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Abstract: A new NMR technique for measuring the conformational population of r-butyl formate in a rapidly equil- 

ibrating mixture (3./a averaging) has been developed and used to show that polar aprotic solvents favor the E-isomer. 

Recently we report& a dramatic and synthetically quite useful solvent effect on the rate of the intramolecular 

Diels-Alder cycloaddition of substituted furBuy methyl fumarates 1. Polar solvents increased the ram of cyclixation 

significantly, e.g., the ratio of the rates of cyclixation of the dihydrido compound 1 (R=R’=H) in DMSO vs. toluene at 

25” C is 3200. We attributed this effect to the fact that due to dipole overlap, the transition state 3 is mom polar than 

the s-trans or Z ground state ester conformation 1 and thus polar solvents would be expected to lower the energy of 

activation and thereby increase the rate. We now report the use of a new NMR technique which shows that this polar 
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effect applies to ground state conformations as well, namely, that polar solvents stabilize the less stable but more polar 

s-cis or E ground state ester conformation such as 2. By proper choice of polar solvent, as much as 33% of the less 

stable s-cis or E cmfcnmation can be present in equilibrium at 25” C. 

Most esters exist almost completely in the s-trans or Z conformation with little or none of the s-cis or E 

conformation present at room temperature (AG” > 4 k&mole).3 The most common explanations for this preference 

for the Z conformation am dipole-dipole interactions,‘t lone pair-o’ interactions,~ and aromatic stabihxation.6 Bulky 

alkyl formates, e.g., r-butyl formate 5, generally have the highest percentage of the E isomer because the steric 

interaction of the z-butyl group with the carbony oxygen is greater than that with tire formyl hydrogen and thus this 

steric interaction mitigates the preference for the Z isomer due to dipole interactions. For example, &i and Nakanishi 
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mported that the lH NMR spectrum of a 50% solution of 5 in dimethylf ormamide @I+&) at -94O C showed two 

singlets (at 8.0 and 8.9 ppm, respectively) due to the Z and E isomers in a ratio of 86: 14.7 We reasoned that since the 

E isomer is more polar than the Z due to dipole overlap,7 this isomer should be favored in polar solvents and therefore 

its percentage should increase. This is indeed the case! 
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However, since the free energy of activation for the Z to E isomerixation is only about 9-l 1 kcal/mole,a a 

methcd had to be developed to study this equilibrium in certain polar solvents that could not be cooled to the very low 

temperatures (ca- 100’ C) where the equilibrium is slow enough for the individual isomers to be seen. Drakenberg and 

For&’ had published a method based on a 5-bond coupling between the formyl and methyl hydrogens of 5 at 60 

MHx, in which they made several assumptions in order to estimate the s.Jm for each isomer. Their indirectly 

estimated values were 5Jtraus = 0.42 Hx and 5&n = 0.11 Hz. We had trouble in obtaining well-split spectra at very 

low temperatums where the 511-1t.1 could be measured experimentally for each isomer and therefotc decided to develop a 

new technique to determine the percentages of both isomers at higher m. We expected that the 3-bond 

coupling between the formyl hydrogen and the quatemary r-butyl carbon, 3.& would be’significantly ditferent in each 

isomer and therefore could be used in a J averaging method to determine the isomeric composition10 The 125 MHx 

13C NMR spectrum of a 10% solution of r-butyl formate 5 in several solvents at temperatures of -100“ C to -122” Cl1 

(with selective decoupling of the singlet due to the methyls of the t-butyl group) showed a large downfield doublet for 

the Z isomer in all solvents and a much smaller upfield signal for the E isomer. This upfield peak could be resolved 

into a clean doublet in only two solvent mixtures, dimethyl ether/1096 acetone-de at -111” C and acetaldehydelO% 

acetone-& at -121“ C (the acetone-de was added for a deuterium lock). From these spectra, the measured coupling 

constants were Z isomer, J = 4.4 Hz, E isomer, J = 1.3 I-Ix. Integration of the absorptions in the 1% spectra gave the 

isomeric composition shown in Table 1. As expected, as the polarity of the solvent is increased from carbon 

disulfide and toluene to acetone and DMF, the pentage of the more polar E isomer increases (from _ 0 to 17%). It is 

Table 1: Isomeric Composition of f-Butyl Formate 5 at Low Temperaturea 

Solvent Temperature % Z %E 

DMF-&I -1aPC 83 17 

Acetone-& -9YC 86 14 

Awtaldehyde + 10% Acetone-de -121oc 87 13 

Dimethyl ether + 10% Acetone& -1lloc 95 5 

Ethanol + 10% Acetone-dij -1Oloc 95 5 

Tetrahydrofurandg -122°C 96 4 

Toluene-da -106°C -100 -0 

Carbon disulfkle + 10% CD&Y2 -100°C -100 -0 

a) A 10% solution of 5 in the indicated solvent was used in all cases except DMF where a 50% solution was used (in 

order to be able to cool to -lOO” C without fmexing). 

reassuring to note that the percentages derived from the 1x integration for the sample in DMFd7 matches well those 

calculated by &i and Nakanishi7 by the *H integration (83:17 vs. 86: 14). A variable temperanne study was carried 
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out in several solvents and the 35<3I for the single peak observed for the etkreal carbon measured carefully in each. 

