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Abstract-The effect of the alkoxy group (RO-: R=Me, Et, MeCCH2CH2. CICH2CH2, i-Pr, s-Bu, (EWH, C,H,) on 
the relative stabilities of 2-alkoxy-3-methyl-I-butenes and corresponding 2-butenes has been studied by chemical 
equilibration in cyclohexane solution at various temperatures. The relative stability of the latter isomer is favored by 
(a) increasing size, (b) increasing electron-attracting character. and (c) increasing conjugative power of the R group. 
The last-mentioned point is especially important; in the case R = phenyl, the value of AH” (g, 298.15 K) of the 
isomerization of the former to the latter is 12-13 kJ mol.’ more negative than in cases where conjugation between the 
ether oxygen and the R group is not possible. 

In a previous part of this series,’ thermodynamics of the 
isomerization of 2-methoxy-3-methyl-I-butene [la, R=Me 
in equation (I)] to 2-methoxy-3-methyl-2-butene lb were 

i-Pr, /H 
,c=c, = R 

Me\C/e (l) 

:0 H ‘.QC ‘Me 
“\R 

a b 

studied. The values of the standard enthalpy and entropy 

of isomerization were found to be considerably more 
positive than those of the reaction between the corres- 
ponding hydrocarbons, viz. 3 - methyl - 1 - butene G= 2 - 
methyl - 2 butene. This was assumed to be due mainly to 
the rotation of the methoxy group from the planar s-cis 
configuration in la to a nonplanar configuration in lb.“2 In 
the present work the effect of the R group on the 
thermodynamics of reaction (I) was studied. 

RESULTS 
The values of the mean equilibrium constant K and its 

standard error at various temperatures are shown in Table 
2. From the values of K, standard Gibbs free energies of 
isomerization were calculated and these were then plotted 
as a function of T. If the free energy of isomerization was 
found to be a linear function of T (showing AC; = 0), the 
values of AH” and AS” of isomerization at 298.15 K were 
obtained by a least-squares treatment of AG” vs T 
(AG” = AH”-TAS”).’ In many cases, however, AG 
proved lo be a nonlinear function of temperature. In those 
cases the values of K were fitted to the following 
equation:’ 

InK=A+B/T+CInT (2) 

*Part X: E. Taskinen and P. Ylivainio, Acto Chem. Stand. B 29, 
ooo (1975). 

The use of this equation requires that AH” is a linear 
function of temperature (AC: = constant). This condition 
was satisfactorily (within experimental error) fulfilled. 
The fitting was performed on an IBM 1130 computer. The 
values of AC?, AH”, AS’ and AC; for the isomerization 
a-, b in the liquid phase at 298.15 K are shown in Table 3. 
The values of the standard enthalpy and standard entropy 
of vaporization at 298.15 K were calculated from the 
normal boiling points (see Experimental) using the 
equations derived in.’ After this, the values of AH” and 
AS” of isomerization in the ideal gas state at 298.15 K 
could be evaluated. The results are collected in Table 4. 

DlSCUS!XON 

A convenient basis for comparison of the results of the 
present work with the thermodynamics of the reaction 
between the Corresponding oletins is provided by 

i-Pr-CH=CH2=Me-CH=CMe2 (3) 

for which AH” = - 13.6kJ mol-‘, AS” = 5.1 J Km’ mol-’ 
and AC = - 13.6 J K-’ mol-’ in the gas phase at 298.15 K. 
Table 4 shows that as the size of the R group increases, 
the values of AH”(g) and AS”(g) of reaction (I) approach 
those of reaction (3) without, however, reaching them 
completely. Similarly, in many cases the values of AC:(l) 
of reaction (I) (Table 3) are practically equal to the value 
of AC;(g) of reaction (3), provided that the R group is 
sufficiently bulky [of course, AC;(l) and AQg) are not 
strictly comparable, but apparently this approximation 
does not render the comparison invalid]. Seemingly, most 
of these results can be explained by considering the effect 
of the size of the alkoxy group on the configurational 
equilibria in the a and b isomers. 

