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Abstract: Chiral l-alkoxy-l,3-dieues (parent and 4-substituted) have been prepared from the 
cotTespoml~ chiral a l k o x ~ l e u e s  in a stereoselective mmu~ following a 2C + 2C approach. The 
Diels-Aldet reaclions o(the diem~ with maleic anhydride and 4-1daeayl-3H- 1,2,4-¢inzoline-3,5-dlooe take 
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with the SCF-MO pc0cedBre AMI, have been used in the scneodcmical assignment of the adducts. 
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I N T R O D U C T I O N  

Chiral alkoxybutadienes of several structural types have been employed with success as diene components 

in diastereoselective Diels-Alder reactions.l-4 Up to now, the synthesis of these intermediates has generally been 

based5 either on enol ether formation from a 3-oxobutyraldehyde equivalent, 2 or has followed a 3C + IC 

approach starting from 1,3-dicarbonyl systems, ld, 3 as shown in Scheme 1. 

OR* OR* OH / / . x  

Mo3Si O O R*OH 

1 R , ~ J  LombardoW'~lig or 1 R 1 R HO R*X 

2R'~ "%'O ~'~' + or 2R 2 R" '~  O R'OH 
3 

Scheme 1 

These approaches, which have allowed the exploration of the diastereoselective Diels-Alder chemistry of 

the resulting chiral alkoxybutadiene present, however, some serious limitations. On the first place, the bulky 

chiral substiment has to be introduced either by nucleophilic attack of the chiral alcohol on a s p  2 carbon or, 

conversely, by reaction of  an enolate with a secondary halide. According to that, the incorporation of stericaUy 

demanding alcohols into the diene molecules, which is normally key to the achievement of high levels of 

stereoeontrol in the subsequent cycloaddition reactions, can he problematic. Secondly, the 3C + IC construction 

scheme, which involves the formation of  the distal double bond in the alkoxydiene, is not suitable for certain 

substitution patterns. 
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difficulties could be easily overcome through the implementation of a 2C + 2C construction scheme, 

as shown in Scheme 2. By this methodology, practically every alkoxy group could he used as a substituent on the 

1,3-diene skeketon, since the introduction of bulky alkoxy groups as substituents on triple bonds has practically 

no limitation. 6 Moreover, simultaneous substitution at C-3 and C-4 (i.e., in vinyicyclo~kene systems) could be 

easily achieved if desired. 

:. R + R ~,. I~,.R* R 

R"~" ~4 4 M 

Scheme 2 

We wish to report in the present paper the application of this strategy to the synthesis of some chiral l- 

alkoxy-l,3-dienes (parent and 4-substituted derivatives) as well as experimental and theoretical results on their 

diastereoselective Diels-Alder reactions with cyclic dienes. Parallel studies on 3-substituted and 3,4-disubstituted 

l-alkoxy-1,3-dienes will he reported separately. 7 

RESULTS AND DISCUSSION 

A) Synthesis and Diels-A lder reactions of (E )- l-[ (1SR,2RS )-2-phenylcyclohexyloxy ]- l ,3-butadiene ( l a ). 

Although several chiral l-alkoxybutadienes are known, l they derive in all cases from sugars and, except 

in one case, ld their syntheses are not stereoselective. To show the validity of the proposed methodology, our 

initial efforts in this area were directed towards the preparation of l a  as a representative example of l-alkoxy- 1,3- 

butadiene. Previous experience on the synthesis of iodoalkoxyacetylenes,8 and on the stereoselective reduction of 

acetylene ethers 9 guided the construction of the unsaturated system as an enyne, whose stereoselective reduction 

would then lead to the target diene as shown in Scheme 3. 

CH2=CHMgBr, ZnBr2 THF 
I (90%) 

2s 3-. 

(74%) (40%) UAIH4 / THF 

~ O H  ~ 0 ~  

(±) ~ 1", (E/Z : 9/1) 

Scheme 3 

The known iodoalkoxyacetylene 2a 8 was conveniently prepared in the present instance in 74% yield 

through a one-pot sequence from racemic trans-2-phenylcyclohexanol.10 For the construction of the diene 

skeleton, the preparation of enyne 3a was first attempted by a copper catalyzed coupling with vinylmagnesium 
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bromide, but only a trace amount of the desired product could be detected. Much better results were obtained by 

performing the coupling with bromozinc vinylcianocuprate. 11 In this way, a 90% yield of 3a could be isolated. 

The reduction of 3a was performed with LiAIH4 in THF, 9 and led to l a  as a 9:1 mixture of the E and Z 

stcreoisomers. However, the yield of l a  was only moderate (40%) and the process was accompanied by some 

decomposition (up to 32% of trans-2-pbenylcyclohexanol could be recovered from the reaction crude). Some 

yield improvement could be achieved by performing the reduction with Red-Al in THF 9 (up to 60%), but at the 

cost of a less satisfactory stereoselecfivity. The stereoisomeric dienes could not be separated by column 

chromatography; however, this is not an important problem for reactivity studies since the E stereoisomer 

undergoes Diels-Alder reaction much faster than the Z one. 

With l a  in hands, we next studied its Diels-Alder reactions with the highly reactive dienophiles 4-phenyl- 

3H- 1,2,4-triazoline-3,5-dione (PTAD) and maleic anhydride (MA) (Scheme 4). In the case of PTAD, the reaction 

at 0°C in THF solution turned out to be instantaneous (it could be performed as a titration through the decoloration 

of the added dienophile) and led to the quantitative formation [from (E)-la] of adduct 4a, as a 90 : 10 mixture of 

diastereomers (13C NMR and HPLC). 12 The fast reaction recorded in the present case is in sharp conwast with 

the observation of Breiunaler 4a in the analogous reaction of the corresponding 2-methyl substituted diene, where 

more than 6 hours are requited for the reaction to proceed. 

The reaction of l a  with MA was considerably slower. In this case, the process at (PC in toluene required 

28 hours for the complete dissappearence of (E)-la, although the conversion was greater than 85% after only 7 

hours at 0°C. After separation by MPLC of the anreacted Z isomer of I a, 5a could be isolated in 73% yield as a 

87.5 : 12.5 diastereomeric mixture of endo adducts (~H N-MR and HPLC) 12. The configuration of the major 

diastereomer of 5a shown in Scheme 4 was first assigned on the basis of the semiempirical SCF-MO theoretical 

study on the conformational preferences of diene la  13 described below. The same configuration was assumed for 

the major diastereomer of 4a. 

= --Ph + -Ph 
THF, OoC 4a 
very fast 0 90% 0 

l a  MA 
0 + 

TOI, O°C 5a 
28 h 73% 

(87.5 : 12.5) 

Scheme 4 

It is worth mentioning that (£)-l-(2',3',4',6'-Tetra-O-acetyl-I!i-D-glucopyranosyloxy)buta-1,3-diene, the 

only sugar-derived 1-alkoxybutadiene which has been previously reacted with similar dienophiles (PTAD and N- 

phenylmaleimide) ldAb is less reactive than la .  With respect to diastereoselectivity, it reacts with N- 
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phenylmaleimide to afford a 86 : 14 mixture of endo diastereomers, while the reaction with PTAD leads to the 

corresponding adduct as a single diastereomer. 

B) Theoretical calculations on the Diels-Alder reaction of (E)-l-[(1R,2S)-2-phenylcyclohexyloxy]-l,3-butadiene 

with Maleic Anhydride. 

The stereochemical outcome of diastereoselective reactions has been rafiol~aliTed in many instances on the 

basis of the conformational preferences of slatting materials, with an almost complete disregard of the Curtin- 

Hammett prineiple.14 However, the current development of computational chemistry easily allows the estimation 

of activation energies in the reactions of individual conformers. This approach can provide a better understanding 

of diastereoselectivity in cases where the configurations of reaction products are known. Conversely, it can allow 

a sound stereochemical assignment when product configurations are unknown. 

In the presence instance, we decided to analyze not only the conformational preferences of the (1R,2S) 

enantiomer of la ,  but also to evaluate the activation energies in the reactions of all of the individual conformers of 

the diene with MA in order to perform the stereochemical assignment of the major stereoisomer of 5a and, by 

analogy, of 4a. The theoretical procedure employed has been the RHF version of the semi-empirical SCF-MO 

procedure AM1,15 which is known to provide an accurate description of the ground state conformation of closed- 

shell species, as well as a good estimate of activation energies of Diets-Alder reactions, 16 as implemented in the 

MacSpartan Plus 17 package of programs. 

A systematic conformational search around the two C-O bonds in l a  led to the characterization of the four 

distinct cisoid conformers shown in Figure 1. 

