s, IN); t3C NMR (CDQ3) 6 22.4, 

27.4,33.9,5L7,68.2,?1.4,110.0,145.0, 170.8; IR (neat) 2954,1760, 1653,1439, 1210,1141,888 cm-t; bp 

85-9O~C/9~g. 

General Procedure for the Preparation of ol-Alkoxy Aidehyde. 6-Methyb3.oxad-heptenal. To a 

solution of methyl 6-methyl-3-oxa-6-heptenoate (2.37 g, 15 mmol) in hexane (75 mL) was added a 1 N hexane 

solution of DIBAL-H (15.8 mL, 15.8 mmol) at -78 “C. After stirring for 30 min at that temperature, the 

reaction mixture was ponred into water at 0 ‘C and stirred for 30 min. 1 N HCl was added to the mixture at 0 

“C until the tu~idi~ was disappe~ed. The mixture was extracted with ether and organic layer was washed 

with brine and dried over MgS04. After evaporated under reduced pressure, the concentrated solution was 

distilled by using kugelrohr apparatus (85 “C / 7 mmHg) to give 6methyl-3-oxa-6-beptenal in 35% yield (0.68 

g>: IH NMR (CDC13) 6 I.77 (s, 3H), 2.37 (t, J = 6.9 Hz, 2H), 3.67 (t, .I = 6.9 Hz, 2H), 4.10 fs, 2H), 4.76 (s, 

ED, 4.82 (s, lH), 9.74 (s, 1Hf; ‘3C NMR (GDCl3) S 22.6,37.6,70.3,76.2,111.8, 142.L 200.9. 

7-Methyt-3-oxa-6-odenal. &I NMR (CDCl3) 6 1.64 (s, 3H), 1.71 (s, 3H), 2.34 (q, J = 7.0 HZ, ZH), 3.53 (t, J 

= 7.0 Hz, 2H), 4.09 (s, 2W, 5.14 (m, HI), 9.74 (s, 1H); bp 85 - 90 “C / 4 mmHg. 

4,4,6-Trimethyl-3-oxa-6-heptenal. *H NMR (CDCl3) 6 1.25 (s, 6H), 1.85 (s, 3H). 2,24 (s, 2H), 3.98 (s, 2H), 

4.71 (S IH), 4.86 (s, IH), 9.X (s, 1H); bp 110 - 115 “c / 8 mmHg. 

7-Methyl-3-oxa-7-octenodenal. 1H NMR (CDCl3) 6 1.73 (s, 3H), 1.78 (m, 2H), 2.11 (t,J = 7.6 Hz, 2H), 3.54 {t, J 

= 6.4 HZ, 2H), 4.07 (s, 2H), 4.69 (s, IH), 4.73 (s, IH), 9.74 (s, IH); bp 95 - 100 *C / 9 mmHg. 



Carbonyl-Ene Cydiation Cataly@d by ~~)-B~~~~ri~ed Titanium Comptex ((RI-1). AgCtO4j (RI- 

BJNOL f (j-~O)zTiCl~ (+~3-Hyd~x~~-m~byt~o~pane (4af. To a solution of (~)-l,l’-bi-2-naph~ol 

(28.6 mg, 0.10 mmol) in CHzClz (1.5 ml,) in the presence of mokcular sieves (MS 4A, activated powder) 

(500 mg) was added Age104 (43.5 mg, 0.21 mmol) at room temperature under an argon atmosphere. After 

stirring for 10 tin at room temperature> diisopropoxy titanium dichloride (23.7 mg, 0.10 mmol) was added to 

the mixture. After stirring for 1 h at room temperature, 6-methyl-3-oxa-&heptenal(64.1 mg, 0.50 mmol) was 

added and the mixture was stked for I day. The solution was poured into sat. NaHC@ solution (5 mL). MS 

4A was filtered off through a pad of Celite and the filtrate was extracted with ethyl acetate three times (totally 

50 mL). The ~ornbin~ organic layer was washed with brine, dried over MgSO4, and eva~rat~ under 

reduced pressure. ~mato~phic separation by silica gel (hexane I ethyl acetate = 4 : I - 2 : I) gave 4a in 

43% yieId: IH NMR QZTEl3) 6 2.39 (m, 2H), 2.46 (m, lH), 2.58 (m, 2H), 3,58 (m, ZH), 3.80 (bs, lH), 3.91 

(m, W), 4.97 (bs, 2H); l3C NMR (CDC13) 6 38.1,42.7,68.3,70.7,77.2,116.8,142.7; IR (neat) 3348,3078, 

2942,1644,1448,1127,1060,895 cm-t; [a]$6 +20.0 (c 1.36, CHC&) (92% ee). 