In principle, the rotation of the alkoxy group around the 
O-&,,, bond leads to three possible rotamers, viz. s-cis, 
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Table I. NMR data for some 2.alkoxy-3-methyl-I-buteoes a and 2-afkoxy-3-methyl-2-butenes b. The spectra were recorded in CCL at 
60 MHz with TMS as internal standard. The chemical shifts are shown in 7 values @pm) and the coupling constants in Hz 

(I) (2) (3) (I) (2) 
(CH&CH 

\ H CH3\ FH1 
c=c’ 

’ ‘H 

O\R 

\O/c=c\cH 

(4) (3)’ 

a b 

R Structure I 2 3 4 5 6 7 8 JU Jw J, 

CH,CHz 
(5) (6) 

CH,OCH,CH, 
(5) (6) (7) 

CICHCH, 
(5) (6) 

(CHMH 
(5) (6) 

CH,CHz(CH,)CH 
(5) (6) (7) (8) 

(CHXHMH 
(5) (6) (7) 

Cd& 
(5) 

: 8.96 8.26 7.71 8.41 6.33 8.41 6.24 

: 8.% 8.27 7.75 8.41 6.40 8.41 6.21 

t 894 8.27 7.69 840 840 6.1-6.4 

: 898 8.29 7.77 8.41 6.34 8.41 6.18 

t 894 8.29 7.76 8.41 6.35 8.41 6.20 

a 8.% 7.73 6.37 6.23 
b 8.30 8.42 8.42 
b 8.26 8.39 8.26 

8.71 -6.3 
-8.7 -6.3 

6.67 6.2- 
6.67 6.2- 

6.1-6.4 
6.1-6.4 

8.79 5.78 
8.88 6.11 

-9.0 -8.7 
-9.0 -8.7 

9.10 8.54 
9.10 8.54 

2.6-3.3 

7.1 2.1 7.1 

6.4 6.9 1.8 
.6*6 

6.9 

6.8 I.9 6.5 

-8.8 6.10 6.0 I.8 
-8.8 -6.1 
-6.2 I.7 

6.33 

Table 2. Values of the mean equilibrium constant K and its standard error for the 
iodine-catalyzed reaction 2-alkoxy-3-methyl-I-butene a = 2-alkoxy-3-methyl-2-butene b in 
cyclohexane solution at various temperatures. n denotes the number of independent 

determinations 

Catalyst Sub&. 
cont. cont. start 

R T/K mol dm-’ mol dm-’ from n K(r=b) 

Et 

MeOCHXH, 

293.2 044% 0.9 a 4 0.593 2 0.013 
303.2 6 0.6392 0.010 
313.2 4 0.690~0.012 
323.2 4 0.728 -c OWI 
333.2 4 0.769 + 0.008 
333.2 4 0.778 + 0.008 
343.2 2 0.7% f 0.016 
343.2 3 0.797 + 0.002 
353.2 4 0~815~0~009 
355.2 3 0~888~O+lO6 
362.7 3 0922 2 0*006 
366.2 3 0943 + oGo9 
315,2 2 0.955 + 0.015 
389.2 3 lG9?0.016 
298.2 0.004 0.6 b 2 0.838t0.012 
325.2 I 0947 
346.2 3 I .078 = OflO 
356.2 3 1~110-t0~019 
360.2 3 1~108~0~015 
363.2 3 1~147+0~013 
363.2 3 1~174+0~011 
368.2 3 1~150~0+lO9 
373.2 3 I.233 -c 0.014 
393.2 3 I .287 -c owl 
399.2 2 1*348~0~013 
418.2 2 1~414~0~001 
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Table 2.-Continued 

catalyst Sub&. 
wnc. cont. start 

R T/K mol dm-’ mol dm-’ from n K(r=b) 