(I) on) 

(n) (iv) 

AH°~ -5.45 kcal.mol 1 • ~ - t °~  -4.44 kcal.mol l 

t ,  

Figure 1. Cisoid conformers of (E)- l-[(IR,2S/-2-phenylcyclohexyloxy]- 1,3-butadiene 
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Conformers I and H are of the s-tram type with respect to the enol ether moiety, whereas conformers I I I  

and IV are of the s-cis type. When the steric bias of these conformers is analyzed, it is suggested that the most 

stable ones (Ell and I1) will preferentially react through the Cl-re face of the diene, whereas the less stable ones 

(I and IV) will in tam react through the Cl-si face. According to this criteria, the major diastereomer arising from 

the reaction (Sa) would possess the configuration depicted in Scheme 4. 

To get a deeper insight on the origin of the diastereoselectivity in these processes, the location of the 

transition states corresponding to the endo interaction of MA with both diastereetopic faces of the diene in 

conformations I-IV was undertaken. As a result of this search, all eight possible transition structures were 

located and characterized as such. The results of this study are summarized in Table 1. The atom numbering is 

referred to the following general structure: 

3 2 ~ ! ! i i ~ ~ )  

For every particular reaction mode, the activation energy has been calculated from the heats of formation 

of the corresponding transition state, starting conformer of the diene, and maleic anhydride. Moreover, a "Curtin- 

HammeU relative energy", calcnlau~l by taking into account both the activation energy and the differences in 

stability between conformers I-IV, is given for every reaction mode. As a general trend, it should be noted that 

the cycloaddition is predicted to be slightly asynchronous, the formation of the C4-C5 bond being more advanced 

than that of the C1-C6 bond in all transition states. 18 

Table 1. Transition states in the Diels-Alder reaction of la with maleic anhydride 

Starting Reacting Distance Distance Imaginary Activation Curtin-Hammett 
conformer face 1-6 4-5 frequency Energy relative energy 

[.~] [,~] [cm-l] [kcal .mo1-1] [kcal.mo1-1] 

Cl-re 2.256 2.086 817.8 21.71 2.87 
I 

C 1-si 2.318 2.067 779.7 20.39 1.54 

C l-re 2.304 2.066 799.7 21.08 2.15 
I I  

C 1 -si 2.251 2.085 824.7 21.90 2.97 

Cl-re 2.329 2.051 778.7 20.09 0.00 
I I I  

C 1-si 2.300 2.048 792.4 20.34 0.25 

Cl-re 2.333 2.042 788.1 23.88 5.96 
IV 

Cl-si 2.350 2.023 795.8 20.30 2.38 
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When the complementary diastereomeric approaches to each alkoxydiene conformer are considered, it is 

found in all cases that the approach from the less hindered face leads to the most favourable transition state. 

However, the predicted energy differences, which are key to the diasterenselectivity of the reaction, are smaller 

than expected from a qualitative point of view. Thus, in the case of the most stable conformer I I I ,  this difference 

amounts only 0.25 kcal.mol t .  Conversely, in the case of the less stable conformer IV an important diastereofacial 

discrimination (3.58 kcal.mol t )  is predicted. 

An explanation to this behaviour can be found in the fact that the most stable conformers of alkoxydiene 

l a  are precisely those in which the diene moiety lies in a sterically free region. Thus, unfavourable steric 

interactions along the reaction path can be easily relieved through small rotations around the C-O bonds. In any 

case, according to the present theoretical calculations, the diasterenselectivity of the reaction would be largely 

determined by the difference in activation energy between the Cl-re and the Cl-si  a ~ k s  on conformer IH. The 

corresponding transition states are represented in Figure 2. Interestingly, the configuration of the major 

stereoisomer of $a derived from the present analysis, i.e., that arising from the Cl-re attack on conformer III ,  is 

coincident with that derived from the analysis of the conformational preferences of la. 13 

Cl-re attack Cl.si attack 

AH°f= -62.87 kcal.mol "l AH°f= -62.62 kcal.mol -I 

Figure 2. Most favourable transition states in the reaction of l a  with maleic anhydride 

C) Synthesis and Diels-Alder Reactions of Chiral ( I E,3E )- l-Alkoxy- l ,3-octadienes, 7a-d. 

In view of the difficulties encountered in the reduction of 3a, access to (E,E)-4-substituted-l- 
alkoxydienes was planned through a Pd(0) catalyzed cross-coupling of two stereochemicaUy defined and 

electronically complementary olefin fragments. A vinylzirconocene was selected as the nucleophilic fragment, 

since the completely regio- and stereoselective hydrozireonation of ethoxyacetylene has been reported by 

Negishi, 19 and the resulting (E)-ethoxyvinylzirconocene chloride has shown to efficiently undergo nickel(0) 

cataIyaxi cross-coupling with aryl and vinyl iodides.t9,20 Guided also by these precedents, a vinyl iodide was 

selected as the electrophific fragment In the present instance, readily available (E)-l-iodo-l-hexene has been used 

in all the studied coupfing reactions. Moreover, to ensure stereocbemical control, Pd(0) has been the employed 

catalyst. 21 

Gratifyingly, alkoxyacetylenes 6a..d 6b underwent a completely regio- and stereoselective hydrozirconation 

when treated with freshly prepared CP2ZrHC1 in THF at room temperature (Scheme 5). When the resulting 

alkoxyvinylzirconocene chloride solutions were treated with (E)-l-iodo-l-hexenc in the presence of a catalytic 

amount of Pal(0), the target (E,E)-l-alkoxy- 1,3-octadienes 7a-d were formed as summarized in Table 2. 
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opec[ ] I,,,,'~IC4H9 
H . - - ~ I I O  R* = . R ~ Z r C P 2  cl f t  

THF, r.t. Pd(0) Rv " ~C4H9 
6a-d THF, r.L 7a-¢1 

Scheme 5 

Table 2. Synthesis of (E,E)- l-Alkoxy- 1,3-octadienes by Hydrozirconation/Cross-coupling a of Acetylenic Ethers 

i i i  i i l l l  i l l  i i  i i m n n  

R*OH Starting Catalyst Reaction time Product Yield [%] 

alkoxyacetylene [h] 

~ OH 6a Pd(PPh3) 2 5 7a 38 

(ref. 10) 

, ~ O  H 6 b Pd(PPh3) 4 2 7 b 39 

~ H 6 c Pd(PPh3) 2 6 7 c 52 

(ref. 22) 

~ ' ~ /OCH2C(CH3)3  6d Pd(PPh3) 2 5 7d 50 
OH 

_ ~ O  (ref. 23) 

al.2 equivalents of (E)-l-lodo- l-bexene were used in all experiments, bReaction time refers to the cross-coupfing stage. 

Best results in the coupling reaction were recorded working with a 20% molar excess of (E)-l-Iodo-l- 

hexene. For the less sterically demanding 6b, Pd(PPh3) , was employed as the catalyst; in all other cases, the 

more active Pd(PPh3) 2, generated by DIBALH reduction of C12Pd(PPh3) 2, was required in order to improve 

reaction rates. Although the reactions took place in a clean manner, leading stereospecifically to the target E,E 

dienes 7a-d,  the recorded yields present a limit near 50%. Unavoidable decomposition of the intermediate. 

zirconaolef'ms appears to be in the origin of this behaviour since variable amounts (20-40%) of the starting chiral 

alcohols were recovered as by-products. 24 

In an attempt to circumvent these difficulties, the reverse strategy involving hydrozirconation of l-hexyne 

and cross-coupling with with an (E)-l-alkoxy-2-iodoethene (arising from the iodinolysis of the corresponding 

alkoxyvinylzirconocene chloride) was studied in the case of 7b (Scheme 6). The cross-coupling turned out to be 

considerably slower, and 7b was obtained in a modest 15% yield. 
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1) Cp~JHCI/THF, r.t. 
C 4 H g + H  2) = '  R * ~ 4 H 9  

. _ ~ O  7b 15% 
I 

Pd(PPhz),dTI-IF, r.t., 20h 

Scheme 6 

The cycloadditions of 7a-d with PTAD were next studied. As in the case of la,  the reactions tamed out to 

be instantaneous, being performed in the present instance at -25°C in THF solution. The adducts 8a-d could be 

isolated in quantitative yield as diastereomeric mixtures, as indicated in Scheme 7. 

