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Abstract: Fltmhatcd alcehds inaeae the rates and cndokxo selectivities of the Diels-Alder reactioa bf 

cycl~tadhe. with (-)-menthyl and (->8-phatylmenthyl auylates. The use of fluorin&d alcohols also incaeases 

the diastaofakl selectivity in the reactions of (-)-menthyl xrylate, but deaases it when the dienophile is (-)-8- 

phettybnenthyl auylate. These facts are accounted for by the. conformational peferences of the dienopbile in non- 

HRD solvents and by the tendency of fluorinated alcohols to shift the conformational equilibrium towards the s- 

trmu amfonmxtion. 

Interest in the role of the solvent in Diels-Alder reactions has increased over the last few years because of 

the noticeable improvement in these reactions achieved by the use of aqueous solvents,t molten ~alts,~ or 

lithium perchlorate solutions.3 The influence of the solvent on rate and ena’okw selectivity has ken explained 

by the use of empirical solvent parameters.4 Recently, we have reported our results on the influence of the 

solvent on the benchmark asymmetric Diels-Alder reaction between (-)-menthyl acrylate and cyclopentadiene.5 
The results obtained showed that hydrogen bonding donor (HBD) solvents increase asymmetric induction, 
which was accounted for by the formation of an hydrogen bond between the solvent and the carbonyl oxygen, 
favouring the s-m conformation of the dienophile. That is to say, HBD solvents behave as mild Lewis acids. 
In view of these results, it ia intere&ng to test the influence of a family of highly HBD solvents, namely 
fluorinated alcohols, on model asymmepic Diels-Alder reactions. In thii paper we describe the results obtained 
from the reactions of cyclopentadiene with (-)-menthyl and (-)-8-phenylmenthyl acrylates (Scheme 1). 
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Results and Discussion 

Reactions of (-)-menthyl aerylate. The reactions were monitored by gas chromatography (GC) as 

previously described.5 

Table 1 gathers the results obtained in the reaction between (-)-menthyl acrylate and cyclopentadiene. In the 
presence of high concentrations of 1,1.1,3,3,3-hexafluoro-2-propauol (HFW), extensive oligomerization of 
cyclopentadiene was experimentally observed, which precluded the calculation of accurate rate constant values. 
However, the specific effect of HFW can be clearly stated, since the rate constant noticeably increases with the 
fiit addition of fluorinated alcohol, and then remains essentially constant within the experimental error. l’kis 
specific effect of the solvent on the reaction rate is in accordance with the one previously described by Desimonl 

et u.f. for non-asymmetric DEL+~der reactions_6 
The behaviour of the enuWexo selectivity parallels the reaction rate. In this case, where the experimental 

values are more reliable, an important increase in enuWexo selectivity can be observed on going from toluene to 
a mixture toluene4HFIP 9OAO. and then a slow, but progressive. further increase in en&Ax0 selectivity with 
the proportion of HFW 8akes place. 

It might be thought that the behaviour of the HFW is due to the presence of traces of hydrogen fluoride In 
order to discard this possibiity, the reaction in pure HFIP was Epeated in the presence of a small amount of 
triethylamine. The reactions with and without NEt3 led to almost the same results, which indicates that a 
hydrogen fluoridecatalytic mechanism can be ruled out. On the other hand, the hyperbolic variation of rates and 

endo/& selectivities with the HFW concentration is consistent with a mechanism in which the dienophile is 

spe&kally solvated by the HBD solvent. 
The use of a different fluorinated alcohol, namely trifluoroethanol CTT;E). led to results quite similar to 

those obtained when HFIP was used (Table 1). 

Table 1. Results obtained in the reaction between cyclopentadiene and (-)-menthyl acrylate in 
several reaction media. 