The percentage of the E isomer of 5, calculated by the J averaging method, is given in Table 2 along with the 

dielectric constant E and ET parameter for each solvent (the solvents are listed in order of decreasing dielectric 

constant). Inspection of the results at 24” C shows that with the exception of the protic solvents, ethanol and N- 

methylfommmide (HMF), the population of the E isomer &eases linearly witb dielectric constant (and with ET except 

Table 2: Percentage of E isomer of t-Butgl Formate 5 with Changes in Solventa 

Solvent -2s”c 24°C 77°C 110°C 

NMF + 10% Acetoneas 16.0 6.0 -0 -0 

DM=-& __-__ 32.9 31.6 25.5 
cD3m 30.0 27.4 28.7 _____ 

DMFd7 31.9 26.4 26.4 19.4 
Ethanol 6.5 16.1 ---- _____ 

Acetone-de 23.5 21.0 ---- _____ 

cc4 + 20% CDC13 14.6 _____ _____ __--_ 

Toluene-ds 11.6 12.3 11.0 8.4 

a) A 10% solution of 5 in the indicated solvent was used. 

&2Pb 

166.2 

48.9 

37.5 

36.7 

24.3 

20.5 

2.72 

2.38 

ETA ETb 

_____ 52.9 

45.0 45.0 

47.5 46.0 

43.7 43.8 

51.2 51.9 

42.0 42.2 

37.8 33.8 

35.7 33.9 

b) The dielectric constants and reported ET values for the pure solvents are from reference 12. The values for the 

mixtures were calculated by using a weighted average. 

c) The ET values were obtained by dissolving Reichardt’s dye in the actual sample used for the NMR study and 

recording the UV absorbance. 

also for DMSO, which seems to be. more polar tban its ET value would indicate).t2 ‘Ilms, as predicted, as the polarity 

of the solvent increases, the percentage of the more polar conformation increases. The ground state free energy 

difference at 24O C for the Z to E equilibration is given in Table 3. Examination of the numbers in Tables 1 and 2 

Table 3: Z to E Equilibration of f-Butyl Formate 5 at 24” C 

Solvent % E Isomer Keq AC0297 (kcallmole) 

J-fS0-h 32.9 0.49 0.42 

CD3cN 27.4 0.38 0.58 

DMRd7 26.4 0.36 0.61 

Acetonc~ 21.0 0.27 0.78 

Toluene-dg 12.3 0.14 1.17 

for various solvents shows that, in general, the percentage of the minor E isomer first increases and then decmases 

with increasing temperamre. The initial increase is readily explained since one would normally expect that the 

percentage of the minor isomer of an equilibrium would be increased at higher temperatures. However, here an 

additional effect is operative, namely that the polarity of solvents (especially very polar solvents) decreases with 

increasing temperature.t3 Therefore at higher temperatures, the solvent is less polar, the stabilization of the polar E 

isomer is lessened and its percentage decreases. The crossover point for these two opposing effects differs depending 

onthesolventbutinneariyallcasesaninitialincreaseandthena~inthepcFccntagtoftheE_isomerisseen. 

For aprotic solvents, then, the effect is clear: higher polatity causes a higher percentage of the E isomer. 
However, at this time, we have no explanation for the very low percentages of the E isomer in the very polar 

protic solvents ethanol and NMF. With these solvents, one would expect other factors such as hydrogen bonding to 
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be important*4 However, recent theoretical calculationsts (Monte Carlo simulations on ester stability in pmtic 

solvents) show clearly that the E isomer would be expected to be stabilized to a greater degree by hydrogen bonding 

than the Z isomer and thus one would predict more, not less, of the more polar E isomer in tbcse solvents. Further 

studies, both experimental and theoretical, am underway to try to explain this discrepancy. 

In summary, for the first time the 3./a of the Z and E conformers of r-butyl formate 5 have been determined 

and used to calculate the isomcric composition of 5 in various solvents at different temperatures. Polar aprotic solvents 

cause an increase in the percentage of the minor more polar E isomer to a maximum of 33% in DMSO at 24” C. 
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