.° 
+ I ~ N - P h  = Ph + --Ph 

seconds 

C4H9 0 (100%) ": (~ 4 H 9 0  C 4 H 9 0  

7a-d major 8a-d n~nor 

Entry Diastereosetectivity a 

a 94.5 : 5.5 
b 50 :50  
c 85.0 : 15.0 
d 94.5 : 5.5 

aBy IH NMR, ~3C NMR and HPLC 

Scheme 7 

As it can be seen from the results in Scheme 7, /-menthol (entry b) is completely unefficient as a chiral 

controller in this cycloaddition. The situation is notably better for 8-phenylmenthol (entry e), and the best results 

are obtained with trans-2-phenylcyclohexanol (entry a) and 3-exo-neopentyloxyisoborneol (entry d). With these 

two auxiliaries, diastereomedc excesses of ca. 9 0 %  are achieved 

It is worth mentioning that the diastereomers of 8d can be readily separated by column chromatography, 

the major one being isolated in diastereomerically pure form in 77% yield. The absolute stereochemistry depicted 

in structure lid has been tentatively assigned on the basis of the theoretical calculations described in the next 

section of the manuscript. 

Q H lid (major) 

C4H; N 0 
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The reactions of 7a-d with MA were initially studied in THF solution. In this solvent, the processes were 

considerably slower than the reactions with FTAD, requiring for completion up to 55 h at room temperature. The 

reaction products were directly isolated in conveniently pure form and high yield by simple evaporation of the 

reaction mixture. However, attempts to further purify the adducts by column chromatography were accompanied 

by very important yield losses. Relevant information on these reactions is summarized in Scheme 8 and Table 3. 

R° 0 i H v 

+ ~ 0 + 0 
O°C or  r.t. 

C4He 0 C4He 0 C4H9 

7a-d rna~ 9a-d minor 

Scheme 8 

Table 3. Diels-Alder reactions of dienes 7a.d with maleic anhydride 

Diene Reaction conditions Adduct Yield [%] Diastereoselectivity 

7a room temp., 48 h, THF 9a 100(crude) 93.5 : 6.5 a 

room temp., 36 h, toluene 91.5 : 8.5 a 

room temp., 48 h, CH3CN 92.5 : 7.5 a 

7b room temp., 48 h, THF 9b 100(crude) 58.0 : 42.0 b 

7c room temp., 55 h, THF 9c 100(crude) 78.0 : 22.0 b 

33(SIO 2) 

7d 0°C, 46 h, THF 9d 100(crude) 83.5 : 16.5 b 

0°C, 72 h, CH3CN 94.5 : 5.5 b 

aBy 13C NMR and HPLC. bBy IH and 13C NMR 

The observed diastereoselectivities follow trends similar to those in the reaction with PTAD, being 

somewhat lower in the present case. trans-2-Phenylcyclobexanol behaves as the best auxiliary for the reactions 

performed in THF. When comparing both series of reactions (VI'AD v s .  MA), the rather low diastereoselectivity 

recorded in the reaction of 7d with MA was surprising. In an attempt to improve it, the effect of solvent polarity 

was analyzed in the cases of 7a and 7d. Whereas the diastereoselectivity of the cycloaddition of 7a with MA 

appears to be independent of solvent polarity, a dramatic increase in diastereoselectivity (up to 22% in 

diastereomeric excess) is observed when the cycloaddition of 7d is performed in acetonitrile. This is indicative of 

rather polar diastereomeric transition states whose differential stabilization is proportional to solvent polarity. 
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D) Theoretical calculations on the Diels-Aider reaction of (E,E)-l-[(IR,2S,3R,4S)-3-(2,2-dimethylpropoxy)- 

1,7, 7-trimethylbicyclo[2.2.1]heptyl-2-oxy]-l,3-pentadiene (lOd) with maleic anhydride. 

The very high diastereoselectivities achieved in the reaction of 7d with MA in acetoninile prompted us to 
undertake a theoretical investigation on the conformatlonal behaviour of the slightly simplified model lOd, where 

the linear n-butyl substituent has been substituted by a methyl group, and on its energetically viable reaction 
modes with MA. As in the case of the reactions of la, the calculations have been performed with the SCF-MO 
semi-empirical procedure AMl.14 

o.2< 
O 11~t 

I% 

First of all, the c~fformation,~l energy hypersufface of 10d was explored. The structures awl beats of 
formation of the four most stable conformers are depicted in Figure 3. 

(V) ( V l ) ~  ~ y ~ o  J 

AHOf = -83.96 kcai.mol 1 AH°f= -83.90 kcal.mol "l ~ ' ~  

q~ 

AH°f= -83.72 kcal.mol l AH°f= -83.53 kcal.mol" 

Figure 3. Low energy conformers of 10d. 

Inspection of Figure 3 reveals that the energies of all these conformers are very similar, falling in a range 
of only 0.4 kcal.mo1-1. Among these structures, V and VI, which are sllghfly more stable, correspond to s-cis 

conformers (with respect to the enol ether moiety) and appear to offer for reaction the Cl-si face of the diene. Toe 
only difference between V and VI lies on the orientation of the neopentyloxy group. On the other hand VII and 
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VIH correspond to s-trans conformers; they differ from one another in the same aspect than V and Vl and show 

a more sterically free Cl-re face. 

It is worth noting that, probably due to the presence of the isopropylidene bridge, all these conformers are 

characterized by a H-C(sp3)-O-C(sp 2) dihedral angle of ca. 0 ° at the alcohol-diem junction. The presence of the 

corresponding conformers with a dihedral angle value of ca. 180 °, which we had previously located for the trans- 

2-phenylcyclobexanol containing diene l a ,  was thoroughly investigated; however, we only could locate in this 

region of the potential energy hypersurface a single s-tram conformer, 5.2 kcal.mo1-1 above the less stable one in 

Figure 3. It is thus clear that this conformer has no significance from the point of view of the reactivity of 10d. 

The calculated energy differences between conformers v - v m  do not seem sufficiently high as to account 

for the observed diastereoselectivity in the reaction of 7d with MA, since all four conformers should be almost 

equally populated at the equilibrium. Moreover, the prediction of diastereofacial selectivity based on the simple 

inspection of these conformers is not evident. To clarify this point, a systematic search of the transition states 

corresponding to the endo interaction of MA with the Cl-re and Cl-si  faces of conformers V-VIII  was 

performed. As a result, only four distinct Wansition structures could be located and characterized. Their relevant 

data have been summarized in Table 4, where the atom numbering employed in Table 1 has been maintained. 

Table 4. Transition states in the Diels-Alder reaction of 10d with maleic anhydride 

Starting Reacting Distance Distance Imaginary Activation Curtin-Hammett 
conformer face 1-6 4-5 frequency Energy relative energy 

[A] [Al [cm-1] [kcal.mol-l] [kcal.mol-l] 

V Cl-re 2.273 2.071 789.9 21.01 0.00 

Vl C l-si 2.164 2.143 848.9 26.23 5.28 

Vl l  Cl-s i  2.265 2.083 796.5 22.71 1.94 

VII I  Cl-re 2.155 2.159 840.6 25.43 4.85 

As it can be seen, the diastereoselectivity of the reaction appears to be governed by the difference between 

the Cl-re attack on the s-cis conformer V and the Cl-si  attack on the s-trans conformer VH. The structures of the 

transition states corresponding to these approaches are presented in Figure 4. 
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s-cis Cl-re a~ack s-trans Cl-si  attack 
F_~ = 0.00 kcal.mol -l E~ = 1.94 kcal.mol -l 

Figure 4. Most favourable transition states in the reaction of 10d with maleic anhydride 

The most energetically favourable approach is a Cl-re ~_n~k on a s-cis conformer (V or VII). The 

stereochemistfies of the major diastereomexs arising from the reactions of 7d with FrAD and MA have been 

assigned by analogy (Schemes 7 and 8). 

From the geomewic point of view, it is important to re~liTo, that all four transition structures are 

characterized by a significant change in the conformation of the diene moiety, which tends to be pandlel to the 

basis plane of the bicyclo[2.2.1]heptane system. Thus, contrary to common qualitative thinking, the "chiral wall" 

responsible for diastereosolectivity in the reactions where 3-exo-neopentyloxyisoborneol is employed as a chiral 

auxiliary is not simply constituted by the neopentyloxy group; rather, the isopropylidene bridge, the neopentyloxy 

group and the bridgehead methyl subsdtuent appear to be simultaneously responsible for the observed 

diastereoselectivity (Figure 5). 

