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with experimental data. For CF,, these quantities are 3.8 kcal/mol 
and 6.0 eu, respectively. The experimental values obtained by 
Giese are A M *  = 3.4 kcal/mol and A S *  = 5.0 e ~ . ~  

For CC12, no significant A H  barrier and no complex was as- 
sumed, but 'entropy-controlled" behavior is reproduced, never- 
theless. From the functions used to plot the curves for CClz in 
Figure 1, A@(theor) = -0.2 kcal/mol AAS*(theor) = -5.0 eu. 
Giese's experimental values are A@ = -0.3 kcal/mol and A B *  
= -5.3 e ~ . ~  When variations in the curvature of the AH potential 
were tested, large variations in -TAM* resulted, but A@ always 
remained near zero, as long as - T U  increased linearly with 
decreasing r. Such behavior mimics the behavior of CClz in 
cycloadditions to a wide variety of alkenes.'-' Even if there were 
a small enthalpic barrier for this reaction, the TS can occur a t  
a point where AH is lower than A H  of the reactants. 

For CBr2, AH* at  the TS is less favorable for the more elec- 
tron-rich (more reactive) alkene, but -TAS* is more favorable. 
From the functions shown in the figure, values of -1.3 kcal/mol 
and -7.7 eu are obtained for AAH*(theor) and AAS*(theor), 
respectively. The experimental values are -2.4 kcal/mol and -1 1.2 
eu, respecti~ely.~ Negative activation enthalpies will be observed 
in such a case, and the value of AH* will increase (become less 
negative) as the alkene becomes more electron rich. This is a 
general property of our model, as long as -TAS increases in 
essentially an exponential fashion in the region of the TS, as shown 
in the figure for CBr2. The -TAS term controls reactivity only 
because of more favorable enthalpy of interaction at  any given 
value of r for the more electron-rich alkene and the absence of 
a barrier. The more substituted alkene has a more favorable 
entropy because the transition state occurs earlier,8 at the point 
where the rapidly decreasing enthalpy overcomes the unfavorable 
entropy. Since the enthalpy decreases faster for TME than for 
DME, the TS occurs earlier for TME. 

For C C 4  and more reactive carbenes, we postulate that no 
stable complexes are formed, nor will they be observed at  low 
temperat~res.~ The Giese ?r-complex model predicts that carbene 
selectivities will reverse a t  low temperatures, with alkyl substitution 
eventually diminishing the rate of reaction. By contrast, we predict 
that reactions of CCI2, CClBr, and CBr, will be unselective and 
diffusion controlled at  low temperature. In general, diffusion- 
controlled reactions will occur when AG*(diffusion) exceeds the 
AG* for reaction. Reactions that are diffusion controlled at some 
temperature should develop negative activation energies at higher 
temperatures, when the AG* for reaction exceeds AG* for dif- 
fusion. Put the other way, reactions in solution that increase in 
rate as the temperature is lowered (EaQ < 0) will inevitably reach 
a rate mimimum at  some lower temperature, after which diffu- 
sion-controlled behavior (EaQ > 0) will be observed. Exactly such 
behavior has been observed for reactive carbene cycloadditions 
and for nitrile ylide cycloadditions.' Indeed, such behavior should 
be observed for all bimolecular reactions with negligible enthalpic 
barriers. For example, related descriptions have been given for 
the third-body-mediated recombination of radicals in the gas 
phase.I0 

The normal Bell-Evans-Polanyi-principle or Hammond- 
postulate reasoning about the relationship between reactivity, the 
position of the transition state, and reaction exothermicity holds, 
for example, when comparing the reactions of a single alkene with 
CF2, CC&, and CBr,. However, for the reaction of a single 
carbene with a series of alkenes, the reaction exothermicity does 

(7) Giese, B.; Meister, J. Angew. Chem., Int. Ed. Engl. 1978, 17, 595. 
Giese, B.; Lee, W.-B. Ibid. 1980, 19, 835. Giese, B.; Lee, W.-B.; Meister, J. 
Liebigs Ann. Chem. 1980,725. Giese, B.; Lee, W.-B. Chem. Ber. 1981,114, 
3306. Giese, B.; Lee, W.-B.; Neumann, C. Angew. Chem., Inr. Ed. Engl. 
1982, 21, 310; Tetrahedron Lett. 1982, 23, 3557. 

