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The thermal or BF3-catalyzed Diels-Alder reactions of chiral 2-substituted-l,3-dienes bearing a 
hydroxy or a protected hydroxy group at the allylic position with various dienophiles have been 
studied in order to determine the regio- and stereoselective control elements. Good regio- and 
facial selectivities were observed in thermal reaction of dienes bearing a free hydroxy group. The 
stereoselectivity was reversed and strongly lowered when the hydroxy group was protected as an 
ether. However the regio- as well as the stereoselectivity of the cycloaddition of these diene ethers 
with a,fi-unsaturated aldehydes or ketones are remarkably enhanced by the addition of a Lewis 
acid since in a few cases a unique isomer was formed. These experimental results have been 
rationalized and could be explained by conformational preferences of the dienes in the transition 
state. In particular, the reversal of facial selectivity for dienes having a free hydroxy group has 
been attributed to a hydrogen bonding interaction between the diene and the dienophile. 

The importance held by the Diels-Alder reaction in 
organic synthesis rests on the generation of six-mem- 
bered rings with high regio- and stereoselectivity leading 
to the creation of four contiguous stereogenic centers in 
one synthetic operation. Among the many aspects of th is  
reaction, the diastereofacial selectivity has recently at- 
tracted considerable attention in connection with asym- 
metric synthesis.' The most popular ways to obtain good 
facial selectivity are either to link the diene2 or the 
dienophile3 to a chiral auxiliary or to chelate the dieno- 
phile with a chiral Lewis acid4 in order to shield one face 
of the reagent bound to the auxiliary or to the catalyst. 
Removal of the auxiliary then leads to an enantiomeri- 
cally enriched adduct. An alternative approach to induce 
face selectivity is the incorporation in the diene of an 
allylic stereogenic center. In this case, the adducts are 
diastereomers since the initial stereogenic center is part 
of the product. However, if the starting diene is enan- 
tiomerically pure, a high diastereofacial selectivity in the 
cycloaddition will lead to enantiomerically enriched cy- 
cloadducts. During the last ten years several reports 
have shown the role of a heteroatom substitution at the 
allylic position of l-substituted-1,3-dienes A on the 
control of facial ~electivity.~ In contrast, very few inves- 
tigations have been made concerning the influence of a 
heteroatom substitution at the allylic position of %sub- 
stituted-1,3-dienes B. This lack of interest may be due 
to the poor regioselectivitf and diastereo~electivity~ 
usually observed in Diels-Alder reactions of such dienes.s 

In the present work we report the remarkable enhance- 
ment of regio- and facial selectivity brought by the 
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presence of a Lewis acid in Diels-Alder reactions of 
chiral2-substituted-1,3-butadienes of type B (X = O R )  
with unsaturated ketones or  aldehyde^.^ 

Results 
Preparation of Dienes. The requisite dienes 1-13 

were prepared from chloroprene1° as outlined in Scheme 
1. Hydroxy dienes such as 1-6 have been currently 
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Scheme 1 
r -I 

2LiDBB + A lux J +2DBB+LiCl - RCHO 
c1 

OH 

2 R = pOMeph 

13R=Ph 

Table 1. Synthesis of Hydroxy Dienes 
hydroxy diene total yield, % diene/ all en e 

84 77123 
70 90110 
75 75125 
73 1 0010 
88 100/0 

synthesized by reaction of aldehydes with 2-lithio-1,3- 
butadiene obtained from chloroprene via 2-(tributyl- 
stanny1)-1,3-butadiene.l1 In these conditions, small 
amounts of hydroxyallenes are also formed with aromatic 
aldehydes. We have found that 2-lithio-1,3-butadiene can 
be directly generated from chloroprene and 4,4’-di-tert- 
butylbiphenyl lithium (LiDBB). Hydroxy dienes 1-5 
have then been obtained in a one-pot process with better 
yields and similar diedallene ratios as shown in Table 
1. The hydroxy groups of dienols 1-5 have been pro- 
tected following conventional methods to afford the 
corresponding ethers 6-13. 

We have not been able to separate the hydroxy dienes 
1-3 from their allenic impurities so that the mixtures of 
dienic and allenic alcohols have been used for cyclo- 
additions. However, allenic alcohols, unreactive in the 
conditions used for the cycloaddition, have been sepa- 
rated easily at this stage from the cycloadducts. 

Thermal Cycloadditions of 2-Substituted Dienes. 
2-Substituted dienes underwent cycloadditions with vari- 
ous dienophiles at 80 “C to give in each case a mixture 
of four isomers (see eq 1). Racemic dienes have been used 
but for clarity only one enantiomer is represented. 

We have not been able to separate these isomers by 
usual chromatography. The proportions of the different 
isomers are listed in Table 2. The ratios a+b/c+d or 
“para”/“meta” have been determined by capillary gas- 
liquid chromatography of the ketones obtained after 
MnOz oxidation of the free hydroxy groups (entries 1-8) 
or by deprotection and oxidation of the released hydroxy 
groups (entries 9-12). See eq 2 for an example. 

(10)Other preparations of such racemic hydroxy dienes: from 
methyl vinyl ketone: Brown, P. A.; Jenkins, P. R. Tetrahedron Lett. 
1982,23,3733; enantiomerically enriched: (a) ref 7; (b) Hatakeyama, 
S.; Sugawara, IC; Kawamura, M.; Takano, S. Tetrahedron Lett. 1991, 
32, 4509. 

(11) Wada, E.; Kanemasa, S.; Fujiwara, I.; Tsuge, 0. Bull. Chem. 
Soc. Jpn. 1986,58, 1942. 

(12) See ref 2, p 49. 
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Table 2. Thermal Diels-Alder Cycloadditions of 
2-Substituted Dienes with Unsymmetrical DienophilW 

ratio ratio yield? 
entry diene dienophile products a+b/c+db % 

1 1 Z=COzMe 
2 1 Z=CONMeZ 
3 1 Z=COMe 
4 2 Z=COMe 
5 3 Z=COMe 
6 4 Z=CO&fe 
7 4 Z=COMe 
8 5 Z=COMe 
9 11 Z=CO*e 

10 6 Z=COMe 
11 11 Z=COMe 
12 13 Z=COMe 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

69/31 
65135 
77/23 
80120 
74/26 
67/33 
78/22 
77/23 
70130 
67/33 
70130 
68132 

80120 
80120 
80120 
80120 
70130 
80120 
80120 
75/25 
45/55 
45/55 
45/55 
25/75 

72 
74 
92 
76 
83 
83 
82 
81 
87 
70 
77 
81 

a The reactions have been carried out in refluxing benzene for 
48 h. * The ratios a+b/c+d have been determined by GLC aRer 
oxidation of the hydroxy group. Not accurate values. Ratios 
evaluated by GLC andor ‘H NMR andor 13C NMR. d Yields are 
given with respect to the 1,3-diene for products isolated by column 
chromatography. 