H 3 C ~  

Cl-si at~ck Cl-re attack ~ H 
preferred preferred 

I"°' l I I by calculations by calculations 
Figure 5. Predicted facial selectivity in the cycloadditions of 1-(3-neopentyloxyisobornyloxy)-1,3-butadienes 

In this respect, it is important to realize that opposite conclusions can be reached on the preferred reacting 

face of a given diene conformer depending on the consideration of either the geometry of the isolated diene or the 

analysis of the lowest energy transition states in the cycloaddition. Due to the different quality of these 

predictions, it is strongly recommended that the second approach be followed whenever possible. 
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C O N C L U S I O N S  

In summary, we have developed two different procedures for the stexeoselective synthesis of chiral 1- 

alkoxy-1,3-dienes from alkoxyacetylenes. By these methods, we have prepared the fhst non-sugar-derived chiral 

(E)-l-alkoxy-l,3-butadiene la ,  as well as a family of (E,E)-l-alkoxy-l,3-octadienes (7a.d). Whereas the Diels- 

Alder chemistry of chiral l-alkoxy-l,3-butadienes derived from sugars has been previously studied at some 

extent, the corresponding 4-alkyl substituted derivatives were up to now unknown. Among these last substances, 

those bearing a 3-exo-neopentyloxyisobomyloxy- or a trans-2-phenyicyclohexyloxy- chiral auxiliary undergo 

Dieis-Alder reaction with PTAD or MA with optimal facial selectivity. In comparison with 2-alkyl substituted 

dienes, the presence of an aikyl subsfituent at C-4 exerts a highly beneficial effect on diastereoselectivity, although 

reactivity is sfightly diminished. We have also performed a complete theoretical analysis by the AMI procedure of 

the cycloadditions of (E)-l-[(IR,2S)-2-phenylcyclohexyloxy]-l,3-butadiene, ( la )  and (E,E)- I-[(1R,2S,3R,4S)- 

3-(2•2-dimethy•pr•poxy)-••7•7-trimethy•bicyc••[2.2.1]hepty•-2-•xy]-••3•pentadiene (10d) with MA. This kind 

of analysis, which can be nowadays performed at an affordable computational cost, allows a much safer 

prediction of diastereoselectivity and/or stereochemical assignment than the mere conformational analysis of the 

chiral substrate. 

EXPERIMENTAL SECTION. 

General Methods 

Optical rotations were measured at room temperature (23°C) on a Perkin-Elmer 241 MC polarimeter 

(Concentration in g/100 ml). Melting points were determined on a Gallenkamp apparatus and have not been 

corrected. Infrared spectra were recorded on a Perkin-Elmer 681 instrument. IH-NMR spectra were recorded on 

Varian Gemini 200, Varian-Unity-300 and Varian-Unity-Plus-300 spectrometers operating at 200 or 300 MHz 

respectively (s=singlet, d--doublet, t=triplet, q=quartet, m=multiplet and b=broad). 13C-NMR spectra were 

obtained on the same instruments operating at 50 or 75 MHz respectively. Chemical shifts in CDC13 are quoted 

relative to TMS for tH-NMR and relative to the solvent for t3C-NMR (77.0 ppm for t3C of CDCI3). Coupling 

constants (J) are given in Hz. Carbon multiplicities were assigned by DEPT experiments. Mass spectra were 

recorded on a Hewlett-Packard 5890 instrument at 70 eV ionising potential; ammonia or methane were used for 

chemical ionization (CI). Elemental analyses were performed by the "Servei d'Anb.lisis Elementals del CSIC de 

Barcelona". Medium pressure liquid chromatography (MPLC) separations were performed using Fluka Silica gel 

100 (Cl8-Reversed phase), eluting with acetonitrile/water mixtures; column chromatographic separations were 

carried out using Et3N pre-treated (2.5% v/v) SiOz (70-230 mesh) and chromatographic analyses were performed 

on a Helwett-Packard 1050 HPLC instrument equipped with a Nucleosil 120 C18 (25 cm) column. THF was 

distilled under N2 from sodium benzophenone ketyl prior to use. 

(+_)-l-(trans-2-Phenylcyclohexyloxy)-2-iodoethyne, 2a 

To a suspension of 2.33 g (20.32 mmol) of KH (35 wt. % dispersion in mineral oil) in 20 mL of THF 

were added, under N2, 1.76 g (10 retool) of (+)-trans-2-phenyleyclohexanol dissolved in 20 mL of THF. When 

the release of hydrogen was over (approx. 1 hour), the suspension was cooled at -50°C and 1.31 g (10 mmol) of 

trichloroethylene dissolved in 12 mL de THF were added. The mixture was allowed to warm up to room 

temperature and stirred for 1 hour. The mixture was then cooled at -78"C and 15 mL (24 mmol) of n-BuLi (1.6 M 
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in hexanes) were added v/a syringe. The mixture was allowed to reach -40°C and stirred for 30 minutes. It was 

then cooled to -50°C and 3.81 g (15 mmol) of I2 dissolved in 15 mL of THF were added. The mixture was then 

allowed to warm up to 0°C, stirred for I hour and poured over a mixture of a saturated NH4C1 solution, ice and 

hexane. The aqueous layer was extracted three times with hexane and the combined organic extracts were washed 

with aqueous Na2S203 to remove excess iodine and then with brine. The organic layer was dried over anhydrous 

sodium sulfate and concentrated in vacuo. The crude product was purified by chromatography using hexaneJ~20 

aseluent to give 2.37 g (74%) of 2a as a yellow solid. IR (film) 3070, 3040, 2940, 2860, 2210, 1590, 1450, 

1260, 1190, 1170, 1150, 1000, 930, 700cm "l. IH-NMR (200 MHz)~5= 7.4-7.1 (m, 5H), 4.16 (td, J= 10.6 

Hz, J'= 4.5 Hz, IH), 2.74 (td, J= 11.3 Hz, J'= 4.1 Hz, 1H), 2.5-2.3 (m, IH), 2.05-1.2 (m, 7H). 

(±)-l-(trans-2-phenylcyclohexyloxy)-3-buten-l-yne, 3a 

CuCN (89 mg, 1 mmol) and LiC1 (85 mg, 2 mmol), previously dried for 4h at 150°12 in a vacuum oven, 

were suspended, under N2, in 1 mL of THF. The mixture was stirred at room temperature until complete 

dissolution. In a separate flask, 225 mg (1 mmol) of ZnBr2 (previously dried for 4h at 150°C in a vacuum oven) 

were dissolved under N2 in 0.5 mL of THF. The solution was cooled to 0°C, and I mL (1 mmol) of a IM 

solution of H:C=CH-MgBr in THF was added, whereupon a white precipitate appeared. The mixture was stirred 

for 35-40 minutes at 0°C. This suspension was added v/a cannula to the CuCN.2LiCI cooled at -10°C, the 

formation of a black precipitate being observed. The mixture was stirred for 35 minutes at 0°C; then cooled to - 

78°C, and a solution of 100 mg (0.31 mmol) of 2a in 1 mL of THF was added. The mixture was allowed to 

warm up to -50°C over 90 minutes and stirrred at that temperature for another 90 minutes. Then, it was poured 

over a mixture of saturated NH4C1 solution, ice and ether, and the aqueous layer was extracted three times with 

ether. The combined organic extracts were washed with a saturated NH4CI solution and then with brine, dried 

over anhydrous sodium sulfate and concentrated in vacuo. The crude product was purified by chromatography 

during with hexane to give 63 mg (90%) of 3a as a colourless oil that crystallized on standing at - 180C. IR (film) 

3100, 3070, 3040, 3010, 2940, 2860, 2250, 1630, 1610, 1500, 1450, 1420, 1260, 1230, 1055, 1000, 930, 

900, 870, 820, 755, 700cm -l. IH-NMR (200 MHz) 6= 7.4-7.2 (m, 5H), 5.71 (dd, J= 17.4 Hz, J'= 10.7 Hz, 

IHolet), 5.35 (dd, J= 17.4 Hz, J'= 2.5 Hz, 1Hol,f), 5.20 (dd, J= 10.7 Hz, J'= 2.5 Hz, IHotef), 4.15 (td, J= I1 

Hz, J'= 4 Hz, IHa.o), 2.77 (td, J= 12 Hz, J'= 3.5 Hz, 1Ha.~), 2.5-1.2 (m, 8H). 13C-NMR (50 MHz) 6= 142.4 

(Cq), 128.4 (2CH), 127.5 (2CH), 126.7 (CH), 122.6 (CH), 117.3 (CH), 90.1 (Cq), 89.8 (CH), 86.5 (Cq), 

49.1 (CH), 33.8 (CH2), 31.1 (CH2), 25.6 (CH2), 24.7 (CH2). MS (DIP-El) m/z= 226 (M ÷, 1%), 159 (36%), 

117 (14%), 91 (100%). 

(±)-(E)-l-(trans-2-Phenylcyclohexyloxy)-l,3-butadiene, la.  