(8) The relationship between the magnitude of AS* and the position of the 
transition state on the reaction coordinate was pointed out by Skell: Skell, 
P. S.; Cholod, M. S. J .  Am. Chem. SOC. 1969, 91, 7131. 

(9) Our considerations do not prove the minima on the AH potential curves 
are absent but provide an explanation of the relationship between AH* and 
AS* that is independent of the nature of the AH potential before the transition 
state. 

(10) Johnston, H.; Birks, J. Acc. Chem. Res. 1972, 5, 327. 
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not change to any appreciable extent. Nevertheless, the position 
of the transition state does change appreciably when there are 
small or zero enthalpic barriers. In such cases, the more stabilizing 
the carbene-alkene interaction, the earlier the transition state. 

In dynamics terminology, the temperature effects upon the 
kinetic behavior of reactive species such as carbenes are dictated 
by how fast the floor of the entrance channel slopes downward 
and by how fast the walls of the entrance channel narrow. The 
TS occurs at that point where the downward slope of A H  equals 
the upward slope of -TAS. For similar reactions with barriers 
that are large, the position of the TS is near the position of AH-, 
and AH* is a positive quantity. For reactions with no significant 
barriers, the TS occurs when the decrease in AH overcomes the 
unfavorable entropy effects, and AH* is negative even when no 
complex is formed. 
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Lewis acid catalyzed cyclocondensation of silyloxy dienes with 
dieneophiles has become a powerful method of constructing 
complex structures in a single step.' The cyclocondensation of 
the appropriately substituted diene with an aldehyde or ketone 
provides a potentially efficient and convergent method of syn- 
thesizing a variety of Since our research group is 
interested in the asymmetric synthesis of y- and M a ~ t o n e s , ~  we 
chose to investigate the cyclocondensation of 1,3-dimethoxy- 1 - 
(sily1oxy)butadiene with carbonyl compounds. Herein we report 
the use of this diene to prepare substituted &lactones and the 
stereochemical aspects of this cyclocondensation with substituted 
aldehydes. 

Danishefsky and co-workers have clearly illustrated the use- 
fulness of aldehydes as heterodieneophiles to provide y-pyrone~.~  
However, simple aryl and alkyl ketones have received very little 
attention as possible dieneophiles. In general, only highly elec- 

(1) For reviews, see: (a) Danishefsky, S. Acc. Chem. Res. 1981,400. (b) 
Petrzilka, M.; Grayson, J. I. Synthesis 1981, 10, 753. (c) Brownbridge, P. 
Ibid. 1983, I ,  85. (d) Weinreb, S. M.; Staib, R. R. Tetrahedron 1982, 38, 
3087. 

(2) Chan, T. H.; Brownbridge, P. J .  Chem. SOC., Chem. Commun. 1979, 
578. van Balen, H. C. J. G.; Broekhuis, A. A,; Schreen, J. W.; Nivard, R. 
J. F. Red. Trau. Chim. Pays-Bas 1979, 98, 36. Chmielewski, M.; Jurczek, 
J. J.  Org. Chem. 1981,46,2230. Snider, B. B.; Phillips, G. B.; Cordova, R. 
Ibid. 1983, 48, 3003. 

(3) (a) Midland, M. M.; Nguyen, N.  H. J. Org. Chem. 1981, 46, 4107. 
(b) Midland, M. M.; Tramontano, A.; Kazubski, A.; Graham, R. S.; Tsai, D. 
J. S.; Cardin, D. B. Tetrahedron 1984, 40, 1371. 