R 

OR’ 
1 - 6,11,13 

R g: R+ Z + R@ “ I Z  

OR OR’ OR’ OR‘ 
14s -25n 14b - 25 b 1 4 ~  - 2 5 ~  14d-25d 

“P“’ “mera” 

The “para* regiochemistry has been attributed to the 
major regioisomers on the basis of both literature pre- 
cedent@ and predictions of the frontier molecular orbital 
theory.13 This “para” structure has been confirmed in 
the case of 26 by a careful examination of its ‘H NMR 
spectrum in the presence of a shift reagent Eu(fod)s used 
to split and differentiate the signals of all the protons of 
the molecule. We have found by selective irradiations 

(13) Fleming, I. Frontier orbitals and organic chemicub reactiom; 
John Wiley and Sons: New York, 1978; pp 121-140. 
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Table 3. Fach Stereoselection of BFyEtsO-Catalyzed 
Cycloaddition@ 

yield; 
entry diene dienophile products StereoselectiviM % 

14(a+b) 14(c+d) 

26 27 

that in addition to the geminal coupling, protons Hb and 
HW are coupled with the olefinic proton Ha and with a 
single other proton H,, supporting the “para” position of 
the carbomethoxy group. 

If the proportions of the two minor “meta” stereo- 
isomers 14c-26c and 14d-26d have not been established, 
however the ratios a h  of the two major “para” stereomers 
14a-26a and 14b-26b have been evaluated by capillary 
GLC when possible and/or by lH and 13C NMR of the 
mixture obtained after purification by column chroma- 
tography on silica gel. In general the signals due to the 
two diastereomers are not well separated so that only 
approximate values (f5%) have been determined and 
reported in Table 2. 

The relative configurations of the two asymmetric 
centers have been determined for 1Sb (and consequently 
for 18a) by desilylation of 30b (eq 31, the structure of 
which has been unambiguously established (see below). 
The stereostructures of the other major cycloadducts 14a- 
17a and 19a -21a were tentatively assigned based on the 
close similarity of their IH and 13C NMR spectra with 
these of cycloadduct Ma. 

I 
OSMe, 
30b 

I 
OH 
18b (3) 

Lewis Acid Catalyzed Cycloadditions of 2-Sub- 
stituted Dienes 6-13. In an effort to improve the 
regioselectivity as well as the facial stereoselectivity of 
the Diels-Alder reactions of dienes 1-13 we decided to 
try these cycloadditions in the presence of a Lewis acid. 
It is well known that most of the Diels-Alder reactions 
are accelerated by the presence of a Lewis acid and that 
their regio- and stereoselectivities are often increased 
over the uncatalyzed reaction. However, surprisingly, 
when we started our work, the influence of a Lewis acid 
on the facial selectivity of Diels-Alder reaction of dienes 
A or B having stereogenic allylic substituents at the C-1 
or C-2 positon had to our knowledge never been reported.8 
This lack of information may be the result of the fragility 
of the dienes in the presence of a Lewis acid. Effectively, 
we found that hydroxy dienes 1-5 are completely de- 
stroyed within 5 min at -78 “C in the presence of Lewis 
acids. Fortunately, prptected dienols 6-13 are not so 
fragile and are reactive enough to  give rise to cyclo- 
additions with unsaturated aldehydes and ketones in the 
presence of a Lewis acid at -78 “C. A limitation of this 
reaction is the lack of reactivity of other dienophiles such 
as a,P-unsaturated esters or amides under these condi- 
tions. Several Lewis acids were tried (BF3, TiCL, AlC13, 

1 6 Z=COCH3 23b > 9515 78 
2 7 Z=COCHs 28a+28b 81/19 61 
3 8 ZzCOCH3 29b > 9515 66 
4 9 Z=COCH3 30b > 9515 66 
5 10 Z=COCHj 31b > 9515d 67 
6 11 Z=COCH3 24a+24b 88112d 66 
7 12 Z=COCH3 32b > 9515 65 
8 13 Z=COCH3 25b > 9515 88 
9 6 Z=CHO 33aC33b 94/6d 75 

10 10 Z=CHO 34b > 9515 40 

The reactions have been carried out in methylene chloride at 
-78 “C for 1 h. A stereoselectivity bla > 9515 has been assigned 
when only one diastereomer could be seen by capillary GLC and 
IH NMR and/or 13C NMR. Yields are given for products purified 
by column chromatography. Very similar stereoselectivities and 
yields are obtained in these reactions if BFyEt20 is replaced by 
Ac13. 

ZnClz, TfOSiMe3) and the best results, summarized in 
Table 3, were obtained in the presence of BF3oEt20 (eq 
4). 

A 
OR’ 
6 - 1 3  

OR’ OR’ 
23a - 25a 23b-25b 

and 
28a - 34a 

and 
28b-34b 

In most of the experiments a unique cycloadduct was 
formed as shown by capillary GLC or ‘H and 13C NMR. 
When two products were observed (entries 2, 6, €9, we 
proved that they are diastereomers since the suppression 
of one of the stereogenic centers by oxidation of the 
deprotected hydroxy group gave rise to a single ketone 
(eq 5). 

/\/cocH3 
Depmtcction .$”’ 

6R‘ 

35 R = P h  

37 R=iPr 
36 R=C,H,,  

The diastereomeric ratios have been determined by 
capillary GLC or ‘H NMR. The stereochemistry of 
cycloadducts 23b-2Sb, 28b, 29b, and 31b-36b has been 
determined by comparison of their ‘H and 13C NMR 
spectra with those of the adduct 30b whose structure has 
been established by single-crystal X-ray analysis14” 
(Figure 1). 

Discussion 
In thermal cycloadditions, as could be predicted by 

considering the frontier orbitals  contribution^'^ as well 



Diastereofacial Selectivity in Diels- Alder Reactions 

d 

Figure 1. ORTEP representation of the adduct 3Ob. 

as reported data for others 2-substit~ted-1,3-dienes,l~~ 
the regioselectivity in favor of the “para” adducts is not 
very high and is almost independent of the nature of R 
and R .  These substituents are effectively too far away 
to have a significant influence on the orbital coefficients 
of C1 and C4 carbons directly involved in the cyclo- 
addition. The facial stereoselectivity is also independent 
of R but, in contrast, is directly connected to the presence 
of a free hydroxy group: the good selectivity observed in 
this case (Table 2; entries 1-8) practically disappears for 
dienes containing a masked hydroxy group (Table 2; 
entries 9-12) suggesting that a hydrogen bond between 
the diene and the dienophile might play an important 
role.15 The regioselectivity as well as the stereoselectivity 
are considerably enhanced when these cycloadditions are 
carried out in the presence of a Lewis acid (Table 3). In 
all cases a totally regioselective cycloaddition giving rise 
to the “para” regioisomers is observed. This expected 
very high regioselectivity is well explained by the in- 
creased polarization of the LUMO of the C=C double 
bond of the complexed dienophile.16 Furthermore an 
excellent diastereoselectivity, slightly dependent on the 
steric bulk of the substituent R, is also promoted by the 
Lewis acid. It is important to notice that the major 
stereoisomers obtained by thermal cycloaddition of free 
hydroxy dienes 1-6 have the configuration of the minor 
stereoisomers obtained by thermal or catalyzed cyclo- 
additions of protected dienes 6-13 so that there is a 
remarkable reversal of facial selectivity for dienes B (X 
= OH) with respect to dienes B (X = OR). 

On the basis of literature data and simple molecular 
mechanic calculations, we have been able to rationalize 
the facial selectivities of the thermal or catalyzed cy- 
cloadditions of dienes B (X = OH, OR’) with methyl vinyl 
ketone. We have first established the probable favored 
conformations of the dienophile and of the diene in the 

(14)(a) The author has deposited atomic coordinates for this 
structure with the Cambridge Crystallographic Data Centre. The 
coordinates can be obtained, on request, from the Director, Cambridge 
Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 lEZ, 
UK. (b) See for example: Hosomi, A.; Saito, M.; Sakurai, H. Tetra- 
hedron Lett. 1980,21, 355 and references therein. 

