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single peak with a retention time identical with that of the minor hydrogen) which is partially obscured by a sharp one-proton 
component from the mixture of epimeric esters prepared accord- doublet a t  7.88 ( J  = 7.5 c.P.s., endo C-5 hydrogen). A four- 
ing to the method of Wiberg.0 proton singlet a t  T 8.62 (C-2 and C-3 hydrogens) and a one-proton 

The nuclear magnetic resonance spectrum of this ester had a triplet centered at  9.00 ( J  = 7.5 c.P.s.) for the endo C-6 hydrogen 
sharp three-proton singlet a t  7 6.37 (OCH,), a partially resolved complete the spectrum. 
doublet a t  7.27 (J = 2.5 c.P.s.), accounting for two bridgehead Anal .  Calcd. for C~HIZOZ: C, 68.54; H,  8.63. Found: 
protons, a broad one-proton doublet centered at  ca. 7.8 (ezo C-6 C, 68.41; H,  8.76. 
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The average equilibrium constant for the isomerization of 3-chloro-1-butene to 1-chloro-2-butene in toluene 
a t  80.2" was 2.32. The isomerization was catalyzed by Pyrex glass wool and by diethylamine hydrochloride. 
The kinetics of the isomerization was pseudo zero order, and the ratio of the rate constants for the forward and 
reverse reactions gave the same value (within experimental error) of the equilibrium constant as that determined 
from the composition of butenyl chlorides a t  equilibrium. The isomerization may be interpreted as occurring 
by way of ion pairs produced on the surface of electrophilic catalysts. Isomerization is inhibited if the butenyl 
chloride is stored a t  0" in quartz flasks. 

The rearrangement of allylic compounds is well 
known and may occur by way of a displacement reac- 
tion ( S X ~ ' ) ~  or by ionization to ion pairs.5 

Young and Winstein had shown that an equilibrium 
mixture of 3-bromo-1-butene and 1-bromo-2-butene 
(neat) a t  100" consisted of about 15% of the former and 
85% of the latter.6 Lewis acids were found to catalyze 
the interconversion of 3-chloro-1-butene and l-chloro- 
2 - b ~ t e n e , ~ ~  and the equilibrium mixture a t  60" was 
reported to consist of 26% of the former and 74% of the 
latter when cuprous chloride was the catalyst.'b 

In studies on the sN2' reaction of amines with 3- 
chloro-1-butene it was shown that  the latter did not 
isomerize significantly under the conditions of the reac- 
tion.8 At late stages of the relatively slow reaction of 
3-chloro-1-butene with S-methylaniline some isomeri- 
zation of the chloride could be detected by gas chroma- 
t o g r a p h ~ . ~  In  the reaction of 3-chloro-3-phenyl-l- 
butene with triethylamine or with dimethylamine, isom- 
erization of the halide was an important complica- 
tion. lo 

The purpose of our investigation was to determine 
the rates of isomerization of 1-chloro-2-butene and 3- 
chloro-1-butene and the conditions under which isomeri- 
zation may be a complicating factor in S N ~ '  reactions 
especially with relatively unreactive amines such as X- 
methylaniline. 
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Results 
The equilibrium constant (based on concentrations) 

for the isomerization of 3-chloro-1-butene to l-chloro- 
2-butene in toluene a t  80.2" was obtained by gas chro- 
matographic determination of the concentrations of 
the two isomers a t  equilibrium. The constant, K ,  ob- 

ki 

k - i  
CHz=CHCH( CH3)Cl e CH&H=CHCHzCl 

K = kl/k-i 

tained in this way had values ranging from 2.19 to 2.34. 
The equilibrium constant was determined also by the 
ratio of rate constants for the forward and reverse reac- 
tions. The rate of isomerization was catalyzed by di- 
ethylamine hydrochloride and by Pyrex glass wool arid 
the rate actually observed was zero order, independent 
of the concentration of allylic chloride. A derivation of 
the pseudo zero order kinetics based on a surface-cata- 
lyzed isomerization is given in the Experimental sec- 
tion. Isomerization of 1-chloro-2-butene occurs readily 
when it is stored in a glass vessel; the isomerization is 
inhibited when it is stored in a quartz flask a t  0". 

TABLE I 
COMPOSITION OF EQUILIBRIUM MIXTURE OF 1.113 M 

I N  TOLUENE AT 80.2' 

hr. mole Yo mole yo K 
0 100.0 0 .0  , . .  