(4) Danishefsky, S.; Harvey, D. F.; Quallich, G.; Vang, B. J. J .  Org. Chem. 
1984, 49, 393 and references therein. This paper also reported condensation 
of a 1,1,3-trialkoxy diene with aldehydes. Eu(fod)3 is the trade name for 
tris(6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-~tan~ionato)europium. Eu- 
(hfc), is the trade name tris[3-((heptafluoropropyl)hydroxymethylene)-d- 
camphorato]europium, both are available from Aldrich Chemical Co. 
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trophilic carbonyl groups undergo the cyclocondensation process.ld 
We have found that under Lewis acid catalyzed conditions 1,3- 
dimethoxy- 1-(sily1oxy)butadiene (Brassard's diene)s (1) condenses 
with aldehydes and unactivated ketones in a regiospecific manner 
to provide, after hydrolysis, the desired substituted &lactone in 
good yield (eq 1). Although the orthoester intermediate 2 is 
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readily hydrolyzed to the lactone 3, we did isolate 2 derived from 
the diene and acetophenone. The isolation of cycloadduct 2 adds 
support to a pericyclic mechanisme6 Typical conditions used an 
a1dehyde:diene ratio of 1.O:l.l a t  -78 O C  in methylene chloride 
(1 M) containing 1 equiv of anhydrous zinc chloride or boron 
trifluoride etherate. The reaction was allowed to warm to room 
temperature while being stirred overnight, then hydrolyzed, and 
extracted with ether to provide the &lactone 3. Stronger Lewis 
acids such as titanium tetrachloride, aluminum trichloride, or tin 
tetrachloride afford 3 in lower yield along with a variety of de- 
composition products. 

The recently reported4 mild Lewis acid catalysts Eu(fod)s and 
Eu(hfc)s are also excellent catalysts for this reaction. Although 
Eu(hfc)3 has been reported' to induce asymmetry in the cyclo- 
condensations of Danishefsky's diene (a 1,3-dialkoxy diene) with 
aldehydes, we observed no asymmetric induction or kinetic res- 
olution in the cyclocondensation of Brassard's diene (a 1,1,3- 
trialkoxy diene) with carbonyl compounds. These results indicate 
that substitutents at the 1-position of the diene may be important 
in contributing to the asymmetric induction. 

Recent studies have shown that a or p chiral centers can provide 
high diastereoselections during the addition of nucleophilic or 
electrophilic agents to carbonyl groups or olefinsE (eq 2). Our 

0 
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initial attempts to achieve chelation controlled cyclocondensation 
of Brassard's diene with 2-alkoxyhexanal in the presence of zinc 
chloride, boron trifluoride etherate, or magnesium bromide were 
disappointing. Each gave the chelation control product (threo 
isomer) with a diastereoselectivity of 2.0:l. Howeuer, a very 
dramatic improvement in diastereoselectivity was established 
when europium(I1I) complexes were used as Lewis acid catalysts. 
The cyclocondensation of 1 with either 2-[((methoxyethoxy)- 
methyl)oxy]- or 2-(benzyloxy)hexanal gave excellent threo 
diastereoselection (>60:1). These results are in sharp contrast 
to the recently reported* findings that magnesium bromide and 
titanium tetrachloride (but not lanthanides) provide excellent 
stereochemical control. Again the 1,l-dialkoxy substitution pattern 
of Brasard's diene vs. the single alkoxy group at  the 1-position 
of Danishefsky's diene appears to be responsible for the change. 