(15) The control of the facial selectivity in Diels-Alder reactions of 
140-methylmande1oxy)butadiene through hydrogen bonding has been 
recently reported (a) Tripathy, R.; Carroll, P. J.; Thomton, E. R. J. 
Am. Chem. SOC. 1990, 112, 6743. (b) Tripathy, R.; Carroll, P. J.; 
Thomton, E. R. J. Am. C h m .  SOC. 1991,113, 7630. 

(16) Reference 13, p 163. 
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transition state and then we have looked using Dreiding 
models for the most stable states generated during the 
endo approach of these entities. 

Conformation of the Dienophile. It seems now well 
established experimentally” and theoretically’* that, in 
the ground state, transoid conformation of acrolein is 
favored with respect to the cisoid conformation. Lewis 
acid complexation does not change the nature of this 
preferred ground state s-trans conformation of a,/?- 
unsaturated carbonyl  compound^.'^ However, Houk has 
recently shown, by ab initio calculations, that in the endo 
transition state of the Diels-Alder reaction of butadiene 
and acrolein20 or BHs-complexed acrolein21 the olefinic 
aldehyde assumed a s-cis conformation since this con- 
former is more electrophilic and its geometry leads to 
better secondary interactions. Experimental support for 
this cisoid conformation has been reported for the ther- 
mal cycloaddition of a,/?-unsaturated ketones22 and the 
Lewis acid-catalyzed cycloaddition of 2-bromoa~rolein.~~ 

All these considerations led us to think that in the 
transition state of the Diels-Alder cycloadditions methyl 
vinyl ketone adopts the s-cis conformation. Furthermore, 
in catalyzed reactions, for steric reasons, the Lewis acid 
complexes the carbonyl group in an anti position. 

s-cis s-cis anti 

Conformation of the Dienes. The relative energies 
of ground state conformations of dienes 1, 6, and 13 in 
an s-cis geometry have been established using a molecu- 
lar modeling program MAD (Allinger MM2 force field).24 
Monte Carlo method has been used and energy minimi- 
zations have been made by rotating either one or simul- 
taneously several fragments of the molecule around one 
or several particular bonds. 

In each case, we found two s-cis conformations I and 
I1 of very similar energy in which the phenyl group is 
perpendicular to the diene plane and the O R  group is in 
a syn or anti position with respect to the adjacent double 
bond. The other conformations I11 to VI are much higher 
in energy. 

It has been reported by Franck 5a that, for Diels-Alder 
reactions of dienes A, the stereoselectivity can be pre- 
dicted in most of the cases by assuming that the 
conformation of the ground states of the dienes are 
reflected in the transition states of the reaction. Fur- 

(17)Blom, C. E.; Grassi, G.; Bauder, A. J.  Am. Chem. SOC. 1984, 
106, 7427. 

(18) (a) Loncharich, R. J.; Schwartz, T. R.; Houk, IC N. J. Am. chem. 
SOC. 1987,109,14. (b) Guner, 0. F.; Ottenbrite, R. M.; Shillady, D. D.; 
Alson, P. J. Org. Chem. 1987, 52, 391. 

(19) (a) Reetz, M. T.; Hiillmann, M.; Massa, W.; Berger, S.; Radema- 
cher, P.; Heymanns, P. J. Am. Chem. SOC. 1986,108,2405. (b) Gung, 
B. W.; Wolf, M. A. J. Org. Chem. 1992,57, 1370. (c) Honeychuck, R. 
V.; Bonnesen, P. V.; Farahi, J.; Hersh, W. H. J. Org. Chem. 1987,52, 
5293. (d) Bonnesen, P. V.; Pruckett, C. L.; Honeychuck, R. V.; Hersh, 
W. H. J. Am. Chem. SOC. 1989,111, 6070. (e) Corey, E. J.; Loh, T. P.; 
Sanshar, S.; Azimioara, M. Tetrahedron Lett. 1992,33, 6945. 

(20) Loncharich, R. J.; Brown, F. IC; Houk, IC N. J. Org. Chem. 1989, 
54, 1129. 

(21) Bimey, D. M.; Houk, K. N. J. Am. Chem. SOC. 1990,112,4127. 
(22) Stammer, B.; Berlage, U.; Kinder”,  R.; Kaiser, M.; Gihther, 

B.; Sheldrick, W. S.; Welzel, P.; Roth, W. R. J. Og. Chem. 1992, 57, 
6566. 

(23) Corey, E. J.; Loh, T. P. J. Am. Chem. Soc. 1991, 113, 8966. 
(24) MAD (Molecular Advanced Design) version 2.0 is available f” 

Oxford Molecular, Ecole Polytechnique, Palaiseau, fiance. 
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w 
I 

I Ph I1 Ph 

R = H, SiMe,, CH, 0.00 R = H  0.2KcaUml 
R = SiMe, 0.1 KC&“ 
R = CH? 0.1 KcaU~nol 

I 
H IV 

R = H  1.3Kcal/mOl R = H 2.1 KcaUmol 
R = SiMe, 5.9 KcaUm01 R = SiMq 4.7 Kcdmol 
R = CH3 3.0 KCal/m~l R’ = CH3 3.2 KcaVmol 

V Y  VI Y 
OR’ OR! 

R = H 7.8 Kcal/mol R = H 3.6Kcdmol 

R = CH3 13.3 KcaVmol R = CH3 13.0 Kcal/mol 
R = SiMq 15.7 KcaVmol R‘ = Si&, 11.6 KcaUmOl 

thermore, in agreement with proposed perpendicular 
models for electrophilic attack on chiral allyl 
in order to minimize electron withdrawal from the diene 
by the carbon-heteroatom dr orbital, the heteroatom 
must keep a position near the plane of the dienyl moiety 
such as in I, 11,111, N. Finally according to the “Cieplak 
effect”,26 recent calculations have shown that the transi- 
tion states of Diels-Alder reactions are also stabilized 
by u electron donation into the vacant 8 orbital associ- 
ated with the forming bond.5m For dienes B the best 
stabilization will occur if the most electron rich C-C u 
bonds is in an anti position, perpendicular to the diene 
such as in I and 11. All these observations led us to 
consider that the two most reactive conformers of dienes 
B must be also the two most stable ground states 
conformers I and 11. 

Transition state models of Diels-Alder reactions in- 
volving dienes B have then been built considering an 
endo approach of the dienophile in its s-cis conformation 
onto the less hindered and more nucleophilic face of the 
conformations I and I1 of the diene, that is to say syn to 
the heteroatom and anti to the alkyl or aryl groups. The 
relative stability of the transition state models which 
reflects the n-facial selectivity can be rationalized as 
shown below. 

Diels-Alder Reactions of Dienic Ethers. (a) Cata- 
lyzed Reactions. The two transition state models 
constructed following the above considerations are de- 
picted by C and D. 

A careful examination of the Dreiding models indicates 
for D a severe steric interaction between the hydroxy 
protective group R’ and the coordinated Lewis acid. This 
interaction is reflected by a difference in energy for the 
models C and D which entails the excellent diastereo- 
selective excesses reported in Table 3. 
(b) Thermal Reactions. Two transition structures 

E and F, very similar to C and D, can be drawn for the 

(25) Houk, K. N.; Moses, S. R.; Wu, Y. D.; Rondan, D. G.; Jager, V.; 
(26) Cieplak, A. S.; Tait, B. D.; Johnson, C. R. J. Am. Chem. SOC. 