To a suspension of 34 mg (0.88 mmol) of LiAIH4 in 2 mL of THF under N2, was added at room 

temperature a solution of 100 mg (0.44 mmol) of 3a in 2 mL of THF. The reaction mixture was stirred for 7 h 

and quenched by the successive addition of 0.034 mL of water, 0.034 mL of 15% NaOH and 3x0.034 mL of 

water. The mixture was stirred for 30 minutes at room temperature, the solids were trfltered and washed with 

ether, the filtrate was dried over Na2SO4 and the solvents removed in vacuo. The crude product was submitted to 

column chromatography during with hexane to give 25 mg (32% recovery) of trans-2-phenylcyclohexanol and 

41 mg (40%) of l a  as a white solid in the form of a 9:1 mixture of the E and Z stereoisomers, according to IH- 

NMR spectroscopy. IR (fdm) 3080, 3035, 2935, 2860, 1650, 1600, 1445, 1175, 1120, 990, 905, 870, 750, 
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695 cm t. tH-NMR (200 MHz) 8= 7.35-7.10 (m, 5H), 6.19 (d, J= 12.1 Hz, 1Haef), 6.04 (dt, J= 16.8 Hz, J'= 
10.3 Hz, ll'laef), 5.46 (dd, J= 12.1 Hz, J'= 10.3 Hz, 1Hojef), 4.86 (dd, J= 16.8 Hz, J'= 1.8 Hz, IHotef), 4.69 

(dd, J= 10.3 Hz, J'= 1.8 Hz, 1Hotel), 3.80 (m, 1Ha.o), 2.67 (td, J= 11 Hz, J'= 4 Hz, IHo,~), 2.30-1.30 (m, 
8H). 

General procedure for the Diels-Alder cycloadditions of la 

A solution of the dienophile (1 eq) was added, under N2, to a solution of la (1 eq) at 0°C. When all the E 

stereoisomer had reacted, the mixture was purified by MPLC, eluting with acetonilrile/water, without previous 

removal of the solvent employed in the reaction. 

(±)•2-phenyl-5•(trans-2-phenylcycl•hexyl•xy)•••8-dihydr•-[1•2•4]•riaz•l•[1•2-a]pyridazine-1•3-di•ne• 4a 

The general procedure was followed starting from a sample of la containing 59 mg (0.257 retool) of the E 

stereoisomer in 0.25 mL of THF and 45 mg (0.257 mmol) of 4-phenyl-3H-1,2,4-triazoline-3,5-dione (PTAD) in 

0.25 mL of THF. The reaction was instantaneous and gave, after purification, 104 mg (100%) of 4a as a white 

solid in the form of a 90 : 10 diastereomeric mixture (80% d.c.) according to 13C-NMR and HPLC. Major adduct: 

IR (film) 3080, 3040, 2945, 2870, 1785, 1730, 1610, 1510, 1420, 1290, 1250, 1140, 1060, 1000, 950, 880, 

760, 705, 620 cm l.  IH-NMR (200 MHz) 5= 7.5-7.2 (m, 10H), 5.8-5.7 (m, IHo~f), 5.1 (m, 1Ha.on~), 4.75 (m, 

IH~ef), 4.32/3.81 (AB, J= 17 Hz, 2H, cyclic CH2), 4.15 (td, IHa.o), 2.5 (td, 1Ha.ph), 2.1-1.2 (m, 8H). 13C- 

NMR (50 MHz) 5= 153.0 (Cq), 151.8 (Cq), 144.1 (Cq), 131.0 (Cq), 129.2 (2CH), 128.5 (2CH), 128.2 

(3CH), 126.8 (CH), 125.5 (2CH), 123.0 (CH), 122.9 (CH), 86.8 (CH), 80.1 (CH), 52.7 (CH), 43.7 (CH2), 

34.5 (CH2), 33.5 (CH2), 25.7 (CH2), 25.3 (CH2). MS (DIP-CI-NH3) m/z= 421 (M+IS, 100%), 404 (M+I, 

7%), 228 (27%). 

(9:)-cis-3-(trans-2-Phenylcyclohexyloxy)cyclohex-4-ene-l,2-dicarboxylic anhydride, 5a 

The general procedure was followed st~ing from from a sample of la containing 56 mg (0.244 mmol) of 

the E stereoisomerof la in 0.3 mL of toluene and 29 mg (0.3 retool) of maleic anhydride in 0.3 mL of toluene. 

The reaction mixture, which became yellow, was stirred for 28 h at 0°C, the reaction progress being followed by 

HPLC (Nucleosil 120 C18 column, 25 cm; eluent: CH3CN/H20 70/30). After purification, 58 mg (73%) of 5a 

were obtained us a 86 : 14 diastereomeric mixture (72% d.e.) according to IH-NMR, 13C-NMR and HPLC. 

Major adduct: IR (KBr)3080, 3040, 2940, 2870, 1870, 1790, 1650 (weak), 1610 (weak), 1450, 1230, 1070, 

1040, 930, 760, 710 cm l.  IH-NMR (200 MHz) 5= 7.40-7.00 (m, 5H), 5.87-5.65 (m, 2Holef), 4.45 (m, 1Hc,.o), 

3.40-1.10 (m, 14H). J3C-NMR (50 MHz) 5= 173.9 (Cq), 172.0 (Cq), 144.4 (Cq), 132.8 (CH), 128.1 (2CH), 

127.9 (2CH), 126.1 (CH), 125.5 (CH), 78.8 (CH), 64.5 (CH), 50.7 (CH), 46.3 (CH), 35.8 (CH), 33.5 (CH2), 

30.6 (CH2), 25.8 (CH2), 24.7 (CH2), 20.5 (CH2). MS (DIP-CI-NH3) m/z= 361 (M+35, 10%), 344 (M+I8, 

100%). 

General procedure for the preparation of (EE )-l-alkoxy-l,3-octadienes, 7 

The starting alkoxyacetylene 6 (1 eq) dissolved in THF was added v/a syringe, under a strict argon 

atmosphere, to a suspension of freshly prepared25 Cp2ZrHCI in THF at room temperature. The suspension was 

stirred until it became a clear solution (colour ranging from orange to green). This solution was added via cannula 

to a suspension or solution of 0.05-0.1 eq of Pd catalyst (Pd(PPh3)4 or Pd(PPh3)2) in THF, under a strict argon 
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aunosphere, and 1.2 eq of (E)-l-iodohexene dissolved in THF were ,hen added. The mixture was stirred at room 

temperature and the reaction progress was followed by TLC. When the reaction was complete, the mixture was 

diluted with hexane and f'flteaed through Celite or SiO2/Et3N 2.5% v/v to remove Pd and Zr salts. Solvents were 

removed in mcuo and the crude product was immediately purified by chromatography eluting with hexane or 

hexane/ether mixtures. 

(:l;)-(E,E)-l-(trans-2-Phenylcyclohexyloxy)-l,3-octadiene, 7a 

The above procedure was followed starting from 240 mg (1.2 mmol) of 6a in 0.5 mL of THF, 309 mg 

(1.2 mmol) of Cp2ZrHCI in 0.5 mL of THF, 84 m 8 (0.12 mmol) of CI2Pd(PPh3)2 and 0.24 mL (0.24 retool) of 

DIBAH (1M in hexane) in 0.2 mL of THF, and 302 mg (1.44 mmol) of (E)-l-iodohexene in 0.4 mL of THF. 

The reaction was complete after 5 h. After purifying the crude by chromatography, elufing with 95:5 

hexanedether, 131 mg (38%) of 7a were obtained as a yellow oil that crystallized on standing at 4°(2. IR (fdm) 

3070, 3040, 2940, 2860, 1670, 1630, 1455, 1175, 1100, 1045, 975, 760, 705 cm l .  'H-NMR (300 MHz, 

C6D6) ~-  7.22-7.05 (m, 5H), 6.04 (d, J= 12.3 Hz, lI~efa.o), 5.79 (ddt, J= 15 Hz, J'= 10.5 Hz, J"= 0.15 Hz, 

IH~f), 5.64 (dd, J= 10.5 Hz, J'= 12.3 Hz, 1H,~a), 5.31 (dr, J= 15 Hz, J'= 7.5 Hz, IH,~a a.b~y0, 3.57 (td, J= 

10.5 Hz, J'= 4.2 Hz, IHa-o), 2.56 (ddd, J= 12.3 Hz, J'= 10.2 Hz, J"= 3.9 Hz, IHa-vh), 2.10-0.82 (m, 17H). 

~3C-NMR (75 MHz, C6D6) 8= 148.4 (CH), 144.1 (Cq), 128.6 (2CH), 128.2 (CH), 128.0 (2CH), 127.0 (CH), 

126.6 (CH), 108.4 (CH), 83.0 (CH), 50.6 (CH), 34.1 (CH2), 32.9 (CH2), 32.8 (CH2), 32.3 (CH2), 26.2 

(CH2), 25.0 (CH2), 22.5 (CH2), 14.2 (CH3). MS (DIP-El) m/z= 284 (M ÷, 0.7%), 159 (8.5%), 115 (19%), 91 

(100%). 

(E,E )- l-l-M enthyloxy- l ,3-octadiene, 7b. 