CPr 

s-BU 

ClCH,CH, 279.0 
279.0 
293.2 
298.2 
298.2 
305.2 
305.2 
313.2 
313.2 
323.2 
333.2 
343.2 
380.2 
3%.2 
284.7 
313.2 
323.2 
333.2 
343.2 
381.2 
385.2 
379.2 
293.2 
303.2 
313.2 
323.2 
333.2 
343.2 
350.2 
361.2 
371.2 
380.7 
388.2 
401.2 

(Et)ICH 283.2 
303.2 
323.2 
343.2 
359.2 
373.2 
402.2 
422.2 
293.2 
313.2 
333.2 
343.2 
356.2 
360.2 
374.2 
401.2 

Ct.& 

odIO3 

0.006 
om3 

om6 

OGI2 

om5 

OaM 

om8 

1.0 

0.4 

0.7 

0.6 

o-3 

2 1.163+0.010 
2 1~195~0~011 
2 1~272+00I8 
2 I.257 + OW7 
2 1~276eOW7 
3 1~310~0at8 
3 1~330~0*010 
3 1~367~OdXI6 
3 1~372~OIM38 
3 1.366?0.012 
4 1.436e 0.021 
2 1.478+0*015 
4 I.650 + 0.025 
3 1~8lO+OGI5 
2 1.438 + 0.003 
2 1~597~Om2 
3 I.685 ~OaI5 
2 I .639 2 OtXl5 
2 I.703 + oaO4 
2 1.768 + 0.010 
2 1~770iY0~015 
2 1.7% + om7 
6 1~386+om6 
2 1404~Om2 
3 1.43320.024 
4 1440~0m4 
7 1482~0~010 
5 I .476 + O+IO5 
4 1~516~00l7 
3 1~527~0~005 
3 I.551 ~OaO5 
3 I.529 r 0.012 
5 1~554~Om9 
8 I.541 ~Om7 
1 I.066 
2 I.131 20.012 
4 1~206~0~011 
3 1.232+0.018 
3 1~277~0~011 
2 1~283~0WS 
3 1~313~0~013 
3 I~327~oms 
2 139.0 k 1.8 
3 109.7e2.3 
2 87.4Tl.4 
3 83.720.7 
2 72.9~ I.3 
3 66.42 1.0 
2 56.920.1 
2 51.8kO.5 

s-trans and gauche rotamers the first two of which have group lies either below or ahove the plane formed by the 
planar structures; in the latter rotamer, however, the R group C=C-O (see refs 1 and 2, and the references cited 

. . ;c=c; 
therein). It seems IikelJ that in compounds like isomers b 

*qR 
R, ‘c-c; 

R, 

..o/ 
v c-c; 

of this study, the gauche rotamer is predominant 

:o< (irrespective of the size of the R group) because of steric 
intetactions between the R group and the aIkyl groups 

s-cis (planar) s-trans (planar) gauche(nonplanar) attached to the double bond in the two possible planar 
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Table 3. Thermodynamic 
alkoxy-3-methyl-2-butene 

data for the isomerization of t-alkoxy-3-methyl-I-butene to 2- 
in cyclohexane at 298elSK. The errors are twice the standard 

errors 

R AG”/kJ mol-’ AH’/kJ mol-’ AS”/J K-’ mol-’ AcAJ K-’ mol-’ 

Me’ 
Et 
MeOCH,CH1 
CICHFH, 
CICH,CH, 
i-Pr 
s-Bu 
(EthCH 
Cd% 

2.270 2 0.035 
I.241 ?Ogl?6 
0486*oG74 

-0603~0~034 
- 0603 + 0.026 
- 1.043 *o&l9 
-0821 kO.028 
- 0.281+ 0*020 
- 12~08-tO~l6 

6.48 t 0.26 
571 f 0.58 
4.6920.38 
3*17+0.28 
2.67 2 0.50 
2.7 20.8 
I.56 + 046 
2.25 + 0.26 
-9.3+1*0 

l4.l+ 0.8 - 
15.0? I.7 - 
14.12 I.0 - 
12.6eO.9 - 
11.0~ I.6 14* I4 
12.422.4 -242 I7 
8.0+ I.5 -11~10 
8.5 + 0.8 -IS+5 
9.3k2.8 - 

‘From ref. I. 
bCalculated from equation (2). 