Schohe, R.; konczek, F. R. J. Am. Chem. SOC. 1984,106, 3880. 

1989,111,8447. 

R 
1 
I , R e ,  

R 
I 

C D 

thermal reactions, but here, there is no more great steric 
interaction in one or the other model so that the two 
transition states must be of very similar energy, explain- 
ing the poor facial selectivity experimentally found. 
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Diels-Alder Reactions of Dienes Bearing a Free 
Hydroxy Group. The two competing transition state 
models postulated to rationalize the stereochemistry of 
the thermal cycloadditions of dienes 1-6 are represented 
by G and H. In the transition structure G, the confor- 
mation of the diene allows intermolecular coordination 
of the hydroxy hydrogen with the carbonyl group of the 
dienophile. The hydrogen bonding interaction stabilizes 
G with respect to H so that the major cycloadduct arises 
from G, explaining the surprising reversal of facial 
selectivity observed with protected or unprotected di- 
enols, respectively. 
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Recent reports on the role of hydrogen bonding in 
controlling the diastereoselectivity of Diels-Alder reac- 
tions of hydroxy dienes5bpeJ5 support our postulations. 

Conclusion 
The diastereoselectivity of Diels-Alder reactions of 

2-substituted-l,3-dienes bearing a free hydroxy or a 
protected hydroxy group at the allylic position can be 
controlled by hydrogen bonding or by addition of a Lewis 
acid, respectively. The experimental results have been 
rationalized and explained by conformational preferences 
of the diene in the transition state. For the first time 
complete regio- and stereoselectivity have been observed 
in the cycloadditions of chiral 2-substituted-l,3-buta- 
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dienes with a,P-unsaturated ketones or aldehydes open- 
ing a new way for the obtention of stereochemically 
defined polyfunctional cyclohexenes. 

Experimental Sectiona7 
General Procedure for the Synthesis of Dienes 1-6. To 

a solution of 4,4'-di-tert-butylbiphenyl (DBB) (13.30 g, 50 
mmol) in 100 mL of dry THF kept under argon were added 
small chips of lithium (316 mg, 45 mmol). The mixture was 
sonicated for 3 h at  10-15 "C in a cleaning bath. The cleaning 
bath was replaced by a cold dry ice-acetone bath, and 
chloroprene (1.85 mL, 20 "01) was added dropwise at  -78 
"C. The mixture was stirred for 15 min, the required aldehyde 
(20 mmol) was added, and stirring was continued for an 
additional 30 min. The mixture was then quenched with 
saturated aqueous NH&1(25 mL), extracted with ether (3 x 
80 mL), and dried (MgSO4). The solvent was evaporated under 
reduced pressure and the crude product was submitted to flash 
chromatography (hexanelether 90/10) to give DBB (12 g) and 
the pure diene (4,5) or a mixture with its allenic isomer (1,2, 
3). Dienols 1 and 4 are known compounds.ll 
2-Methylidene-l-(p-methoxyphenyl)-but-3-en-l-o1(2). 

Obtained as a mixture with the isomeric allene (ratio 90/10): 
yield 70%; IR (neat) 3400,3010,2960,2940,2840,1615,1595, 
1250, 1035 cm-l; lH NMR (250 MHz, CDCls) 6 1.92 (d, J = 
3.9 Hz, lH), 3.81 (s, 3H), 5.08 (d, J = 11.5 Hz, lH), 5.20 (d, J 
= 17.4 Hz, lH), 5.28 and 5.35 (2s, 2H), 5.45 (9, lH), 6.33 (dd, 
J = 11.5, 17.4 Hz, lH), 6.85 (d, J = 9.2 Hz, 2H), 7.33 (d, J = 
9.2 Hz, 2H). 
2-Methylidene-l-(p-bromophenyl)-bub3-en-1-01(3). Ob- 

tained as a mixture with the isomeric allene (ratio 75/25): yield 
75%; IR (neat) 3360,3100,1950,1600,1490,1070,1010 cm-'; 

J = 10.9 Hz, lH), 5.23 (d, J = 17.9 Hz, lH), 5.35 and 5.40 ( 2 ~ ,  
2H), 5.46 (d, J = 4.2 Hz, lH), 6.31 (dd, J = 10.9, 17.9 Hz, lH), 
7.30 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H); MS mlz (re1 
intensity) 240 (M+, 5) ,  238 (M+, 5 ) ,  187 (49), 185 (811,159 (38), 
131 (28), 78 (52), 77 (100). 
2-Methyl-4-methylidenehex-6-en-3-01(5): clear oil; yield 

88%; IR (neat) 3430,3095,2980,2890,1600,1470,900 cm-'; 

J = 4 Hz, lH), 1.91 (m, lH), 4.14 (m, lH), 5.11 (d, J = 11 Hz, 
1H), 5.18 and 5.21 (2s, 2H), 5.35 (d, J = 17.4 Hz, lH), 6.34 
(dd, J = 11, 17.4 Hz, 1H); MS mlz  (re1 intensity) 126 (M+, 21, 
84 (20), 83 (loo), 68 (ll), 55 (61). 
General Procedure for the Synthesis of Silyl Ethers 

6-11. To a stirred solution of the dienol (1 mmol) in CHzClz 
(6 mL) kept at 0 "C under argon were added dropwise, 
successively, triethylamine (2.2 mmol) and trimethylsilyl 
triflate (or tert-butyldimethylsilyl triflate) (1.8 mmol). The 
mixture was allowed to warm to room temperature and 
stirring was continued for an additional 30 min. The solution 
was diluted with ether (20 mL) and poured into a cold solution 
of NaHC03. After extraction with ether (2 x 10 mL), the 
organic phase was washed with brine and dried over MgSOr. 
The solvent was evaporated under reduced pressure and the 
crude product was submitted to chromatographic separation 
on silica gel (hexane). 
2-Methylidene- l-phenyl-l-[(trimethylsilyl)oxylbut-3- 

ene (6). Obtained as a mixture with the isomeric allene: yield 
93%; IR (neat) 3095,3015,2960,2860,1960,1595,1250 cm-'; 

Hz, lH), 5.27 (d, J = 17.6 Hz, lH), 5.30 and 5.40 (as, 3H), 
6.25 (dd, J = 11.3, 17.6 Hz, lH), 7.20-7.52 (m, 5H); MS m l z  
(re1 intensity) 232 (M+, 22), 179 (74), 142 (161, 128 (161, 75 

3-Methylidene-4-[(~ethy~~yl)o~ld~-l~ne (7): clear 
oil; yield 76%; IR (neat) 2960,2870,1600,1260 cm-l; 'H NMR 
(250 MHz, CDCl3) 6 0.1 (s, 9H), 0.89 (m, 3H), 1.20-1.35 (m, 
8H), 1.4-1.6 (m, 2H), 4.32 (dd, J = 4.5, 8.4 Hz, lH), 5.07 (d, 
J=11.2Hz,1H),5.10and5.19(2s,2H),5.30(d,J=18.0H~, 

'H NMR (200 MHz, CDCl3) 6 1.96 (d, J = 4.2 Hz, lH), 5.08 (d, 

'H NMR (250 MHz, CDC13) 6 0.94 (d, J = 6.6 Hz, 6H), 1.51 (d, 

'H NMR (200 MHz, CDC13) 6 0.11 (8, 9H), 5.01 (d, J = 11.3 

(21), 73 (100). 