Although the a-alkoxy aldehydes provide excellent diastereo- 
selection, our initial attempts with @-alkoxy aldehydes were un- 

(5) Brassard, P.; Savard, J. Tetrahedron Lett. 1979, 4911. 
(6) Danishefsky, S.; Larson, E. R. J .  Am. Chem. SOC. 1982, 104, 6458. 
(7) Danishefsky, S.; Bednarski, M.; Maring, C. Tetrahedron Lett. 1983, 

24, 345 1. 
(8) Danishefsky, S.; Pearson, W. H.; Harvey, D. F.; Maring, C. J.; 

Spnnger, J. P. J .  Am. Chem. Soc., submitted for publication (and references 
therein). Danishefsky, S.  J.; Pearson, W. H.; Harvey, D. F. J .  Am. Chem. 
Soc. 1984, 106, 2455, 2456. 
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(I (a) Jones' oxidation, (b) (S)-Alpine-Borane, (c) H, , Pd/BaSO,, 
(d)MEMC1,la (e) 0,J3, ( f )  Eu(hfc), and 1 ,  (g) TiCl,. 

successful (threo selectivity -2:l). Likewise, aldehydes with 
a-chiral centers that do not allow for chelation, such as 2- 
phenylpropionaldehyde, gave the Cram product (erythro) as the 
major condensation product (-3: 1). 

We have applied the Lewis acid catalyzed cyclocondensation 
of 1,3-dimethoxy-l-(silyloxy)butadiene to the asymmetric synthesis 
of two fungal metabolites, (-)-pestalotin9 and the oxo analogue 
of (-)-pestalotin.Io Scheme I outlines the short, convergent 
synthesis of these lactones. The key intermediate, (S)-2-[((me- 
thoxyethoxy)methyl)oxy] hexanal, possesses the necessary chelating 
ability and proper absolute configuration to provide 1,2 threo S,S 
diol. The required propargyl alcohol was conveniently prepared 
by the asymmetric reduction of 1-heptyn-3-one with (S)-A1- 
pine-Borane" to give (S)-l-heptyn-3-01, (4) in 83% ee. Compound 
4 was then readily transformed into aldehyde 5, which was con- 
densed with 1 to afford exclusively the desired threo product 6 
in 50%. One recrystallization (ether/hexane) provides optically 
pure (-)-pestalotin (6) (mp 84-85 OC, [a]D -91.70' (c  1.17, 
MeOH); literature values9 mp 84-85 O C ,  [a]D -86.2 (c  0.14 
MeOH)). The oxo metabolite is easily prepared by Jones oxidation 
of (-)-pestalotin to give optically pure 7 (mp 81-82 "C, [a]D 
-30.60 (c  1.05, MeOH); literature vaIuesI0 mp 83-84 OC, [a]D 
-4.3 (c  0.266, MeOH). N M R  shift study of both lactones in- 
dicates only one enantiomer present. Spectral data of both lactones 
was consistent with literature v a 1 ~ e s . l ~  

In conclusion, the Lewis acid catalyzed cyclocondensation of 
1,3-dimethoxy-l-((trimethylsilyl)oxy)butadiene with either al- 
dehydes or ketones provides a mild and convergent method of 
preparing a variety of substituted &lactones. Furthermore the 
europium-catalyzed condensation with a-alkoxy aldehydes un- 
dergoes exclusively chelation-controlled addition, an unusual result 
for lanthanide-catalyzed cyclocondensations of silyloxy dienes. 
These unusual results point to the importance of the substitution 
pattern on the diene. 

(9) Ellestad, G. A.; McGahren, W. J.; Kunstmann, M. P. J .  Org. Chem. 
1972, 37, 2045. Pestalotin syntheses: Carlson, R.  M.; Oyler, A. R., Tetra- 
hedron Lett. 1974,2615. Makaiyama, T.; Toshio, I .  Chem. Lett. 1978,409. 
Masaki, Y. ;  Nagata, K.; Serizawa, Y . ;  Kaji, K. Tetrahedron Lett. 1984, 95 
and references therein. 

(10) Strunz, G. M.; Heissner, C. J.; Kakushima, M.; Stillwell, M. A,, Can. 
J .  Chem. 1974, 825. 