3137 30.3 69.7 2.30" 
3884 31 .3  68.7 2.19" 

0 0 .0  100.0 . . .  
3465 31.2 68.8 2.21" 
4238 29.9 70.1 2.34" 

0 100.0 0 . 0  . . .  
3573 29.8 70.2 2.36' 
3978 30.1 69.9 2 .  33' 

2325 30.9 69.1 , 2.24' 
3067 29.0 71.0 , 2.45' 

3-CHLORO-l-BUTENE AND 1.113 h!f 1-CHLORO-2-BUTENE 

Time, 3-Chloro-l-butene, 1-Chloro-%butene, 

0 0 . 0  100.0 . . .  

a (C2H&NHzCI (0.1 9.) added/5 ml. of solution. (CzH6)P- 
NH2Cl (0.1 g,) and Pyrex glass wool (0.4 g.) added/5 ml. of 
solution. 
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Fig. 1.-Zero-order rate plot for the heterogeneous catalysis of 
isomerization of butenyl allylic chlorides. The isomerization of 
1.113 M 3-chloro-1-butene to 1-chloro-2-butene (A) and 1.113 M 
1-chloro-2-butene to 3-chloro-I-butene ( B )  in toluene in the 
presence of 0.1 g. of diethylamine hydrochloride/5 ml. of solu- 
tion a t  80.2 f 0.1'; and the isomerization of 1.113 M 3-chloro- 
I-butene to 1-chloro-2-butene (C) and 1.113 M 1-chloro-2-butene 
to 3-chloro-1-butene (D)  in toluene in the presence of 0.1 g. of 
diethylamine hydrochloride and 0.4 g. of Pyrex glass wool/5 ml. 
of solution at  80.2 k 0.1'. 

Table I shows values of the equilibrium constant 
obtained from concentrations a t  equilibrium, and Table 
I1 shows the values of the equilibrium constant ob- 
tained from rate constants. Figure 1 illustrates the 
isomerization and shows the effect of glass wool on the 
rate. 

TABLE I1 
RATE AND EQUILIBRIUM CONSTANTS FOR ISOMERIZATION 
OF BUTENYL ALLYLIC CHLORIDES I N  TOLUENE AT 80.2' 

2 0 Butenyl chloride 15.7 6.59 2.38 
1 1 Butenyl chlorideb 22.0 9.52 2 31 
1.1 Butenyl chloride' 45 5 19.2 2.37 
2 .0  Butenyl chlorideb 23.4 10.0 2.34 

Concentration of reactant, M 105kla 106k-I' K - ki/k-i 

a Pseudo-zero-order rate constants in mole fractions/hr. 
(C2H&NH2C1 (0.1 g.)/5 ml. of solution. (C2H&NH&l 

(0.1 g.)/5 ml. of solution + Pyrex glass wool (0.4 g.)/5 ml. of 
solution. 

It was not possible to determine the cis-trans ratio 
of the 1-chloro-2-butene in the reaction mixture. 

Discussion 
Isomerization may occur via attack of a small amount 

of chloride ion on the double bond with rearrangement 

N N  N 

C1- + CHZ=CHCH(CHa)Cl ClCHzCH=CHCHI + C1- 

of the double bond. If the concentration of chloride 
ions was very small relative to the concentration of al- 
lylic halide, the over-all kinetics would appear to be 
zero order. However, isomerization occurs in the ab- 
sence of added diethylamine hydrochloride; no induc- 
tion period was observed pending the production of 
hydrogen chloride in a side reaction such as formation of 
butadiene. No evidence could be obtained by gas 
chromatography for the formation of butadiene. 

The zero-order kinetics suggests a heterogeneous re- 
action on a surface which is saturated with reactant." 
The catalytic effect of the amine hydrochloride or of 
the Pyrex glass wool may involve an isomerization a t  
the surface of the solid phase. The following schemes 
in which intimate ion pairs'* ar,e involved may account 
for the isomerization catalyzed by amine hydrochlo- 
ride. The first of these is analogous to the scheme pro- 
posed for the isomerization of 3-phenyl-3-chloro-l-b~- 
tene by lithium chloride. l3  Other schemes in which the 
acidic proton of the amine hydrochloride assists isom- 
erization by hydrogen bonding to  chlorine are possible 
also. 

K3-K 
%)\\ C1- Nf c1  

4 \' 

Pyrex glass contains a considerable amount of boric 
oxide (BzOa), the boron atoms of which may aid in elec- 
trophilic solvation of the chloride ion. The isomeriza- 
tion on the glass surface may be pictured similarly to 
the above schemes with the substitution of boron for 
the positively charged nitrogen. The Y-H proton in 
N-methylaniline has been suggested as being involved 
in solvating leaving chloride ion by hydrogen bond- 

If the isomerization is assumed to be essentially uni- 
molecular a t  the catalyst surface and if the surface is 
assumed to be nearly completely covered, it can be 
shown (see Experimental section) that the kinetics 
would be pseudo zero order. 

The greater proportion of 1-chloro-2-butene a t  equi- 
librium indicates its greater thermodynamic stability; 
from the equilibrium constant a t  80.2' a AF of about 
-0.6 kcal./mole can be calculated. This difference 
in free energies is less than the difference in gas-phase 
free energies of formation at  25" between 1-butene and 
either cis- or trans-2-butene (1.2 and 1.9 kcal./mole, 
respectively).14 It is not strictly fair to compare gas- 
phase values of free energy at  one temperature with 
liquid (solution) phase values a t  another temperature, 
but it is likely that effects caused by the temperature 
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difference and by heats and entropies of condensation 
and solution are largely cancelled in the comparisons 
between the butenyl chlorides and the butenes. The 
largest differences in free energies between isomers are 
most likely to be found in the free energies of form-- 
tion. 