(27) For a general description of experimental parameters see Bloch, 
R.; Bortolussi, M.; Girard, C.; Seck, M. Tetrahedron 1992, 48, 453. 
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lH), 6.33 (dd, J = 11.2, 18.0 Hz, 1H); MS mlz  (re1 intensity) 
240 (M+, 0.5), 225 (7), 156 (31), 155 (1001, 73 (57). 

6-Methyl-3-methylidene-4-[(trimethylsily~~ 
ene (8): pale yellow oil; yield 77%; IR (neat) 2970,2940,2880, 
1605, 1260 cm-l; lH NMR (200 MHz, CDCM d 0.08 (s,9H), 
0.85 (d, J = 6.7 Hz, 6H), 1.80 (m, lH), 4.00 (d, J = 5.4 Hz, 
lH), 5.05 (d, J =  11.6 Hz, lH), 5.10 and 5.15 (2s, 2H), 5.33 (d, 
J = 18.0 Hz, lH), 6.31 (dd, J = 11.6, 18.0 Hz, 1H). 
2-Metaylidene-l-cp-bromophenyl)-l-[(~e~y~ilyl)- 

09ylbut-S-ene (9). Obtained as a mixture with the isomeric 
allene: yield 88%; IR (neat) 3095, 2960, 1960, 1600, 1490, 
1250, 1010, 890, 840 cm-l; lH NMR (250 MHz, CDCls) 6 0.11 
(8, 9H), 5.00 (d, J = 11.3 Hz, lH), 5.23 (d, J = 17.9 Hz, lH), 
5.29,5.33 and 5.37 (3s, 3H), 6.22 (dd, J = 11.3, 17.9 Hz, 1H), 
7.15-7.30 (m, 2H), 7.40-7.50 (m, 2H); MS m / z  (re1 intensity) 
312 (M+, 5) ,  310 (M+, 5),  259 (65), 257 (661, 142 (161,141 (1% 
75 (161, 73 (100). 
2-Methylidene-l-phenyl- l-[(tert-butyldimethylsilyl)- 

oxyIbut3-ene (10). Obtained as a mixture with the isomeric 
allene: yield 81%; IR (neat) 3095, 3015, 2960, 2940, 2860, 
1960,1590,1250 cm-l; lH NMR (250 MHz, CDCls) 6 0.0 and 
0.10 (2s, 6H), 0.92 (8 ,  9H), 5.00 (d, J = 11.2 Hz, lH), 5.28 (8 ,  
lH), 5.32 (d, J = 18 Hz, lH), 5.38 and 5.42 (2s,2H), 6.22 (dd, 
J = 11.2,18.0 Hz, lH), 7.2-7.4 (m, 5H); MS mlz (re1 intensity) 
218 (27), 217 (loo), 143 (191, 128 (30), 115 (23), 75 (83), 73 
(56). 
3-Methylidene-4-[ (tert-butyldimethylsilyl)oxyldec-l- 

ene (11): clear oil; yield 86%; IR (neat) 3095,2960,2940,2860, 
1595, 1250 cm-l; lH NMR (200 MHz, CDC13) 6 0.0 and 0.05 
(2s, 6H), 0.85-0.95 (m, 12H), 1.20-1.40 (m, 8H), 1.45-1.60 
(m, 2H), 4.34 (t, J = 5.4 Hz, lH), 5.06 (d, J = 11.2 Hz, lH), 
5.09 and 5.17 (2s, 2H), 5.30 (d, J = 18 Hz, lH), 6.30 (dd, J = 
11.2, 18 Hz, 1H); MS mlz  (re1 intensity) 226 (15), 223 (64), 75 
(loo), 73 (41). 
2-Methylidene-l-(p-bromophenyl)-l-[(tert-butyldi- 

phenylsilyl)oxy]but-3-ene (12). To a solution of a mixture 
of diene 9 and the isomeric allene (150 mg, 0.63 mmol) in 
dimethylfomamide (6 mL) was added imidazole (282 mg, 4.14 
mmol) and diphenyl-tert-butylsilyl chloride (538 mL, 2.07 
m o l ) .  The mixture was stirred at  65 "C for 48 h, diluted with 
ether (30 mL), and washed with water (4 x 10 mL). The 
organic phase was dried (MgSO4) and concentrated under 
reduced pressure. Flash chromatography (SiOz, hexandether 
95l5) gave 269 mg (90%) of a mixture of 12 and its isomeric 
allene: IR (neat) 3080, 3060, 2985, 2940, 2870, 1595, 1490, 
1430 cm-l; lH NMR (200 MHz, CDCl3) 6 1.05 (s,9H), 4.93 (d, 
J = 11.2 Hz, lH), 5.10 (d, J = 17.7 Hz, lH), 5.21, 5.28 and 
5.45 (3s,3H), 6.16 (dd, J =  11.2, 17.7 Hz, lH), 7.03-7.12 (m, 
2H), 7.20-7.50 (m, lOH), 7.60-7.70 (m, 2H); CIMS ( N H 3 )  mlz 
(re1 intensity) 496 and 494 ( M N H 4 + ,  281,479 and 477 (MH', 
161, 223 (loo), 221 (991, 196 (38). 
2-Methylidene-l-methoxy-l-phenylbut-3-ene (13). To 

a suspension of NaH (168 mg, 7 m o l )  in dry THF (6 mL) 
was added a mixture of diene 1 and its allenic isomer (966 
mg, 6 mmol). The mixture was stirred at  20 "C for 1 h, a t  50 
"C for an additional 1 h, and cooled to 0 "C. Then methyl 
iodide (777 pL, 12 mmol) was added at OloC, and the mixture 
was allowed to warm to room temperature and poured on 
water (20 mL) and EbO (20 mL). The aqueous layer was 
extracted with ether (3 x 15 mL) and the organic phase was 
dried over MgSO4 and concentrated under reduced pressure. 
The residue was chromatographed on silica gel (hexane) to 
afford 760 mg (72.5%) of a mixture of 13 and the corresponding 
allene: IR (neat) 3090, 3020, 2980, 2930, 2820, 1950, 1590, 
1450, 1100, 700 cm-'; 1H NMR (200 MHz, CDCM 6 3.38 (8 ,  
3H), 4.90 (8 ,  lH), 5.05 (d, J = 11.4 Hz, lH), 5.33 (d, J = 17.9 
Hz, lH), 5.35 and 5.38 (as, 2H), 6.31 (dd, J = 11.4, 17.9 Hz, 
lH), 7.22-7.43 (m, 5H); MS m / z  (re1 intensity) 174 (M+, 8), 
122 (83), 121 (loo), 92 (20), 91 (161, 78 (251, 77 (28). 
General Procedure for Thermal Cycloadditions. A 

solution of the diene (1 mmol) and the dienophile (2 m o l )  in 
benzene (5 mL) was stirred at  80 "C for 48 h. After addition 
of ether (25 mL), the solution was washed with brine (2 x 10 
mL) and dried over MgS04. The solution was concentrated 
in vacuo and the cycloadducts were purified and separated 
from the unreactive allene when present by column chroma- 
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73 (85). Anal. Calcd for C15HzsOzSi: C, 67.10; H, 10.51. 
Found C, 67.28; H, 10.33. 
(~*,1’R*)-4-[l’-[(Trimethylsilyl)oxyl-p-bromobenzyll- 