Table 4. Thermodynamic data for the isomerization of 2-alkoxy-3- 
methyl-I-butene to 2-alkoxy-3-methyl-2-butene in the gas phase at 

298.15 K 

R AH”/kJ mol-’ AT/J K-’ mol-’ 

Me’ 946*0*33 17.9+ I.0 
Et 8.8220.61 18.82 I.8 
MeOCHXH, 7.43 2 0.43 17.02 I.1 
CICHXH2b 6.08 + 0.41 15.62 I.0 
i-Pr 5.5 TO.9 15722.5 
s-Bu 4.91*0.50 Il.72 1.6 
(EtXCH 5.42 + 0.33 12.5 2 I .O 
Cd% -7.42 I.1 11.022.9 

“From ref I, with values of the standard enthalpy and standard 
enthalpy of vaporization revised according to relevant equations 
given in ref 4. 

%e values of AH” and AS” in the liquid phase were derived 
from a linear least-squares treatment of AG” against T. 

con@urations. On the other hand, the scis configuration 
is possible for isomers a if the R group is not too bulky. 
Energetically, the s-cis configuration (in a) is favourable 
for small R groups but the entropy apparently favors the 
nonplanar rotamer owing to a more restricted rotation of 
the R group in the planar rotamer.’ Moreover, it is likely 
that the gauche rotamer has a higher heat capacity than 
any of the planar rotamers because of the more 
unhindered rotation of the R group in the nonplanar 
configuration. Hence, as the size of the R group increases, 
the relative concentration of the gauche rotamer in the a 
isomer raises while the b isomer always exists mainly in 
the gauche configuration, irrespective of the size of the R 
group. Thus the enthalpy, entropy and heat capacity of 
isomer a, relative to those of the b isomer increase with the 
size of R, and correspondingly, the values of AH”, As” and 
AG of isomerization decrease in the same sequence. 

In addition to the steric.effect, the value of AH” of 
isomerization is also dependent on the polar character of 
the R group. The higher the electron-withdrawing 
character of the group, the weaker is the conjugation 
between the lone-pair electrons of the oxygen atom and 

’ /c=c ’ - \c-& \ :.g :J i 

h ‘\ 
R 

the T electrons of the ethylenic linkage of the vinyl group. 
A weak conjugation strenghtens the double bond charac- 
ter of the ethylenic linkage thereby increasing the 
stabilizing effect of the alkyl groups on the double bond.’ 
As there are more alkyl groups attached to the double 
bond in the b isomer, electron-withdrawing R groups 
favour the stability of the b isomer. However, separation 
of the contributions of the steric and polar factors on the 
value of AH” is hardly possible. 

The reaction &&DJ (R= phenyl) deserves special 
attention for in this case the value of AH” of isomerization 
is exceptionally negative. Evidently, the value of AH” of 
this reaction cannot be satisfactorily explained solely by 
means of the steric and polar effects discussed above. No 
doubt the electron-withdrawing power of the phenyl 
group is stronger than that of any of the other R groups 
used in this study (u*-values’ 0600 for phenyl, O-385 for 
CICHICH~, the most electronegative of the other R 
groups) but, in addition, the phenyl group also competes 
with the vinyl group for the lone-pair electrons of oxygen 
by means of its resonance effect;” the carbon-carbon 
double bond stretching frequency of the vinyl group of 
phenyl vinyl ethe?” is abnormally high for a vinyl ether 
showing that conjugation of the P electrons of the vinyl 
group with the lone-pair electrons of the oxygen atom has 
essentially decreased. This effect also strengthens the 
double bond character of the vinyl group leading to an 
increased stability of the b isomer. 

E-AL. 

The NMR spectra were recorded in CCl, at 60 MHz with TMS 
as internal reference. The chemical shifts are shown in 7 vahre 
(ppm). Because of the very low concentration of & in the 
synthetic product, its NMR spectrum could not be recorded. The 
spectra are shown in Table I. 