The general procedure was followed starting from 225 mg (1.25 retool) of 6b in 0.5 mL of THF, 324 mg 

(1.25 retool) of Cp2ZrHCI in 0.5 mL of THF, 144 mg (0.125 retool) of Pd(PPh3)4 in 0.3 mL of THF and 315 

mg (1.5 mmol) of (L0-1-iodohe×ene in 0.4 mL of THF. The reaction took 3 h to completion. After purification, 

128 mg (39%) of 7b were obtained as a colourless oil. [O~]D 23= -20.3 (C= 2.23 in hexane). IR (film) 3030, 2960, 

2930, 2875, 1660, 1625, 1450, 1175, 1145, 1090, 970 cm "l. IH-NMR (200 MHz) 8= 6.38 (d, J= 12.5 Hz, 

1Hoofs.o), 5.89 (dd, J= 15 Hz, J'= 10 Hz, IHola), 5.59 (dd, J= 12.5 Hz, J'= 10 Hz, IH~ef), 5.42 (dt, J= 15 

Hz, J'= 7.5 Hz, 1Hola~-buty0, 3.45 (td, J= l0 Hz, J'= 4 Hz, IHa-o), 2.20-0.80 (m, 18H), 0.91 (d, J= 6.2 Hz, 

3H), 0.89 (d, J= 7.4 Hz, 3H), 0.76 (d, J= 7 Hz, 3H). ~3C-NMR (50 MHz, CDCI3) ~= 148.1 (CH), 128.7 

(CH), 126.0 (CH), 107.8 (CH), 81.0 (CH), 47.7 (CH), 41.2 (CH2), 34.3 (CH2), 32.5 (CH2), 31.9 (CH2), 31.5 

(CH), 25.8 (CH), 23.4 (CH2), 22.2 (CH2), 22.1 (CH3), 20.7 (CH3), 16.3 (CH3), 14.0 (CH3). MS (DIP-CI- 

Cl-h) m/z= 265 (M+I, 45%), 264 (M ÷, 53%), 139 (100%). 

(E,E )- l-( ( I R,2S,5R )-8-Phenylmenthyloxy )- l ,3-octadiene, 7c 

The general procedure was followed starting from 256 mg (l retool) of 6c in 0.5 mL of THF, 258 mg (l 

retool) of Cp2ZrHCI in 0.5 mL of THF, 72 mg (0.1 retool) of C]2Pd(PPh3) 2 and 0.2 mL (0.2 retool) of DIBAH 

(IM in hexane) in 0.2 mL of THF and 252 mg (1.2 retool) of (E)-l-iodol~xene in 0.4 mL of THF. The reaction 

was complete after 6 h. After pm'ification, 176 mg (52%) of 7c were obtained as a colourless oil. [0~]o23= - 10.5 

(c= 0.6 in hexane). IR (f'tim) 3080, 3055, 3020, 2950, 2920, 2870, 1660, 1625, 1450, 1370, 1180, 1155, 

1095, 970, 765, 700 cm "l. IH-NMR (200 MHz, C6D6) 8= 7.45-7.15 (m, 5H), 6.24 (d, J= 12.4 Hz, IHolef), 
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6.14 (m, lI-la~), 5.90 (m, lI-lad), 5.56 (dr, J= 14.7 Hz, J'= 6.9 Hz, IH,~,f), 3.44 (m, Ilia.o), 2.30-0.60 (m, 

26H). t3C-NMR (75 MHz) 8= 150.5 (Cq), 147.1 (CH), 128.6 (CH), 127.8 (2CH), 126.1 (CH), 126.0 (2CH), 

125.1 (CH), 108.0 (CH), 82.1 (CH), 51.3 (CH), 41.9 (CH2), 40.5 (Cq), 34.6 (CH2), 32.5 (CH2), 31.9 (CH2), 

31.5 (CH), 29.4 (CH3), 27.1 (CH2), 24.8 (CH3), 22.3 (CH2), 21.8 (CH3), 14.0 (CH3). MS (DIP-CI-CH4) m/z= 

369 (M+29, 2%), 341 (M+I, 46%), 215 (100%). 

(E~E)-1-[(~R'2~S)-3-(2~2-Dimethylpr~p~xy)-1~7~7-trimethylbicycl~[2.2.1]heptyl-2-~xy]-1~3-~ctadiene~ 7d 

The general procedure was followed starting from 318 mg (1.2 retool) of 6d in 0.5 mL of THF, 309 mg 

(1.2 retool) of Cp2ZrHCI in 0.5 mL of THF, 84 mg (0.12 retool) of Ci2Pd(PPh3)2 and 0.24 mL (0.24 retool) of 

DIBAH (IM in hexane) in 0.3 mL of THF and 302 mg (1.44 retool) of (E)- l-iodohexene in 0.4 mL of THF. The 

reaction was complete after 5 h. After purification, 210 mg (50%) of 7d were obtained as a colourless oil. 

[ct]Da3= -89.2 (c= 1.7 in hexane). IR (fdm) 3050, 3025, 2940, 2870, 1655, 1620, 1475, 1460, 1390, 1360, 

1175, 1110, 970 cm t .  tH-NMR (300 MHz, C6D6) 5= 6.39 (d, J= 12 Hz, lI-I~a), 6.00 (dd, J= 15 Hz, J'= 10.5 

Hz, 1H~,f), 5.73 (m, IHdet), 5.46 (dt, J= 15 Hz, J'= 6.9 Hz, IHolef), 3.48/3.20 (AB, J= 6.6 Hz, 2H), 

3.02/2.93 (AB, J= 8.1 Hz, 2H), 2.12-0.70 (m, 14H), 1.38 (s, 3H), 0.99 (s, 9H), 0.98 (s, 3H) 0.75 (s, 3H). 

~3C-NMR (75 MHz, C-.t, D6) 5= 150.8 (CH), 127.8 (CH), 127.4 (CH), 107.2 (CH), 88.7 (CH), 85.3 (CH), 81.4 

(CH2), 49.2 (Cq), 48.7 (CH), 47.1 (Cq), 33.8 (CH2), 33.0 (CH2), 32.4 (CH2), 32.3 (Cq), 27.0 (CH3), 24.3 

(CH2), 22.5 (CHz), 21.3 (CH3), 21.0 (CH3), 14.2 (CH3), 11.7 (CH3). MS (DIP-CI-CH4) m/z= 377 (M+29, 

25%), 349 (M+I, 18%), 223 (81%). 

General procedure for the Diels-Alder cycloadditions of (E,E )- l-alkoxy-l,3-octadienes, 7, with PTAD 

A solution of the dienophile (1 eq) in THF (cooled to -25°C) was added, under argon, to a solution of 7 (1 

eq) in THF at -25°C. The reaction was instantaneous (the red colour of the dienophile solution immediately 

disappeared as it was being added). The solvent was removed in vacuo to give the desired cycloadduct in 

quantitative yield and in pure form. 

(±)-cis-5-Butyl-2-pheny•-8-(trans-2-phenylcycl•hexy••xy)-5•8-dihydr•-[•'2'4]triaz•••[•'2-a]pyridazine•••3- 

dione, 8a 

The above procedure was followed starting from 29 mg (0.102 retool) of 7a, 18 mg (0.102 retool) of 

VIAl) and 0.5 mL of THF to give 47 mg (100%) of 8a as a solid in the form of a 94.5 : 5.5 mixture of 

diastereomers (89% d.e.) according to 13C-NMR and HPLC Major adduct: IR (KBr) 3060, 3030, 2930, 2860, 

1775, 1715, 1600, 1500, 1415, 1055, 760, 700, 685 cm a. tH-NMR (300 MHz, CD3CN) ~- 7.54-7.12 (m, 

IOH), 5.70-5.64 (m, ll-I~ef), 5.04-4.97 (m, IH,acf + IHa.ots), 4.26 (m, IHa.N), 4.05 (td, J= 10.5 Hz, J'= 4.5 

Hz, IHa.o), 2.46 (m, IHa.~), 2.06-1.20 (m, 14H), 0.90 (t, J= 6.9 Hz, 3H). 13C-NMR (75 MHz, CD3CN) 5= 

153.7 (Cq), 151.2 (Cq), 145.3 (Cq), 132.6 (Cq), 129.9 (2CH), 129.8 (CH), 129.3 (2CH), 129.1 (CH), 129.1 

(2CH), 127.4 (CH), 127.2 (2CH), 122.6 (CH), 84.9 (CH), 78.6 (CH), 56.7 (CH), 52.9 (CH), 35.1 (CH2), 

34.2 (CHz), 33.3 (CH2), 26.6 (CH2), 26.4 (CH2), 25.9 (CH2), 23.3 (CHz), 14.2 (CH3). MS (DIP-EI) m/z= 459 

(M ÷, 1%), 284 (22%), 159 (26%), 91 (100%). 
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cis•5•Buty••2•pheny••8•(••menthyl•xy)•5,8•dihydr••• •,2.4]triaz•l•[ ••2•a]pyridazine•••3•di•ne• 8b 