Solvent eWema 4a13a dc(%) 

2.89 
15.24 
21.58 
15.47 
la.80 

19.61 
23.07 

1.48 

20.09 
0.38 

2.73 1.20 9.5 
6.55 1.29 12.6 
6.95 1.39 16.2 
7.04 1.46 18.7 
7.09 1.55 21.5 

7.11 1.72 26.4 

7.12 1.72 26.4 
9.04 1.87 30.5 

6.57 1.46 la.7 
10.37 1.61 23.2 

10.70 2.50 42.9 

a Determined by GC b 1,1,1,3.3,3-hexanuoro-2-propanol C 2% of NEt3 Vh d 2,2,2-trifluoroethano1 e lnunnl in 30 ml of CH2Cl2 
atroom-. 

The behaviour observed in the case of the diastereofacial selectivity is completely dierent_ The variation 
of diastereofacial selectivity (represented by log (4aI3a) with the mole fraction of HFIP in the solvent mixture. 
shows an excellent linear cortelation (r=O.9!34). 
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It is generally accepted that in asymmetric Diels-Alder reactions of prochiral I3-dieaes with chii 

acrylates, the dias&eofacial selectivity obtained depends on the shielding effect of the chiral auxiliary and, given 
tbat s-cis and s-truns conformers diiplay mverse topic@ on their top and bottom faces, on the conformational 

equilibrium of the acrylate.7 In fact, it has been suggested that the solvent can modify this equilibrium, and 

hence the diastereofacial selectivity, through hydrogen bonding.5 However, this model would lead to a 

hyperbolic relationship between asymmetric induction and HFlP concentration (similar to that described for rate 
and endo/exo selectivity). The lmear relationship experimentally found indicates that the influence of the non- 
specific effects of the HFW on diaste~ofacial selectivity cannot be neglected. 

In order to test the influence of the non-specific effects of tbe HFW, several reactions wete carried out in 
the presence of AlC12Et. It is assumed that the coordination of the dienophile to the metal complex completely 

shifts the confonnational equilibrium to the s-trans conformation.8 The simultaneous presence of I-IFIP and 
AlC12Et gave rise to extensive polymerization of the cyclopentadiene. In order to ovetcome this problem, at least 
partially, mixtures of toluene and hexane were used as co-solvents. In spite of these difficulties, it could be 
observed that the diastereofacial selectivity increases with the concentration of HFIP, even in the presence of 
AK&Et (Table 2). This result indicates the existence of a non-specific effect of the HFIP, probably due to 
mcdificarions induced by the fluorinated alcohol in the bulk of the solvent. 

Table 2. Results obtained in the reaction between cyclopentadiene and (-)-menthyl acrylate 
catalyzed by AICI2Et in several reaction media containing HFIP. 

solvent Miitufe percentage of endderoa 4al3aa & wd 

tollme (%,) iE.xme W HFfP 6) conversion at lo ha 

50 50 0 98 13.0 1.86 30.1 
45 45 10 88 11.1 2.11 35.7 

35 35 30 14 10.8 2.38 40.8 

25 25 50 <4 

aDetezmiDedby~aRer~toftherextioowithNaHC03 

Given that fluorinated alcohols have proved to he excellent reaction media for carrying out the asymmetric 
Diels-Alder teaction of (-)-menthyl acrylate with cyclopentadiene, we tried to improve the selectivity of this 
reaction by lowering the temperature. The er&/exo selectivitics obtained in HFIP at OY! and in TFJZ at -20°C 

are comparable to those obtained by using conventional Lewis acid catalysts (Table 1). The diastereofacial 
selectivities improve slightly, the corresponding values being located halfway between those obtained in an 
“inert” solvent, such as toluene, and with the use of a conventional Lewis acid, such as AlC13 (Table 1). 

The results obtained using (-)-menthol as a chiral auxiliary seemed very promising, so we decided to 
consider the asymmetric Diels-Alder reaction of cyclopentadiene with the acrylate of a better chiral auxiliary, 
namely (-)-8-phenylmenthol. 