cyclohex-3-enyl Methyl Ketone (30b). Obtained by cata- 
lyzed cycloaddition between diene 9 and methyl vinyl ketone: 
colorless solid; mp 56 “C; IR (neat) 3080, 3060, 3005, 2940, 
2860, 1740, 1595, 1250 cm-I; lH NMR (200 MHz, CDCl3) 6 
0.1 (s,9H), 1.36-1.59 (m, lH), 1.6-1.8 (m, lH), 1.87-2.0 (m, 
lH), 2.02-2.31 (m, 6H), 2.4-2.6 (m, lH), 5.06 (8, lH), 5.75 
(bs, lH), 7.2 (d, J = 8.1 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H); 13C 
NMR(50.3MHz,CDCb)60.6,23.1,23.6,27.4,28.0,47.5,78.6, 
121.5, 122.9, 128.6, 131.8, 140.6, 143.3, 209.1; MS mlz (re1 
intensity) 382 and 380 (M+, 1.5), 292 (la), 290 (18), 249 (54), 
247 (59,168 (45), 75 (loo), 73 (86). Anal. Calcd for Cl8HZ5- 
BrOzSi: C, 56.67; H, 6.60; Br, 20.95. Found: C, 56.76; H, 6.38; 
Br, 21.18. 

(1~*,1’~*)-4-[ 1’-[ (tert-Butyldimethylsilyl)oxylbenzyl3~ 
cyclohex-3-enyl Methyl Ketone (31b). Obtained by cata- 
lyzed cycloaddition between the diene 10 and methyl vinyl 
ketone: colorless oil; yield 67%; IR (neat) 3095, 3060, 3030, 
2940, 2860,1715, 1605,1250, 700 cm-l; IH NMR (250 MHz, 
CDCl3) 6 0 and 0.07 (28, 6H), 0.9 (8, 9H), 1.38-1.55 (m, lH), 
1.6-1.78 (m, lH), 1.88-2.0 (m, lH), 2.08-2.2 (m, lH), 2.15 
(s, 3H); 2.2-2.3 (m, 2H), 2.42-2.57 (m, lH), 5.11 (s, lH), 5.28 
(bs, lH), 7.2-7.38 (m, 5H); 13C NMR (50.3 MHz, CDCld 6 -5.1, 

126.6, 127.7, 140.6, 143.3, 210.7; MS mlz (re1 intensity) 287 
(M+ - tBu, 32), 169 (181, 91 (22), 75 (100). Anal. Calcd for 
C21HszOzSi: C, 73.20; H, 9.36. Found: C, 73.19; H, 9.43. 

( 1 ~ * , 1 ‘ ~ * ) - 4 - [  1’-[(tert-Butyldiphenylsilyl)oxyl-p- 
bromobenzyl]cyclohex-3-enyl Methyl Ketone (32b). 
Obtained by catalyzed cycloaddition between the diene 12 and 
methyl vinyl ketone: colorless oil; yield 65%; IR (neat) 3080, 
3060,2940,2860,1740,1595,1430 cm-l; ‘H NMR (250 MHz, 
CDCb) 6 1.05 (s,9H), 1.2-1.4 (m, lH), 1.47-1.63 (m, lH), 1.8- 
2.4 (m, 8H), 5.04 (8, lH), 5.4 (bs, lH), 7.13-7.23 (m, 2H), 7.23- 
7.34 (m, 2H), 7.34-7.46 (m, 6H), 7.46-7.53 (m, 2H), 7.61- 
7.68 (m, 2H); 13C NMR (50.3 MHz, CDCl3) 6 16.0, 22.8, 25.1, 
27.3, 27.7, 28.0, 47.4, 79.7, 121.5, 123.2, 128.4, 131.9, 139.4, 
143.1, 209.2; CI MS ( N H 3 )  mlz  (re1 intensity) 566 and 564 
(-+, 37), 310 (22), 308 (221,293 (100),291 (951, 213 (41). 

(lR+,l’S*) and (lR*,1’R*)-4-[1’-[~Trimethylsilyl)oxyl- 
benzyl]cyclohex-3-enecarboxaldehydes 33a and 33b. 
Obtained by catalyzed cycloaddition between the diene 6 and 
acrolein. Ratio 33d33b = 6/94. The aldehydes, very unstable, 
have not been obtained in pure form but always accompanied 
with the allene (estimated yield by ‘H NMR 75%). Spectral 
data for 33b: IR (neat) 3095, 3060, 3025, 2960, 1725, 1605, 
1250,840 cm-’; lH NMR (200 MHz, CDC13) 6 0.1 (s,9H), 1.15- 
1.35 (m, 2H), 1.35-1.6 (m, 2H), 1.6-1.85 (m, lH), 1.85-2.1 
(m, 2H), 5.03 (s, lH), 5.56 (bs, lH), 7.03-7.28 (m, 3H), 7.33- 
7.41 (m, 2H), 9.21 (8, 1H); MS mlz (re1 intensity) 288 (M+, 
15), 259 (E), 198 (19), 179 (241, 169 (23), 91 (201, 75 (321, 73 
(100). 
(Ut*, 1’R*)-4- [ 1’- [ (tert-Butyldimethylsilyl)oxylbenzyll - 

cyclohex-3-enecarboxaldehyde (34b). Obtained by cata- 
lyzed cycloaddition between the diene 10 and acrolein. Un- 
stable colorless oil: yield 40%; IR (neat) 3095, 3060, 3025, 
2960,2930,2860,1730,1600,1260 cm-’; lH NMR (250 MHz, 
CDC13) 6 -0.02 (s,3H), 0.05 (s,3H), 0.9 (s,9H), 1.45-1.62 (m, 
1H), 1.62-1.79 (m, lH), 1.90-2.02 (m, 2H), 2.08-2.2 (m, 1H), 
2.26-2.34 (m, 2H), 2.35-2.50 (m, lH), 5.10 (8, lH), 5.8 {bs, 
lH), 7.18-7.35 (m, 5H), 9.69 (s, 1H); MS mlz (re1 intensity) 

General Procedure for the Deprotection of Trimeth- 
ylsilyl Ethers. To a solution of the trimethylsilyl ether (1 
mmol) in THF (2 mL) was added a 1 M aqueous solution of 
HCl(50 pL, 0.05 ”01). The mixture was stirred for 30 min 
and the solvent removed under reduced pressure. The residue 
was diluted with ether (10 mL) and water (2 mL) and the 
aqueous phase was extracted with ether (5  mL). The organic 
phase was dried (MgSOd) and concentrated and the product 
was purified by chromatography on silica gel (hexanelether 
40/60). 

(1R+,l‘R*)-4-[ l’-Hydroxybenzyl]cyclohex-3-enyl Meth- 
yl Ketone (16b). Obtained by deprotection of 23b: colorless 

-4.9, 22.4, 24.6, 25.8, 26.7, 27.7, 47.3, 78.3, 121.05, 125.8, 

273 (M+ - tBu, 32), 143 (E), 91 (331, 75 (1001, 73 (33). 

tography on silica gel (hexadether). The mixtures of isomers 
were then analyzed by capillary GLC and ‘H and 13C NMR. 