The general procedure was followed starting from 32 mg (0.121 retool) of 7b in 0.3 mL of THF and 21 

mg (0.121 retool) of PTAD in 0.3 mL of THF to give 53 mg (100%) of 8b as an oil in the form of a 50 : 50 

diastereomeric mixture according to IH and 13C-NMR. Diastereomefic mixture: IR (f'flm) 3050, 2960, 2920, 

2860, 1750, 1710, 1605, 1500, 1420, 1290, 1240, 1160, 1140, 1050, 875, 765, 640 cm a. IH-NMR (300 

MHz, CD3CN) 5= 7.60-7.40 (m, 2 x 5H), 6.19-5.73 (m, 2 x 2Hurl + 2 x 1Herons), 4.51 (m, 2 x IHc~Nfomy0, 
3.71/3.70 (td, J= 10.3 Hz, J'= 4.8 Hz and J= 10.3 Hz, J'= 4.2 Hz, 2 x IHct.o), 2.40-0.70 (m, 2 x 27H). t3C- 

NMR (75 MHz, CD3CN) 5= 154.0/153.9 (Cq), 151.0/150.8 (Cq), 132.7 (2 x Cq), 130.6/130.3 (CH), 130.0 (2 

x 2CH), 129.1 (2 x CH), 127.1 (2 x 2CH), 123.6/123.0 (CH), 79.3/78.0 (CH), 76.8/73.6 (CH), 57.2 (2 x 

CH), 49.9149.0 (CH), 43.4/41.2 (CH2), 35.0/34.9 (CH2), 33.9/33.5 (CH2), 32.5/32.2 (CH), 26.8/26.7 (CH2), 

26.2/26.1 (CH), 23.9/23,9 (CH2), 23.4/23.4 (CH2), 22.6 (2 x CH3), 21.5/21.3 (CH3), 16.6/16.3 (CH3), 

14.4/14.3 (CH3). MS (DIP-CI-CH4) m/z= 468 (M+29, 10%), 440 (M+I, 27%), 439 (M, 86%), 284 (100%). 

cis-5-Buty~-2-phenyl-8-[( ~P~2S'5R)-8-phenylmenthyl~xy]-5,8-dihydr~-[1,2,4]triaz~l~[1,2-a]~pyridazine-1,3- 

dione, 8c. 

The general procedure was followed starting from 40 mg (0.118 retool) of 7c, 21 mg (0.118 retool) of 

PTAD and 0.5 mL of THF, to give 61 mg (100%) of 8c as a solid in the form of a 85 : 15 mixture of 

diastereomers (70% d.e.) according to IH-NMR, t3C-NMR and HPLC Major diastcrcomer. IR (film) 3055, 

2960, 2920, 2870, 1775, 1720, 1605, 1505, 1420, 1055, 770, 705 cm a. IH-NMR (300 MHz, CD3CN) 5= 

7.60-7.15 (m, 10H), 6.00-5.52 (m, 2Hotef + IHct-om), 4.43 (m, IHc~.N), 3.90 (td, J= 10.3 Hz, J'= 4.2 Hz, 1Hc~. 

o), 2.15-0.80 (m, 17H), 1.46 (s, 3H), 1.32 (s, 3H), 0.87 (d, J= 6.6 Hz, 3H). t3C-NMR (75 MHz, CD3CN) 5= 

154.0 (Cq), 150.7 (Cq), 132.7 (2Cq), 130.2 (CH), 130.0 (2CH), 129.2 (CH), 128.8 (2CH), 127.2 (2CH), 

126.5 (2CH), 125.9 (CH), 122.9 (CH), 80.1 (CH), 75.7 (CH), 57.2 (CH), 53.0 (CH), 44.2 (CH2), 40.9 (Cq), 

35.2 (CH2), 33.8 (CH2), 32.4 (CH), 28.0 (CH3), 28.0 (CH2), 27.5 (CH3), 26.9 (CH2), 23.3 (CH2), 22.4 

(CH3), 14.3 (CH3). MS (DIP-CI-CH4) m/z= 516 (M+I, 15%), 284 (25%), 215 (100%). 

cis-5-Butyl-8-[ ( l R,2 S,3R, 4S )-3-( 2,2-dimethylpropoxy )- l , 7, 7-trimethylbicyclo[ 2.2. l ] hepyl-2-oxy ]-2-phenyl- 

5,8-dihydro[1,2, 4 ]triazolo[1,2-a]pyridazine- l ,3-dione, 8d. 

The general procedure was followed starting from 43 mg (0.124 retool) of 7d, 22 mg (0.124 retool) of 

[rI'AD and 0.7 mL of THF to give 65 mg (100%) of 8d as a solid in the form of a 94.5 : 5.5 mixture of 

diastereomers (89% d.c.) according to tH-NMR, 13C-NMR and HPLC. The crude product was purified by 
column chromatography on SiO2, eluting with hexane/ether 85:15, to give 50 mg (77%) of the major 

diastcreomer. White crystals, m.p. 43-45°C. [cx]o23= -15.8 (c= 1.71 in CH3CN). IR (f'dm) 3060, 3040, 2950, 

2860, 1775, 1715, 1605, 1500, 1415, 1290, 1140, 1100, 1055, 1025, 765, 690 cm l.  IH-NMR (300 MHz, 

CD3CN) 5= 7.55-7.40 (m, 5H), 6.14 (ddd, J= 10.2 Hz, J'= 4.8 Hz, J"= 1.8 Hz, IHotcf), 5.96 (dd, J= 10.2 

Hz, J'= 3.1 Hz, 1Hol~f), 5.85 (dd, J= 4.8 Hz, J'= 1.2 Hz, IHct.om), 4.52 (m, IHa.N), 3.99/3.54 (AB, J= 6.6 

Hz, 2H), 3.29/3.11 (AB, J= 8.4 Hz, 2H), 2.28-0.88 (m, 14H), 1.10 (s, 3H), 0.96 (s, 9H), 0.85 (s, 3H), 0.77 

(s, 3H). 13C-NMR (75 MHz, CD3CN) 5= 153.4 (Cq), 151.5 (Cq), 132.9 (Cq), 130.1 (CH), 129.9 (2CH), 

129.0 (CH), 127.2 (2CH), 123.4 (CH), 86.8 (CH), 86.2 (CH), 81.2 (CH2), 76.9 (CH), 55.5 (CH), 49.5 (Cq), 

48.3 (CH), 47.5 (Cq), 34.5 (CH2), 34.1 (CH2), 32.6 (Cq), 27.2 (CH3), 26.8 (CH2), 24.5 (CH2), 23.4 (CH2), 

21.5 (CH3), 21.3 (CH3), 14.4 (CH3), 12.1 (CH3). MS (DIP-CI-CH4) m/z= 564 (M+41, 9%), 552 (M+29, 
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27%), 524 (M+I, 38%), 342 (37%), 312 (7%), 284 (100%). Elemental analysis: Calculated for C311-14sNsO4: C 

71.I0%, H 8.66%, N 8.02%; found: C 71.44%, H 8.99%, N 7.80%. 

General procedure for the Diels-AMer cycloadditions of(E, E )- l-alkoxy-I, 3-octadienes, 7, with MA 

A solution of the dienophile (I.0-1.2 eq) in THF was added, under argon, to a solution of the diene (I eq) 

in THF at 0°C. The mixture was then allowed to warm up to room temperature and was stirred until complete 

dissappearance of the diene (TIC). The solvent was then removed in vacuo to give the desired cycloadduct. 

(•:)-(r-••c-2•c-3•c-6)-3-Butyl-6-(trans-2-phenylcycl•hexyl•xy)-4-cyc••hexene-•'2-dicarb•xylic anhydride, 9a. 