Reactions of (-)-8-phenylmenthyl acrylate. The reactions were monitored by HPLC. Compounds 
3b and 4b, and 5b and 6b could not be resolved as separate peaks, so HPLC could only be used to determine 
the degree of conversion and the endo/exo selectivity, the final results being determined by NMR. HPLC 
analysis of the AQEt-catalysed reactions shows a 89: 11 endo/exo ratio. NMR analysis of the mixture of 
cycloadducts obtained from this reaction allowed us to assign several signals to endo and exo 
diastereoisomers. Absolute configurations of the endo cycloadducts were determined by comparison with the 
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previously desctibed results for the Lewis acid-catalyscd reactions between lb and 2.8 Absolute configurations 
of the exe cycloadducts were assigned by mechanistic considerations, taking into account that 4b is the major 
endo diasemoisomer in the catalysed tea&ion, 6b (coming from the approach of the diene on the same face of 
the double bond) must be the major exe product. Given that only one exu cycloadduct is obtained from the 

catalysed reaction, the signals corresponding to 5b were assigned from NMR analyses of the non-catalysed 
reactions. The signala used to determine endo/exo and diastereofacial selectivities are given in Table 4. 

(-)-I-phenylmenthyl acrylate (lb), obtained as previously described,9 was made to react with 
cyclopentadieue in several solvents and solvent mixtures (Table 3). Endo/exo selectivity increases with the 

HBD-ability of the solvent, in accordance with a specific solvation of the dienophile. However, asymmetric 
inductions in the end0 pair obtained using fluorinated alcohols (mainly HFIP) are surprisingly lower than those 

obtaimd when (-)-menthyl acrylate is used as a dienophile (Table 1). Furthermore, the absolute configuration of 
the major cycloadduct,(3b) is reversed in relation to that of the catalysed reaction (4b), and the percentage of 
3b incmases when no&highly HBD or non-HBD solvents are used. 

Table 3. Result6 obtained in the reaction between cyclopentadiene and (-)-8-phenylmenthyl 
acrylate in several reaction media 

801vmt (ml) d&j% 2:l mm01 of 1 %conve~on enddeu, endode(%P Lu)MWa 

(33932 (3.2) 6 3 0.10 
tolwne (5.0) 6 3 0.37 
- ak24l(5.0) 8 3 0.37 
me&mom 60140 (250.0) 5 3 0.27 
CH2CI2MFIP 70~30 (3.2) 6 3 0.10 
TFE (5.5) 3 8 0.35 
HRP (5.0) 2 8 0.39 
AlCl2WXIralyzedb 3h 2.5 1.00 

42 2.8 41.3 (3b) 
80 3.2 38.8 (3b) 
95 4.2 39.7 (3b) 
35 5.4 44.0 (3b) 
75 5.8 21.0 (3b) 

100 5.8 17.8 (lb) 
95 7.5 8.0 (3b) 
50 7.9 79.0 (4b) 

35.0 (5b) 
37.3 (Sb) 
27.5 (Sb) 
37.0 (Sb) 
5.0 (6b) 
8.5 (6b) 

37.0 (6b) 
100.0 (6b) 

aMajorpmdactisgiven 

coufonuation, so 

intheabsenceofac 

conformers co 

ts b 1.5 mmol in CH2C12 at O’C 

asymmetric induction on the s-cids-tram conformational equilibrium of the 

unts for these results. The catalysed reaction takes place through the s-tarts 
oming from the attack of the diene on the less-hindered Si face of the double bond) 
n-catalysed reactions 3b (coming from the attack of the diene on the Re face of the 

loadduct. Given that the Re face is the less hindered in the s-cis conformation, 
the situation of the (-)-menthyl acrylate (la), this conformer is the one favourcd 

As previously discussed, fluorinated alcohols behave as mild Lewis acids, and they 
towards the s-trumps form. Therefore, the low asymmetric induction 
is/Awns conformational equilibrium is shiited in such a way that both 
ahout the same extent. 