Wneral Procedure for Catalyzed Cycloadditions. A 
solution of distilled BFyEt20 (1.1 mmol) and freshly distilled 
dienophiIe (1.1 mmol) in CHZC12 (3 mW was stirred at -30 “C 
under argon for 20 min. To the mixture cooled to -78 “C was 
added a solution of the diene (1 “01) in CHzClz (3 mL) and 
stirring was continued for an additional 40 min. The mixture 
was quenched successively with Et3N (1.1 mmol) and water 
(2 mL) and diluted with ether (20 mL). The organic layer was 
washed with brine (2 x 10 mL) and dried over MgSO4. The 
solvents were evaporated under reduced pressure and the 
residue was purified by column chromatography on silica gel 
(hexanelether 90/10). 
(lR*,1’R*)-4-[l’-[(~ethylsilyl)oxylbenzyllcyclohex- 

3-enyl Methyl Ketone (23b). Obtained by catalyzed cyclo- 
addition between the diene 6 and methyl vinyl ketone: color- 
less oil; yield 78%; IR (neat) 3095, 3060, 3025, 2960, 2840, 
1715,1670,1600,1250,700 cm-l; lH NMR (200 MHz, CDC13) 
6 0.10 (s, 9H), 1.38-1.58 (m, lH), 1.63-1.85 (m, lH), 1.89- 
2.03 (m, lH), 2.04-2.17 (m, lH), 2.15 (s, 3H), 2.20-2.30 (m, 
2H), 2.43-2.59 (m, lH), 5.10 (8, lH), 5.27 (bs, lH), 7.20-7.38 
(m, 5H); *3C NMR (50.3 MHz, CDCl3) 6 -0.1, 22.8, 24.6, 26.7, 
27.9, 47.4, 78.1, 121.4, 126, 126.7, 127.8, 140.3, 143.0, 211.2; 
MS mlz (re1 intensity) 302 (M+, 21,212 (16), 169 (loo), 91 (ll), 
75 (17), 73 (40). Anal. Calcd for C1aHz60zSi: C, 71.47; H, 8.66. 
Found: C, 71.59; H, 8.30. 

(1R*,l’R*) and (lS*,l’R*)-4-[ 1’-[(tert-Butyldimethyl- 
silyl)oxy]heptyl]cyclohex-3-enyl Methyl Ketones 24a and 
24b. Obtained by catalyzed cycloaddition between the diene 
11 and methyl vinyl ketone: yield 66%; ratio 24d24b = 12/ 
88. Spectral data of 24b: IR (neat) 2960, 2935, 2860, 1720, 
1250 cm-l; lH NMR (250 MHz, CDCl3) 6 -0.03 and 0.03 (2s, 
6H), 0.84-0.91(m, 12H), 1.18-1.35 (m, 8H), 1.37-1.60 (m, 3H), 
1.83-2.10 (m, 2H), 2.10-2.32 (m, 6H), 2.44-2.61 (m, lH), 3.93 
(t, J = 5.6 Hz, lH), 5.55 (bs, 1H); MS mlz (re1 intensity) 295 

(1R*,l’R*)-4-[ l‘-Methoxybenzyllcyclohex-3-enyl Meth- 
yl Ketone (2Sb). Obtained by catalyzed cycloaddition be- 
tween the diene 13 and methyl vinyl ketone: colorless oil; yield 
88%; IR (neat) 3095,3060,3020,2980,2930,1715,1680,1600, 
1090, 700 cm-l; lH NMR (250 MHz, CDCl3) 6 1.43-1.61 (m, 
lH), 1.70-1.88 (m, lH), 1.90-2.12 (m, 2H), 2.14(s, 3H), 2.21- 
2.30 (m, 2H), 2.45-2.60 (m, lH), 3.30 ( e ,  3H), 4.57 (8, lH), 5.85 
(bs, lH), 7.25-7.38 (m, 5H); 13C NMR (50.3 MHz, CDCl3) 6 
23.0, 24.6, 26.7, 27.9, 47.3, 56.3, 86.9, 123.3, 126.4, 127.2, 
128.05, 137.8, 140.6, 211.1; MS mlz (re1 intensity) 244 (M+, 
l) ,  213 (17), 212 (30), 170 (61), 169 (loo), 141 (18), 121 (20), 
91 (35). Anal. Calcd for C16H2002: C, 78.65; H, 8.25. Found: 
C, 78.25; H, 7.98. 

(1R*,l’R*) and (lS*,1’R*)-4-[1’-[(Trimethylsilyl)oxyl- 
heptyl]cyclohex-3-enyl Methyl Ketones 28a and 28b. 
Obtained by catalyzed cycloaddition between the diene 7 and 
methyl vinyl ketone: yield 61%; Ratio 28d28b = 19/81. 
Spectral data of 28b: IR (neat) 2960,2930,2860,1715,1670, 
1250,840 cm-1; 1H NMR (200 MHz, CDCl3) 6 0.08 (s,9H), 0.9 
(t, J = 6.7 Hz, 3H), 1.10-1.35 (m, 8H), 1.40-1.70 (m, 3H), 
1.83-2.13 (m, 2H), 2.15-2.34 (m, 6H), 2.48-2.62 (m, lH), 3.91 
(t, J = 6.7 Hz, lH), 5.57 (bs, 1H); “C NMR (50.3 MHz, CDCld 
6 0.08, 14.0,22.42,22.58,24.8,25.9,26.7,29.1,31.8,36.0,37.9, 
47.7,77.0,120.5,140.2,211.3; MS mlz (re1 intensity) 310 (M+, 
2), 226 (181, 225 (loo), 220 (201, 177 (321, 93 (53), 75 (36), 73 
(74). Anal. Calcd for C18H340&: C, 69.61; H, 11.03. Found: 
C, 69.30; H, 11.01. 

( 1S*,1’R*)-4-[2-Methyl-1’-[(trimethylsilyl)oxylpropyll- 
cyclohex-3-enyl Methyl Ketone 29b. Obtained by catalyzed 
cycloadditon between the diene 8 and methyl vinyl ketone: 
colorless oil; yield 66%; IR (neat) 2960,2870,1715,1670,1250 
cm-l; lH NMR (250 MHz, CDCl3) 6 0.07 (8, 9H), 0.72 (d, J = 
6.7 Hz, 3H), 0.92 (d, J = 6.7 Hz, 3H), 1.40-1.55 (m, lH), 1.67 
(m, lH), 1.80-1.99 (m, lH), 2.0-2.1 (m, lH), 2.13-2.37 (m, 
6H), 2.47-2.58 (m, lH), 3.48 (d, J = 9.3 Hz, lH), 5.53 (bs, 
1H); 13C NMR (50.3 MHz, CDCl3) 6 -0.1,18.9,19.1,22.2,24.7, 
26.6, 27.8, 31.4, 47.5, 83.2, 121.7, 139.1, 211.0; MS mlz (re1 
intensity) 268 (M+, 0.3), 226 (17), 225 (loo), 93 (46), 75 (311, 

(M+ - tBu, 8), 220 (lo), 93 (25), 91 (151, 75 (100). 