AgOTf / (~)-B~OL I (i-F~)zTiClz. The ene reaction was carried out as described above, except for the 

use of AgOTf instead of AgCQ. 

AgBFd I @)-BINOL I WrO)2TiCla The ene reaction was catried out as described alrove, except for tbe 

use of AgBF4 instead of A&104. 

[R)-2a: (~~B~~L I (~-~)2Ti~I2. The ene reaction was cartied out as described above but in tbe absence 

of AgY. 

(+)-~~-3”Hydrox~4-(1’.metbyl)ethenyioxane &GM-3). IH NMR (CDQ) S 1.68 (m, 2H), 1.75 (s, 3H), 

1.87 tos, lH)~2.~2(d~,~=S.O, 10.2, 10.7Hz, ~H),3.lO(dd,~=9.9, lO.?Hz, lH), 3.38 (dt,f=3.2, 11.4 

Hz, lH), 3&l (ddd, f = 4,8,9+9,10.7 Hz, IH), 3.94 (ddd, J = 1.9,4.5,11.4 Hz, IN), 4.08 (dd, J= 4.8,10.7 Hz, 

IN), 4.91 (s, IH), 4.95 (s, 1Hf; l3C NMR (CDCl3) 6 19.3, 30.0, 52.2, 67.0, 67.8,71.8, 113.5, 144.8; IR 

(neat) 3276,3078,2924,1649,143?, It20,1083,1017,959,890 cm-l; [r&$6 +I 1.7 (c 3.1, CHCl3) (84% 

ee). 

I+)-cis-3-Hydroxy-~l’-~~yl~h~y~xaoe (c&3). IH N?vfR (CDCi3) S 1.45 (m, lH), I.82 (a 3H), 1.85 

(d,J=4.9Hz, IH),2.03 (dq,l=4.7,12.2Hz, lH),223(m, IH), 3.44(dt, J=2.1,12.2Hz, lH),3.S3(dd,J= 

1.1, 12.2 Hz, IH), 3.82 (hs, fH), 4.05 (m, 2H), 4.82 (s, IH), 5.01 (s, IH); t3C NMR (CDCl3) 6 21,9,24.4, 

45.6,65.5,67.9,72.2,111.8,145.3; IR (neat) 3412,3080,2924,1649,1441,1143,1087,1002,891,756 cm-* 

; [C~]D~~ tN.7 (C 1.9, ac13) (cis (74% ee) / Lrum (84% ee) = 45 : 55 mixture). 

(+)~-Hydroxy-2~-~m~b~methyienoxe~ne (4bj. IH NMR (CDCl3) 6 1.21 (s, 3H), 1.22 (s, 3H), 2.24 

(s, 2H), 2.25 (m, iH), 2.43 fm, fH), 2.66 (ba, IH), 3.62 (ddd, J = l&4.2, 12.8 Hz, IH), 3.72 (m, IH), 3,75 

fbs, IH), 4.84 fbs, lH), 5.01 (bs, IH); 13C NMR (CDCl3) 6 27.1,27.5,46.3,4?.7,65.2,67.8,74.6,117.S, 

141.0; IR (neat) 3342,3078,2976,1649,1446,1091,1064,907 cm-*; [a]$ +13.1 (c 1.2, CHCl3) (82% ee). 
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(+)-3-Hydroxy-S-methylenoxocane (5). IH NMR (CDCl3) S 1.26 (m, 2H), 1.72 (bs, IH), 2.34 (m, 2H), 2.40 

(m, lH), 2.46 (m, lH), 3.51 (m, lH), 3.63 (m, lH), 3.72 (m, lH), 3.77 (m, 2H), 4.82 (s, lH), 4.93 (s, 1H); 13C 

NMR (CDCl3) 6 25.7,45.6, 46.7,71.5, 73.1, 74.0, 112.7, 145.3; IR (neat) 3356, 3076, 2930, 1638, 1446, 

llO2,1048, 897,756 cm-l; [a]$’ +1.58 (c 1.0, CHC13) (67% ee). 