A Stuart-Briegleb model of 1-chloro-2-butene shows 
steric hindrance between the chlorine atom and a cis 
olefinic hydrogen or cis methyl group which would in- 
crease the free energy and thus decrease the free energy 
difference between 1-chloro-2-butene and 3-chloro-l- 
butene relative to the difference between 1- and 2- 
butene. Rlodels indicate no large steric differences be- 
tween 3-chloro-l-butene and l-butene. 

Experimental 
The butenyl chlorides were prepared and analyzed by gas 

chromatography as described previo~sly.~ There waa no evi- 
dence for isomerization of the pure butenyl chlorides on a Carbo- 
wax 20 M column a t  100”. cis and trans isomers were not sepa- 
rated. 

Pyrex glass wool was immersed for 48 hr. in a solution of equal 
quantities of concentrated hydrochloric acid and distilled water. 
The glass wool was washed thoroughly with distilled water until 
the washings were free from chloride ion as determined by 
aqueous silver nitrate. It was dried in an oven a t  110’ overnight 
and stored while still hot in a desiccator. 

Kinetic Procedure.-Aliquots (5 ml.) of stock solutions of 
either 3-chloro-1-butene or 1-chloro-3-butene in dry toluenel6 
were pipetted into Pyrex test tubes containing catalyst as re- 
quired. The tubes were sealed and placed in a constant-tem- 
perature bath, the contents of one tube being analyzed a t  once 
to give a zero-time point. At  various times a tube was removed 
from the bath and the reaction was quenched by immersing the 
tube in a dry acetone bath.“ The contents of the tube were 
poured into a quartz erlenmeyer flask and stoppered until the 
contents could be analyzed by gas chromatography. l-Chloro-2- 
butene can be stored in a quartz flask a t  0’ for long periods of 
time without the isomerization which occurs on storage in glass 
flasks. 

Derivation of Observed Kinetics.-This derivation makes use 
of the theory of Langmuir for the adsorption of substances on 
surfaces.1’ 

Assume two isomers A and B which are adsorbed (ads) on a 
surface and are interconverted on a surface. 

ki 

k -1 
-A A A Aads 7 Bsdr 7 B 

The following definitions are made. 

@A = moles of A striking 1 cm.2 of surface/sec. -[A] 
PB = moles of B striking 1 cm.2 of surface/sec. -[B] 
(IA = fraction of moles of A which stick on surface 
(IB = fraction of moles of B which stick on surface 
8 A  = fraction of surface covered by A a t  any time -And, 
OB = fraction of surface covered by B at  any time -Bad8 
1 - 6~ - 8g = fraction of surface that is bare 
(1 - @A - @B)CYArA = rate adsorption of A on surface 
(1 - @A - @ B ) ( I B r B  = rate adsorption of B on surface 
WAOA = rate desorption of A 
WB8B = rate desorption of B where WA, WB are constants 

(15) These solutions were free of hydrogen chloride as  indicated by the  
lack of chloride ion in aqueous extracts of these stock solutions. 

(16) No butadiene could be detected when samples of the mixture opened 
and kept a t  Dry Iceace tone  temperatures were injected into the gas chro- 
matograph. 

(17) I. Langmuir, 4. Am. Chem. Soc., 88, 2267 (1916). 

The rate of formation of Aadl is given by 

dt - dt 
d[A,d.l de. = (1 - @A - & ) ( I M A  - WA8A - kl[Aads] + 

k-i[BIada = (1 - @A - 8 8 ) c r A r A  - W A ~ A  - kl’8a + k-t’eg 

where kl’ = kl times a constant and k-1’ = k-1 times a con- 
stant; the proportionality constant between 8 A  and And. and OB 
and Bada is assumed the same. 

If the surface is assumed to be nearly completely covered 

1 8 A  + 8 B  

$ = --.&A - kl’8A f k-1’ - k-1‘BA = 

k-1’ - 8 A ( U A  + kl’ + k-1’) 

Let (WA + kif + k-1’) = b 

(If one starts with pure B, a t  t = 0, 8 A  = 0.) 

b 
k-i 

Let - ---’ = c 

ln(1 + c8.d = -bl 

Assume that - 1 < c 8 A  < 1 

Assume c 8 A  >> ( c 8 A ) *  >> etC. 

Therefore 

1 4 1  + c 8 A )  E 
C8A = -bt  

Since Aad. - A 

The same treatment applied to a reaction in which pure A is 
isomerized yields 

N kl 
t 

The equilibrium constant is 

This derivation shows that the rate constants obtained by 
dividing the concentration of reactant by time are pseudo-zero- 
order rate constants most probably because of the nearly com- 
plete absorption on a catalyst surface. The assumptions are not 
justifiable except that they lead to the experimental findings. 
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