(1 1) B-(3-pinanyl)-9-borabicyclo[3.3. llnonane is commercially available 
from Aldrich Chemical Co. under the trade name AlpineBorane; for asym- 
metric reduction of propargyl ketones, see: Midland, M. M.; McDowell, D. 
C.; Hatch, R. L.; Tramontano, A. J .  Am. Chem. SOC. 1980,102, 867 and ref 
3b. 

(12) Corey, E. J.; Gras, J.;  Ulrich, P. Tetrahedron Lert. 1976, 809. 
(13) Pappas, J. J. Tetrahedron Lett. 1966, 4273. 
(14) Kimura, Y.; Suzuki, A.; Tamura, S. Agric. Biol. Chem. 1980,44,451. 
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The isotopic perturbation of degenerate equilibria has been 
developed into a new method to distinguish between static and 
equilibrating structures, based on the chemical shift difference 
(the equilibrium isotope shift) between N M R  signals for nuclei 
which are time averaged to equivalence in the absence of the 
isotopic perturbation.' Another type of equilibrium isotope effect 
occurs when the magnitude of an intrinsic N M R  isotope shift is 
affected by isotopic perturbation of a rapid equilibrium.2 We 
now report a demonstration that the additivity characteristics of 
the intrinsic isotope shift can serve as a probe of conformation. 

Nonadditivity of isotope shifts is likely to occur if C-H(D) 
bonds are involved in hyperconjugation or through-space electronic 
or steric interactions and also are conformationally mobile, because 
of the imposition of an equilibrium isotope effect on the population 
of conformers which may have different intrinsic N M R  isotope 
shifts. Our example is a cyclopentyl cation, in which the hy- 
perconjugative contributions of the methylene groups adjacent 
to the cation center can be perturbed by deuterium substitution. 
Isotopic perturbation of hyperconjugation reduces the electron 
supply to the cation center, as illustrated by long-range, downfield 
isotope shifts for nuclei in aryl groups conjugated with the cation 
center. 2d 

A cyclopentyl cation could assume a planar, envelope, or twist 
structure. There would be two equivalent envelope conformations 
or two equivalent twist conformations. Interconversion between 
equivalent structures should be a low barrier, rapid processS6 
However, the degeneracy of the proposed equilibria could be 
removed by appropriate deuterium labeling, which would then 
lead to nonadditive long-range isotope shifts a t  any nucleus whose 
chemical shift depended on charge delocalization from the cation 
center. 

(1) (a) Saunders, M.; Telkowski, L.; Kates, M. R. J .  Am. Cbem. SOC. 
1977, 99, 8070-8071. (b) Saunders, M.; Kates, M. R. Ibid. 1977, 99, 
8071-8072. (c) Saunders, M.; Kates, M. R.; Walker, G. E. Ibid. 1981, 103, 
4623-4624. 

(2) Forsyth, D. A.; Lucas, P.; Burk, R. M. J .  Am. Chem. SOC. 1982, 104, 
240-245. 

(3) Timberlake, J. W.; Thompson, J. A.; Taft, R. W. J. Am. Cbem. SOC. 
1971, 93, 274-276. 

(4) Semis, K. L.; Shue, F.-F. J .  Am. Cbem. SOC. 1980,102,7233-7240. 
( 5 )  Forsyth, D. A.; MacConnell, M. M. J .  Am. Cbem. SOC. 1983, 105, 

(6) Lambert, J. B.; Papay, J. J.; Khan, S. A.; Kappauf, K. A.; Magyar, 
5920-5921. 