(+)-trans-2-(I’-Methyl)ethenylcyclohexanol (tram-6). *H NMR (CDCl3) 6 1.26 (m, 5H), 1.70 (m, 3H), 1.72 

(s, 3H), 1.93 (m, lH), 2.07 (m, lH), 3.43 (dt, J = 4.4, 10.1 Hz, lH), 4.86 (s, lH), 4.90 (s, 1H); l3C NMR 

(CDC13) 6 19.2, 24.9, 25.6, 30.2, 34.1, 54.6, 70.7, 112.8, 146.6: IR (neat) 3384, 2932, 1647, 1452, 1067, 

1017,888 cm-‘; [CX]D25 +4.69 (c 0.90, CHC13) (55% ee). 

(+)-cis-2-(1’.Methyl)ethenylcyclohexanol (cis-6). *H NMR (CDC13) 6 1.26 (m, 2H), 1.46 (m, 3H), 1.64 (m, 

2H), 1.75 (bs, lH), 1.79 (s, 3H), 2.01 (m, 2H), 3.98 (bs, IH), 4.78 (s, lH), 4.95 (s, 1H); 13C NMR (CDC13) 6 

19.7,22.7,23.9,26.0, 32.2, 48.7,65.8, 111.2, 147.6; IR (neat) 3446,2936, 1644, 1448, 1120, 1064,973,893 

cm-l; [a]D25 +8.34 (c 0.40, CHCl3) (64% ee). 

Determination of the Absolute Configuration of the Ene Cyclization Products. The absolute 

configurations of cyclic alcohols were deduced by the modified Mosher method after converting to the 

corresponding (S)-(-)- and (R)-(+)-MTPA esters. 

(S)-(-)-MTPA ester of trams-3. 1H Nh4R (CDCl3) 6 1.74 (s, 3H), 1.72 _ 1.82 (m, W), 2.43 (dt, J = 5.4, 10.7 

Hz, lH), 3.07 0. J = 10.6 Hz, 1H). 3.34 (m, lH), 3.91 - 3.97 (m, lH), 4.03 (dd, J = 5.2, 10.6 Hz, lH), 4.87 (m. 

2H), 5.16 (ddd,J = 5.2, 10.6, 10.7 Hz, 1H). 

(RI-(+I-MTPA eater of tram-3. 1H NMR (CDCl3) 6 1.64 (s, 3H), 1.67 - 1.81 (m, 2H), 2.37 (d&J = 5.2, 10.7 

Hz, lH), 3.25 (t, J = 10.2 HZ, IH), 3.37 (dt, I = 3.0, 11.4 Hz, lH), 3.92 - 3.98 (m, lH), 4.11 (dd,J = 4.9, 10.2 

Hz, lH), 4.70 (m, 2H), 5.15 (ddd, J= 4.9, 10.2, 10.7 Hz, 1H). 

(S)-(-)-MTPA ester of cis-3. 1H NMR (CDCl3) 6 1.55 (m, lH), 1.78 (s, 3H), 2.02 (ddt, J = 4.4, 11.4, 12.6 

Hz, lH),2.34(m, lH),3.46(dt,J=2.1, 11.4Hz, lH), 3.58 (dd,J= 1.4, 13.1 Hz, lH),4.05 (m, lH),4.12(m, 

W, 4.74 (bs, W, 4.92 (t,J = 1.4 Hz, lH), 5.28 (bs, 1H). 

(RWhMTPA ester of cis3. 1H NMR (CDC13) 6 1.51 (m, lH), 1.65 (s, 3H), 2.02 (ddt, J= 4.7, 11.9, 13.2 

Hz, lH), 2.31 (m, lH), 3.49 (dt,J = 2.0, 11.9 Hz, lH), 3.60 (dd, J = 1.4, 12.9 Hz, lH), 4.09 (m, lH), 4.17 (m, 

IH), 4.56 (bs, lH), 4.69 (t, J = 1.4 Hz, lH), 5.24 (bs, 1H). 

W-I-MTPA ester of 4a. IH NMR (CDC13) 6 2.46 (t, J = 5.8 Hz, 2H), 2.62 (dd, J = 7.8, 13.6 Hz, IH), 2.80 

(dd,J= 4.8, 13.6 Hz, lH), 3.64 (q, J = 5.8 Hz, lH), 3.76 (dd, J = 2.8, 13.4 Hz, lH), 3.78 (q, J = 5.8 Hz, lH), 

3.84 (dd, J = 2.8, 13.4 Hz, lH), 4.92 (s, 2H), 5.17 (ddt, J = 4.8,7.8,2.8 Hz, 1H). 