The above procedure was followed starting from 42 mg (0.148 mmol) of 7a, 17 mg (0.177 mmol) of 

maleic anhydride and 0.4 mL of THF. The reaction took 48 h to completion and gave 56 mg (100%) of crude 9a 

as a white solid in the form of a 93.5 : 6.5 mixture of diastereomers according to tH-NMR and HPLC. Major 

diastereomer: IR (KBr)3060, 3020, 2920, 2850, 1850, 1775, 1605, 1440, 1260, 1175, I145, Ill5, 1090, 

I070, 1035, 950, 750, 700 cm "l. IH-NMR (300 MHz) 5= 7.40-7.15 (m, 5H), 5.49 (ddd, J= 9.5 Hz, J'= 3.8 

Hz, J"= 2.1 Hz, ll-l~f), 5.24 (dt, J= 9.9 Hz, J'= 3 Hz, IHota), 3.75 (m, IH,~.o/c_-c), 3.40 (td, J= 10.5 Hz, J'= 

4.5 Hz, IHa.o), 3.35-3.13 (m, 2Ha.co), 2.58 (m, IH~.ph), 2.30-1.20 (m, 15H), 0.90 (t, J= 6.9 Hz, 3H). 13C- 

NMR (75 MHz) 5= 170.8 (Cq), 169.2 (Cq), 144.0 (Cq), 132.4 (CH), 130.1 (CH), 128.1 (2CH), 128.0 (2CH), 

126.3 (CH), 83.0 (CH), 70.2 (CH), 51.0 (CH), 45.6 (CH), 42.5 (CH), 34.4 (CH), 32.9 (CH2), 32.6 (CH2), 

30.5 (CH2), 30.0 (CH2), 25.7 (CH2), 25.0 (CH2), 22.4 (CH2), 14.0 (CH3). MS (DIP-ED m/z= 354 (1%), 284 

(2%), 223 (3%), 175 (41%), 159 (27%), 157 (79%), 129 (30%), 91 (100%). 

The same experiment was ran in different solvents. Using acetonitrile, the reaction took 48 h to completion and 

gave 9a as a 92.5 : 7.5 diastereomeric mixture according to IH-NMR and HPLC. In toluene, the reaction took 36 

h to completion, 9a being obtained as a 91.5 : 8.5 mixture of diastereomers according to tH-NMR and HPLC. 

(r-l,c-2,c-3,c-6)-3-Butyl-6-(l-menthyloxy)-4-cyclohexene-l,2-dicarboxylic anhydride, 9b. 

The general procedure was followed starting from 51 mg (0.193 mmol) of 7b in 0.2 mL of THF and 21 

mg (0.20 mmol) of maleic anhydride in 0.3 mL of THF. The reaction took 48 h to completion, and gave 71 mg 

(100%) of crude 9b as a solid in the form of a 58 : 42 mixture of diastereomers according to tH-NMR and 13C- 

NMR. Major diastereomer. IR (KBr) 3040, 2960, 2940, 2870, 1855, 1785, 1460, 1380, 1260, 1180, l115, 

1095, 1045, 960, 945 cm -l. IH-NMR (300 MHz, CD3CN ) i~= 6.02-5.76 (m, 2Holef), 4.21 (m, IHtvo), 3.54 

(dd, J= 9.3 Hz, J'= 6.6 Hz, IH~.co), 3.47-3.39 (m, IH~.co), 3.29 (td, J= 10.3 Hz, J'= 3.9 Hz, 1Ha.o), 2.50- 

0.80 (m, 25H), 0.77 (d, J= 6.9 Hz, 3H). ~3C-NMR (75 MHz, CD3CN) 5= 173.1 (Cq), 171.2 (Cq), 133.5 

(CH), 133.7 (CH), 80.6 (CH), 71.5 (CH), 49.5 (CH), 46.9 (CH), 43.8 (CH), 42.3 (CH2), 35.4 (CH), 35.1 

(CH2), 32.2 (CH), 31.6 (CH2), 30.7 (CH2), 25.4 (CH), 23.5 (CH2), 23.3 (CH2), 22.6 (CH3), 21.5 (CH3), 16.1 

(CH3), 14.3 (CH3). MS (DIP-CI-CH4) m/z= 363 (M+l, 100%), 225 (59%), 139 (7%). 

(r-••c-2•c-3•c-6)-3•Buty••6-[(IR.2S•5R)-8-pheny•menthy••xy]-4-cyc••hexene-••2-dicarb•xy•ic anhydride, 9c. 

The general procedure was followed starting from 53 mg (0.156 mmol) of 7c, 17 mg (0.17 mmol) of 

maleic anhydride and 0.5 mL of THF. The reaction took 55 h to completion, an gave 69 mg (100%) of 9c as an 

oil (that crystallized on standing at 4°C) in the form of a 78 : 22 mixture of diastereomers according to IH-NMR 

and t3C-NMR. Purification of the crude product by column chromatography on SiO2, eluting with hexane/ether 
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85:15, gave 23 mg (33%) of 9e as the same diastereomeric mixture. Major diastereomer: IR (fdm) 3085, 3055, 

3020, 2960, 2920, 2870, 1855, 1780, 1640, 1605, 1500, 1460, 1375, 1255, 1195, 1100, 1040, 945, 850, 770, 

705 cm l .  tH-NMR (300 MHz, CD3CN) 5= 7.42-7.15 (m, 5H), 5.91 (dr, J= 9.9 Hz, J'= 2.7 Hz, IHo~a), 5.79 

(dr, J= 9.9 Hz, J'= 2.7 Hz, IH,ad), 4.24 (m, IH,z.o), 3.68-3.38 (m, 2H~-co + IHa.o), 2.40-0.70 (m, 15H), 
1.43 (s, 3H), 1.36 (s, 3H), 0.98 (t, 3H), 0.92 (d, J= 6.6 Hz, 3H). t3C-R_MN (75 MHz, CD3CN) 5= 172.9 

(Cq), 170.6 (Cq), 152.5 (Cq), 133.3 (CH), 132.1 (CH), 128.7 (2CH), 126.7 (2CH), 125.9 (CH), 81.6 (CH), 

70.8 (CH), 52.8 (CH), 47.7 (CH), 44.2 (CH), 42.1 (CH2), 41.3 (Cq), 35.4 (CH), 35.2 (CH2), 32.1 (CH), 

31.3 (CH2), 31.3 (CH3), 30.6 (CH2), 28.2 (CH2), 24.2 (CH3), 23.2 (CH2), 22.43 (CH3), 14.2 (CH3). MS 

(DIP-CI-CH4) m/z= 479 (M-t.41, 6%), 467 (M+29, 6%), 439 (M+I, 6%), 265 (12%), 253 (23%), 243 (8%), 

225 (91%), 215 (100%). 

(r-l,c-2,c-3,c-6)-$-Butyl-6-[( ! R,2S,3R,4S)-3-(2,2-dimethyl-propoxy)-l, 7, 7-trimethylbicyclo[2.2. l ]heptyl-2- 

oxy]-4-cyclohexene-l,2-dicarboxylic anhydride, 9d. 

The general procedure was followed starting from 51 mg (0.147 retool) of 7d, 16 mg (0.162 mmol) of 

maleic anhydride and 0.4 mL of THF. The reaction took 46 h to completion (reaction progress was very slow 

during the last 20 h), and gave 59 mg (90%) ofgd as an oil in the form of a 83.5 : 16.5 mixture of diasteroomers 

according to IH and 13C-NMR. Major diastereomer: IR (f'dm) 3040, 2940, 2860, 1850, 1775, 1690, 1630, 1455, 

1390, 1360, 1190, 1140, 1100, 940cm a. tH-NMR (300 MHz) 5= 5.96 (dt, J= 9.6 Hz, J'= 3.0 Hz, IH~a), 

5.71 (dt, J= 9.6 Hz, J'= 3.0 Hz, lI-I~f), 4.41 (m, IHa.o), 3.84 (dd, J= 9 Hz, J'= 7.8 Hz, IH~.co), 3.73/3.47 

(AB, J= 6.9 Hz, 2H), 3.40 (dd, J= 9.15 Hz, J'= 6.0 Hz, IHa-co), 3.25/2.92 (AB, J= 8.4 Hz, 2H), 2.20-0.80 

(m, 15H), 1.15 (s, 3H), 0.95 (s, 3H), 0.83 (s, 9H), 0.79 (s, 3H). 13C-NMR (75 MHz) 5= 173.3 (Cq), 170.6 

(Cq), 134.3 (CH), 132.2 (CH), 86.3 (CH), 85.8 (CH), 81.1 (CH2), 73.5 (CH), 49.7 (Cq), 47.8 (CH), 47.5 

(Cq), 45.1 (CH), 43.8 (CH), 35.9 (CH), 34.7 (CH2), 32.5 (Cq), 31.3 (CH2), 30.7 (CH2), 27.1 (CH3), 24.5 

(CH2), 23.1 (CH2), 21.6 (CH3), 21.3 (CH3), 14.3 (CH3), 12.0 (CH3). MS (DIP-CI-CH4) m/z= 487 (M+41, 

3%), 475 (M+29, 5%), 447 (M+I, 100%). 

The same experiment was ran in acetonitrile at 0°C. The reaction took 72 h to completion (reaction progress was 

very slow during the last 20 h) and gave 9d as a 94.5 : 5.5 mixture of diastereomers (89% d.e.) as determined by 
tH and 13C-N]~R. 
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