E. S. J.  Am. Chem. SOC. 1974,96, 6112-6118. 

Scheme I 

Scheme I1 
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The 1-(p-fluoropheny1)cyclopentyl cation, 1,' was prepared as 

a mixture of deuterated isotopomers by dissolving labeled 1-(p- 
fluoropheny1)cyclopentanol in 1 : 1 FS03H:SbF5 and SOzCIF at  
-78 OC. Varied patterns of labeling were achieved by reacting 
(p-fluoropheny1)magnesium bromide with the appropriately la- 
beled cyclopentanones. Cyclopentanone randomly labeled at the 
C2 and C5 positions to -70% deuteration was prepared by 
base-catalyzed (K2C03) exchange in D20, and a -98% labeled 
sample was obtained by further exchanges. In the randomly 
labeled sample, the dideuterated species should be present in about 
1:1:1 proportions of geminal, cis, and trans patterns of labeling. 
Geminally labeled cyclopentanone-2,2-d2 was synthesized by a 
known method from 2-methoxy- 1-cyclopentene- 1 -carboxylic acid.* 
Predominantly trans labeled cyclopentanone-2,5-d2 was prepared 
by cyclopentanone exchange in D 2 0  catalyzed by Hine's chiral 
diamine.9 

Figure 1 shows two of the 'H-decoupled 56.2-MHz I9F spectra 
obtained from various mixtures of labeled and unlabeled 1. Several 
mixtures were necessary to assign the signals with certainty. 
Figure l a  is a spectrum of the randomly labeled 1 mixed with 
unlabeled 1. The spectrum in Figure 1 b is from a mixture of the 
randomly labeled cation enriched with trans-1-2,5-d2. Each 
deuterated cation gives a different 19F signal with the exception 
of the precisely overlapping signals for 1-2,2-dz and ~is-1-2J-d~.  
The downfield isotope shifts a t  I9F in 1 are as follows: (cation, 
shift in ppm f 0,005) 1, 0.000; l-2-d, 0.138; trans-l-2,5-d2, 0.258; 
cis-1-2,5-dz, 0.299; 1-2,2-d2, 0.299; 1-2,2,5-d3, 0.440; and 1- 

The isotopomers of the 1-(p-fluoropheny1)cyclopentyl cation 
reveal the preferred conformation to be the twist structure. The 
key observation is the smaller isotope shift (0.258 ppm) for the 
trans dideuterated cation than for the cis or geminally dideuterated 
cations (0.299 ppm). Besides this nonadditive isotope shift, the 
lack of additivity for the mono- and trideuterated cations is also 
significant; only the geminal and cis deuterated cations give an 
isotope shift in relation to the tetradeuterated cation that is 
proportional to the fractional extent of deuteration. The details 
of this analysis follow. 

The nonadditivity of isotope shifts indicates that the cyclopentyl 
cation is nonplanar. If the planar structure had been preferred, 
the long-range isotope shifts a t  fluorine would have been additive 
for mono- through tetradeuteration at C2 and C5, because each 
C-H(D) bond would have had the same overlap with the p-orbital 
of the cation center. However, since the cation assumes a non- 
planar conformation, the monodeuterated species exhibits an 
isotope shift that is less than one-quarter the effect of tetra- 
deuteration, Le., a nonadditive shift, because an isotope effect on 
the conformational equilibrium preferentially places the C-D bond 
out of alignment with the p-orbital. Similarly, the trideuterated 
cation has an isotope shift that is less than three-quarters of the 
isotope shift for the tetradeuterated cation, again due to an isotope 
effect on the conformational equilibrium. 

More importantly, of the three dideuterated isotopomers, 
trans-l-2,5-d2 exhibits a reduced isotope shift while the remaining 
cis-2,5-dz isotopomer and the geminally labeled 1-2,2-d2 have 

(7) I9F and I3C data have been reported previously: (a) Farnum, D. G.; 
Patton, D. S. J .  Am. Chem. SOC. 1973, 95, 7728-7730. (b) Brown, H. C.; 
Kelly, D. P.; Periasamy, M. Proc. Narl. Acad. Sci. U.S.A. 1980, 77, 

(8) Deutsch, J.; Mandelbaum, A. Tetrahedron Lett. 1969, 1351-1352. 
(9) Hine, J.; Li, W.-S.; Ziegler, J. P. J .  Am. Cbem. SOC. 1980, 102, 

2,2,5,5-d4, 0.603. 

6956-6960. 

4403-4409. 
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