Re 
Si 

scheme 2 
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Changes in diastereomeric excess of the exe pair follow a similar pattern, but in this case Lewis acids and 
fluorinated alcohols lead preferably to the same cycloadduct (6b) and the lowest asymmetric induction is not 
obtained in HFIP but in TFE. The AlC12EWatalysed reaction shows that the exu attack on the s-mm 
conformer is more discriminating than that of the endo. This can be rationalized by the interaction of the 
methylene hydrogens of the cyclopentadiine with the chiral auxiliary, which greatly disfavours the exe attack 
of the diene on the Re face (Scheme 3). This interaction is not present in the s-cis conformation. so end0 and 
exe attacks lead to similar discriminations, as shown by the reactions carried out in non-HEtD solvents. 
Consequently, if s-cis and s-t&s conformers are present in the same proportion (as probably happens in 
HPIP), the major e.w adduct 6b comes from the attack of the diene on the less-hindered face of the s-truns 
form. 

Conclusions 

Scheme 3 

Fluorinated alcohols greatly increase the rate and endo/exo selectivity of the Diels-Alder reactions of 
cyclopentadiene with chiral acrylates. These solvents influence the asymmetric induction through a shift of the 
confonnational equilibrium of the dienophile towards the s-trans conformation. So, they behave as mild Lewis 
acids. 

The conformational equilibrium of the chiral acrylate is strongly dependent on the chiral auxiliary. Thus, 
closely-related dienophiles, such as (-)-me&y1 and (-)-&phenylmenthyl acrylates, display reversal preferences 
in the absence of a Lewis acid catalyst. In particular, catalysed and non-catalysed reactions of the (-)-8- 
phenylmenthyl acrylate display reversal topicity. Therefore, fluorinated alcohols increase the asymmetric 
induction when the s-1~~s conformation of the dienophile is already preferred in non-HBD solvents. The 
diastereofacial discrimiiation depends on both the conformation of the dienophile and the way of approach 
(end0 or exe) of the diene. 

Experimental 

tH-NMR aud 1%~NMR were recorded at 300 and 75 MHz, respectively. All organic solvents were purified 
and dried according to standard procedures. (-)-Menthyl and (-)-8-phenylmenthyl acrylates were prepared 
accolding to pIe.viously described plwxhlnS.9 

Reactions of (-)-menthyl acrylate. In a typical run, 0.396 g (6 mmol) of freshly distiled 
cyclopentadiene (2) dissolved in the corresponding organic solvent (4 ml) was added to a thermostated (3(#1 
“C) solution of 0.42 g ( 2 mmol) of (-)-menthyl acrylate (la) in the same solvent (28 ml) and the solution 

obtained was stined magnetically and monitored by GC.5 
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The catalysed reactions were carried out as follows. The (-)-menthyl acrylate (0.105 g, 0.5 mmol) and 
freshly distiled cyclopentadiene (0.100 g, 1.5 mmol) were added via syringe to a flask charged with the 
~~~~ catalyst (0-S ml of AlCl$t or 0.067 g of AlCl3) in the co~pon~mg reaction medium (10 ml, see 
Tables 1 and 2) under argon atmosphere. The reaction was monitored by GC. 

Reactions of (-)dt-pbenylmenthyl acrylate. Freshly distiled cyclopentadiene (2) was added to a 
solution of (-)-8-phenylmenthyl acrylate (lb) in the cotresponding reaction medium (amonnts given in Table 

ED. Reactions were monitored by HFLC with diode array detection (4 pm silica column, eluent: hexane-rert- 
butyhnethyl ether, gradient of 99% to 100% of hexane from 2.5 to 3 min, flow rate 2.5 ml/mm, detection at 210 
nrn). Retention times wete: exe cycloadducts (5b+6b) 4.0 min, (-)-8-phenyl-menthyl acrylate (lb) 4.6 mitt 
and end0 cycloadducts (3bMb) 5.4 min. 

The solvent was eliminated under reduced pressure and the resulting solid was analyzed by 1H and fw-NMR 
(Table 4). 

Table 4. Selected %I- and %-NMR chemical shifts of compounds 3b, 4b, 5b and 6b. 

H-1 H-4 c=o c-5 C-6 

3b 2.78 2.69 173.8 137.6 132.0 
4b 3.06 2.78 174.1 137.1 132.9 
5b 2.78 2.65 1753 137.9 
6b 2.86 2.78 175.8 137.1 
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