Diastereofacial Selectivity in Diels -Alder Reactions 

oil; yield 87%; IR (neat) 3420, 3095, 3060, 3020, 2930, 2840, 
1705,1600, 700 cm-l; lH NMR (250 MHz, CDCla) 6 1.43-1.61 
(m, lH), 1.76-2.18 (m, 7H), 2.23-2.42 (m, 2H), 2.47-2.61 (m, 
lH), 5.14 (bs, lH), 5.90 (bs, lH), 7.26-7.39 (m, 5H); 13C NMR 

127.1,127.8,128.8,140.7,143.8,210.4; MS mlz  (relintensity) 
230 (M+, 0.3), 212 (16), 170 (16), 169 (loo), 141 (20),105 (21), 
91 (26), 77 (19). Anal. Calcd for C15H1802: C, 78.23; H, 7.87. 
Found C, 78.13; H, 7.87. 
(Ut*, 1'R*)-4-[ l'-Hydroxy-p-bromobenzyllcyclohex-3- 

enyl Methyl Ketone (18b). Obtained by deprotection of 
30b: colorless oil; yield 89%; IR (neat) 3410,2930,1710,1600, 

lH), 1.19-1.35 (m, lH), 1.35-1.5 (m, lH), 1.5-1.6 (m, lH), 
1.64 (s, 3H), 1.78-2.0 (m, 2H), 2.04-2.23 (m, lH), 4.63(bs, lH), 
5.46 (bs, lH), 7.00 (d, J = 7.9 Hz, 2H), 7.31 (d, J = 7.9 Hz, 

77.6, 121.7, 122.9, 128.8, 131.9, 140.2, 142.7, 210.5; MS mlz  
(re1 intensity) 249 (26), 247 (271, 169 (261, 168 (100)) 167 (44), 
165 (21), 153 (17), 77 (15). 

(LR*,l'R*) and (1S*, l'R*)-44 1'-Hydroxyheptyllcyclo- 
hex-3-enyl Methyl Ketones 20a and 20b. Obtained by 
deprotection of 28a + 28b as a mixture of stereomers: ratio 
20a/20b = 19/81; yield 80%. Spectral data for 28b: IR (neat) 
3405,2980,2930,2860,1715,1350,1160 cm-'; 'H NMR (250 
MHz, CDCW 6 0.9(t, J = 6.3 Hz, 3H), 1.15-1.45 (m, 9H), 1.45- 
1.63 (m, 3H), 1.9-2.16 (m, 2H), 2.16-2.34 (m, 6H), 2.5-2.7 
(m, lH), 3.95-4.05 (m, lH), 5.18 (bs, 1H); MS mlz  (re1 
intensity) 220 (Mf - 18, 17), 177 (41), 107 (20), 93 (100)) 91 
(29). 
(1S*,LR*)-4-[2-Methyl-l'-hydroxypropyllcyclohex-3~ 

enyl Methyl Ketone (21b). Obtained by deprotection of 
29b: colorless oil; yield 76%; IR (neat) 3450,2960,2930,2870, 

3H), 0.96 (bs, lH), 1.07 (d, J = 6.3 Hz, 3H), 1.29-1.46 (m, 
lH), 1.52-1.77 (m, 6H), 1.83-2.03 (m, lH), 2.04-2.19 (m, 3H), 
3.34 (d, J = 7.9 Hz, lH), 5.36 (bs, 1H); 13C NMR (50.3 MHz, 
c&) 6 19.6,20.2,23.3,25.5,27.3,28.1,31.8, 47.9,82.6,122.6, 
140.4, 210.2; MS mlz  (re1 intensity) 178 (M+ - 18, 151, 135 
(33, 93 (56), 91 (23)) 79 (39), 77 (21), 43 (100). Anal. Calcd 
for C12Hzo02: C, 73.43; H, 10.27. Found C, 73.27; H, 10.61. 

General Procedure for Oxidation. In a suspension of 
activated MnO2 (2 g) in dry CHzCl2 (10 mL) was added in one 
portion the allylic alcohol (1 mmol). The mixture was stirred 
at room temperature for 4 h and then filtered on a bed of 
Celite. The solid was washed with CHzClz (3 x 5 mL) and 
the filtrate was dried over MgS04. The solvent was then 

(50.3 MHz, CDCl3) 6 23.6, 25.3, 27.3, 28.0, 47.5, 78.3, 122.3, 

1490 cm-'; 'H NMR (250 MHz, C&) 6 1.08 (d, J = 3.1 Hz, 

2H); 13C NMR (50.3 MHz, C&) 6 23.2, 25.2,27.1, 28.1,47.3, 

1710 cm-'; 'H NMR (250 MHz, C&) 6 0.78 (d, J = 6.3 Hz, 
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removed under reduce pressure and the residue was purified 
by chromatography on silica gel (hexandether = 60140). 

4-Acetylcyclohex-1-enyl Phenyl Ketone (35). Obtained 
by oxidation of alcohol 16b: colorless oil; yield 90%; IR (neat) 
3040,3005,2940,2840,1710,1640,1605 cm-l; 'H NMR (200 
MHz, CDCl3) 6 1.6-1.8 (m, lH), 2.11-2.2 (m, lH), 2.2-2.4 
(m, 4H), 2.4-2.57 (m, 2H), 2.57-2.64 (m, lH), 2.64-2.8 (m, 
lH), 6.6 (m, lH), 7.37-7.6 (m, 3H), 7.6-7.7 (m, 2H); 13C NMR 

131.4,137.8,138.2,141.9,197.3,210.1; MS mlz  (re1 intensity) 
228 (M+, 7), 185 (69), 106 (21), 105 (79)) 77 (100). Anal. Calcd 
for ClsHlsOz: C, 78.91; H, 7.06. Found: C, 78.84; H, 7.19. 

4-Acetylcyclohex-1-enyl Hexyl Ketone (36). Obtained 
by oxidation of alcohols 20a + 20b: colorless oil; yield 65%; 
IR (neat) 2960, 2930,2860, 1715, 1670, 1640 cm-'; IH NMR 
(200 MHz, CDCl3) 6 0.9 (t, J = 6.4 Hz, 3H), 1.2-1.38 (m, 6H), 
1.48-1.68 (m, 3H), 2.01-2.36 (m, 5H), 2.36-2.70 (m, 6H), 6.91 
(bs, 1H); 13C NMR (50.3 MHz, CDCl3) 6 14.0, 22.5, 22.8,24.6, 
24.7,27.1,29.0,31.6,37.1,38.0,46.3,137.4,138.5,201.1,210.4. 
Anal. Calcd for C15HurO2: C, 76.22; H, 10.2. Found: C, 76.14; 
H, 10.47. 

4-Acetylcyclohex-1-enyl Isopropyl Ketone (37). 
Obtained by oxidation of alcohol 21b: colorless oil; yield 73%; 
IR (neat) 2970, 2940, 2880,1715, 1670, 1640 cm-l; 'H NMR 

Hz, 3H), 1.09-1.29 (m, lH), 1.49-1.59 (m, lH), 1.69 (8 ,  3H), 
1.72-1.97 (m, 2H), 1.97-2.37 (m, 2H), 2.37-2.56 (m, lH), 2.89 
(heptuplet, J = 7.6 Hz, lH), 6.33 (bs, 1H); 13C NMR (50.3 MHz, 

203.9, 208.7; MS mlz  (re1 intensity) 194 (M+, 3), 151 (25)) 79 
(20)) 43 (100). Anal. Calcd for C12Hl802: C, 74.19; H, 9.34. 
Found: C, 73.91; H, 9.66. 
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(50.3 MHz, CDCl3) 6 23.4, 24.4, 27.0, 27.9,46.2, 128.0, 129.0, 

(200 MHz, C a s )  6 1.04 (d, J = 7.6 Hz, 3H), 1.06 (d, J = 7.6 

c a s )  6 20.2, 23.9, 25.2, 27.6, 27.9, 34.1, 46.5, 137.2, 137.9, 