Thermodynamics of vinyl ethers--IX %I 

2-Ethoxy-3-methyl-I-burene and isomer (h and W). The 
diethyl acetal of methyl isopropyl ketone was prepared from 
methyl isopropyl ketone, trietbyl orthoformate and ethanol using 
the procedure described by House and Kramar.” The product 
(b.p. 425.2426.0 K at 103.5 kPa) was obtained in 6% yield. It was 
distilled from a small amount of toluene-psulfonic acid to give a 
mixture of ethanol and the desired vinyl ethers, which was 
collected at 350-389 K/103.5 kPa. T’he ethanol was removed from 
the mixture by extraction with water, the organic layer was dried 
(K,CO,) and redistilled to give an 81% yield of an approximately 
equimolar mixture of 2s and 2b, boiling temperature 
374-388 K/103.0 kPa. 

2-(2-Methoxyerhoxy)-3-methyl-I-burene and isomer (3s and 

3b). A small amount of toluene-psulfonic acid was added into an 
equimolar mixture of the dimethyl acetal of methyl isopropyl 
ketone’ and 2-methoxyethanol, and the mixture was fractionated 
at atmospheric pressure to remove the most volatile reaction 
product, methanol, after which fractionation was continued at 
reduced pressure. A mixture of 3s and 3b was collected at 
337-341 K/2.7 kPa. The yield was 40%. 

2-(2-Chlaroerhoxy)-3-methyl-I-bufene and isomer (4s and 

4b). 2Chloroethanol was slowly added to an equimolar amount of 
2a and the mixture was subjected to fractional distillation to 
remove ethanol as the product of the alcohol exchange reaction. 
An 85% yield of a mixture of 40 and 4b was obtained. The product 
was collected at 430-439 K/103.0 kPa. 

2-Jsopropoxy-3-methyl-I-burene and isomer (Sa and Sb). A 
catalytic amount of toluene-psulfonic acid was added to a 
mixture of 2 - methoxy - 3 - methyl - I butene’ la (IOcm’) and 
isopropyl alcohol (2OOcm’). After standing overnight, the mixture 
was distilled under acid conditions to remove the liberated 
methanol and the excess of isopropyl alcohol. An about 25% yield 
of the desired vinyl ethers was collected at 385-395 K/101.0 kPa. 

2-s-Bvtoxy-3-methyl-I-butene and isomer (6s and 6b). 
Equimolar amounts of la and s-butyl alcohol were mixed, a small 
amount of toluene-p-sulfonic acid was added, and the mixture was 
fractionated. A 60% yield of the desired compounds could be 
collected at 415-423 K/100.3 kPa. 

2-(3-Penfoxy)-3-methyl-I-butene and isomer (7a and 7b). These 
compounds were prepared as described above for Sa and 5b but 
using 3-pentanol instead of s-butyl alcohol. The product, obtained 
in about 40% yield, boiled at 431436 K/100.1 kPa. 

2-Phenoxy-3-methyl-I-bu?ene and isomer (8s and 8b). Toluene- 
psulfonic acid was added to an equimolar mixture of 4a and 
phenol and the mixture was subjected to fractional distillation at 
reduced pressure. A 40% yield of a product boiling at 
386-390 K/l.6 kPa was obtained. The product contained ca 99.5% 
of 9b. 

Prior to the equilibrations, the vinyl ethers were purified by 
preparative gas chromatography using a column containing 20% 
Carbowax 20 M on Chromosorb G. 