(RI-(+I-MTPA ester of 4a. IH NMR (CDC13) 6 2.44 (t J = 5.8 HZ, 2H), 2.53 (dd, J = 7.4, 13.6 HZ, IH), 2.73 

(dd, J = 5.2, 13.6 Hz, lH), 3.64 (q, J = 5.8 Hz, lH), 3.82 (q, J = 5.8 Hz, IH), 3.83 (dd, J = 4.2, 13.4 Hz, lH), 

3.92 (dd, J = 4.2, 13.4 HZ, lH), 4.81 (s, lHI, 4.86 (S, lH), 5.17 (ddt,J = 5.2,7.4,4.2 Hz, 1H). 
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WWf'W.4 ester of 4b. *H NMR (CDCl3) S 1.17 (s, 3i-Q 1.18 (s, 3H), 2.23 (d, .I= 13.8 Hz, lH), 2.32 [d, 

J = 13.8 Hz, 1H). 2.41 (dd, f = 7.8, 13.6 Hz+ lH), 2.74 (dd, J = 5.4, 13.6 Hz, lH), 3.71 (d, J = 5,2 Hz, w), 

4.84 (s, IfI), 5.01 (s, IH), 5.08 (m, @I). 

(~~-(~)-~PA ester of 4b. II3 NMR (CDCQ 6 1.20 (s, 6H), 2.23 (d, I= 14.0 Hz, lH), 231 (d, J= 14,0Hz, 

1H), 2.32 (dd,J=6.0, 13.8Hz, lH),2.63 (dd,J= 5.2, 13.8Hz, IH), 3.76(dd,J=3.2, 14.0Hz, lH), 3.87 (dd, 

J= 6.2,14.0 Hz, iH), 4‘80 (s, lH), 4.93 (s, lH), 5.06 (m, 1H). 

k!WI-MTPA ester dS. *H NMR @ZDCl3) S 1.70 (m, 2H), 2.34 (t, 1 = 7.2 Hz, ZH), 2.47 (dd, J = 9.9,12.9 

Hz, fH),2.71 (dd,J=4.2,12.9Hz, IH}, 3.48 (m, IN), 3.71 (m, ?$,4.91 (s, fH),4.%(s, lH),5.19 (m, 1H). 

(RI-(+I-MTPA ester of S. *H NMR (CDC13) 6 1.72 (m, 2H), 2.31 (t, J = 6.0 Hz, 2H), 2.36 (dd, J= 9.5,13.5 

Hz, IH),259(dd,J=4.5,13.5Hz, IH), 3,67(dd,J=7.5,12.5Hz, lH),3.68(m, lH),3.78(m, IH),3.79(dd, 

J=4.0, 12.5 Hz, lH), 4.78 (s, IH), 4.91 (s, lH), 5.19 (m, IH). 

@)_(-I-MTPA ester of trams-& tH NMR (CDCi3) S 1.22 - 1.45 (m, 5Hf, 1.70 (s, 3H), 1.73 - 1.79 (m, 2H), 

2.05 - 229 (m, 2H), 4.81 (s, 2H), 5.05 (dt, J = 4.7, 10.7 Hz, 1H). 

(I?)-(+)-MTPA ester of trans-6. tH NMR (CDC13) 6 1.22 - 1.45 (m, 5H), 1.58 (s, 3H), 1.73 - 1.79 (m, 2H), 

2.05 - 2.29 (m, 2H), 4.60 (s, lH), 4.64 (s, H-I), 5.05 (dt, f = 4.7, 10.7 Hz, 1I-I). 

(S~.(-~-MTPA ester of c&-6. lH NMR (CDCI3) 6 1.21 - 1.34 (m, 3H), 1.50 - 1.63 (m, 4H), 1.77 (s, 3H), 

2.01 - 2.11 (m, 2H], 4.71 (s, IH), 4.86 (s, la), 5.53 (bs, IN). 

(~)-(t)-M~A ester of eis-6. lH NMR (CDCl3) 6 1.21 y 1.34 (m, 3H), 1.50 - 1.63 (m, 4H), 1.71 (s, 3H), 

2.01- 2.11 (m, 2H), 4,56 (s, lH), 4.68 (s, lH), 5.57 (bs, 1H). 
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