Deretminarion of normul boiling poinrs. The normal boiling 
points of the compounds studied, which were used for the 
estimation of AHK, and A!X_, at 298.15 K. were determined by the 
gas chromatographic method described previously.’ The following 
compounds were used as the reference compounds (compound, 
normal boiling point): isobutyl vinyl ether (RI), 356.2 K; 
isobutylidene ethyl ether (R2). 366.7 K; I-methoxycyclopentene 
(R3). 387.0 K; I-ethoxycyclopentene (R4), 409.0 K; I- 
methoxycyclohexene (RS), 417.1 K; I-ethoxycyclohexene (R6). 
435.0 K; l-(1-propoxy)cyclohexene (R7), 455.9 K; l- 
cyclopentoxycyclopentene (R8). 479.7 K. The boiling points of 2a 
and 211 were determined by means of the following reference 
curve (reference compound, relative retention time): RI, 0.0262; 
R2.0.312; R3, 0.513; R4, 0.787; RS, 1.000. The relative retention 
times of 2a and 2b were 0.360 and 0.518 leading to normal bps of 
362.5 and 391.8K, respectively. 3a, Jb, 4a and 4b; reference 

curve: R2,0*149; R3, 0.266; R5, 0.411; R6. 0604; R7, IIlrM. The 
relative retention times of 3a, 3b, 4s and 4b were 0,454, 0.661, 
0.494 and 0.740 corresponding to normal bps of 422.2,439.2,425.8 
and 443.9 K, respectively. Sa, Sb, 70 and ib; reference curve: R2, 
0.175: R3, 0.261: R5. 0449: R6. 0.632: R7. 1.000. The relative 
retention times of Sa; Sb, 7a. and 7b were 0.23 I, 0.3 IS, 0.522 and 
0.780, in the above order, leading to normal bps of 381.2, 398.4, 
425.2 and 444.9 K. respectively. 6a and 6b; reference curve : RI, 
0.223; R3.0.41 I; R5.0.709; R6, l.ooO. The relative retention times 
of 6a (0.541) and 6b (0.792) led to normal bps of 402.2 and 423.0 K, 
respectively. 8a and 8b; reference curve: R5.0.343; R6.0.425; R7, 
0600; R8. l@M. The relative retention times of 8s and 8b were 
0.775 and I@0 leading to normal bps of 467.7 and 479.7 K, 
respectively. 

Procedure. The practical performance of the equilibrations has 
been described in detail elsewhere.“’ Cyclohexane was used as 
solvent and iodine as catalyst. During the equilibrations the only 
noteworthy side reaction was the formation of a small amount of 
the corresponding acetal and the ketone, which was due to the 
presence of traces of water in the solvent and/or substrate 
[i-PrC(OR)=CH, t Hz0 + i-PtCOCH, + ROH; i-PrC(ORwH, + 
ROH +i-Pr(CH,)C(ORh]. In many cases the position of equilib 
rium was approached from both directions and the results of such 
experiments were in nice agreement. If only a single starting 
mixture was used in the equilibrations, the progress of isomeriza- 
tion was followed over sufficiently extended periods of time 
(several times the time necessary for the isomer ratio to become 
constant) to be sure that the true thermodynamic equilibrium had 
been reached. The behavior of 3s and 3b was surprising in that 
equilibrations ran smoothly and without significant loss of 
material if 3b was used as the starting compound, but extensive 
polymerization could not be avoided if the equilibrations were 
started from 3a. The equilibration times varied from ca IO min at 
the highest temperatures used to a few weeks at the lowest 
temperatures. The columns used in the gas chromatographic 
analyses were 4 m columns containing 10% of either Carbowax 
I500 or SE-30 on Chromosorb G. The peaks were eluted in 
alphabetical order and peak separation was good. Peak areas, 
which were considered to be proportional to the molar amounts of 
the isomeric vinyl ethers,’ were integrated by means of a 
Hewlett-Packard 3370 B integrator, or by the cut-and-weigh 
method. 

Because of the low concentration (ca 0.5 mol%) of 8a in the 
synthetic product, it could be identified solely on the basis of its 
retention time and its behavior in the equilibrations. Besides the 
peak of 8b. only one significant peak could be detected in the 
chromatogram, and the retention time suited well for 8s. The 
experimental difference in the boiling points of Sp and 8b (see 
determination of normal boiling points) was also reasonable. 
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