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The stereochemistry (anti or syn mode) of dehydrohalogenation of 2,3-dibromo- 
butane, 2,3-dichlorolutane and 2-bromobutane over MgO, CaO, SrO and ALO was 
determined by use of a pulse technique from the products of the diastereomeric 
isomers of each compound at lOO-250°C. The elimination of hydrogen halide 
proceeded selectively by anli mode over fresh surface of these oxides below 200°C 
for dibromobutane and below 250°C for dichlorobutane, reflecting the surface 
basicity. Anti mode was also favored in the case of 2-bromobutane at about 100°C. 
However, due to the alteration of surface basicity by hydrogen halide formed, the 
stereoselectivity decreased with repeated pulses. 

Present results agree with the idea deduced previously in the case of silica gels 
that the acid-base properties of catalyst and substrate are the prime factor control- 
ling the steric course of reactions. Stereochemistry of debromination and halogen- 
substitution reactions of dibromobutane, the accompanying reactions, was also de- 
termined to be anti mode and retention, respectively. 

INTRODUCTION 

Stereochemical studies of reactions over 
catalyst surfaces are useful not only for 
the elucidation of reaction mechanism, but 
also for the characterization of active 
surface sites. In contrast to liquid-phase 
reactions, active sites are immobile and 
there is no solvation on the solid surface, 
so that different factors may play impor- 
tant roles in determining the steric course 
of reaction. Various factors such as steric 
effects, timing of bond rupture or forma- 
tion and shape of reaction intermediate 
have been suggested (1-S). 

We found previously that the steric 
course of dehydrohalogenation of alkyl 
bromides over alkali-treated silica gel 
varied remarkably depending on the cat- 
alyst and substrate (4). Dehydrobromina- 
tion of 2-bromobutane, for example, pro- 
ceeded by anti mode over KOH-SiO, but 
syn mode over Si02. These results were in- 

terpreted by the idea that the primarily 
important factor determining the steric 
course of reaction is the acid-base proper- 
ties of substrate and catalyst. When the 
surface becomes more basic or the P-proton 
of the substrate becomes more acidic, the 
rupture of two bonds occurs more con- 
certedly, leading to anti elimination. The 
primary aim of the present work was to 
determine the stereochemistry of dehydro- 
halogenation over alkaline earth metal 
oxides and alumina and to examine the 
applicability of the above hypothesis. 

It has recently been reported that oxides 
of alkaline earth metals reveal strong 
basicity (6a, 6) and high catalytic activity 
for butene isomerization (6, 7) when evac- 
uated at 4OO-500°C. The observed basicity 
was fairly well correlated with the catalytic 
activitv for dehydrochlorination 15b). If 
the acid-base properties play decisive roles 
in determirkg the stereochemistry, anti 
elimination should be favored over these 

474 
Copyright @ 1974 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



STEREOSELECTIVITY OF ELIhIIP;ATIOPi REACTIONS 475 

oxides, since CaO, MgO and SrO are more 
strongly basic than KOH-SiO,. On the con- 
trary, if the surface structure is more im- 
portant, different stereochemistry may be 
expected, because their surface structures 
seem much different from silica gel (e.g., 
surface area of CaO was 6 m”/g). Noller, 
Hantsche and Andreu (8) reported that de- 
hydrochlorination of dichlorobutane over 
CaO was completely non-stereoselective. 
However, the surface basicity of these 
oxides is very sensitive to the method of 
activation (6) and, further, poisoned by 
H,O, CO, (6) and 0, (7). Moreover, in 
the elimination react,ion of hydrogen halide, 
acidic hydrogen halide formed by the reac- 
tion would inevitably change the nature of 
basic sites. Thus, it seems worthwhile to 
reexamine the stereochemistry of the reac- 
tions over fresh basic sites of the oxides. 

EXPERIMENTAL METHODS 

Apparatus and procedure. A conven- 
tional pulse technique described elsewhere 
was utilized (4). Catalysts (30-600 mg) 
were preheated in a reactor at 300-390°C 
for 1.5 hr in the stream of dry deoxygenated 
helium (40 ml/min). Since the activity of 
CaO for butene isomerization was revealed 
by pretreatment above about 37O”C, alka- 
line earth metal oxides were ordinarily pre- 
heated at 350°C. This ordinary pretreat- 
ment was sufficient to develop strong 
surface basicity which turned 2,4-dinitro- 
aniline (pK,, = 15.0) to its basic color. 
It was necessary to keep the rate of tem- 
perature-rise and the flow rate of helium 
constant during the pretreatment in order 
to obtain reproducible results. After the 
catalyst was cooled to the reaction tem- 
perature, the flow rate of helium was in- 
creased to 60 ml/min and alkyl halide (1 or 
2 ~1 for each pulse) was injected intermit- 
tently with aid of a microsyringe. Products 
were analyzed as described previously (4). 

Catalyst. MgO, CaO and SrO were pre- 
pared by the calcination of basic mag- 
nesium carbonate at 6OO”C, of calcium 
carbonate at 950°C and of hydrated 
strontium hydroxide at 850°C. Their basic- 
ities have been reported previously (5~). 
Al,O, was prepared by the calcination of 

hydrated alumina (Alcoa C-35) at 530°C 
for 7 hr. CaCl,*GH,O (Kant0 Chemicals 
Ltd., GR grade) was used after heating at 
110°C overnight-and grinding to a powder. 

Reagents. 2,3-Dibromobutancs (C,Br,) 
and 2,3-dichlorobutanes (C,Cl,) were pre- 
pared by the methods described previously 
(4). Their diastereomeric purity was 97 and 
99% for meso- and dE-C.,Br,, and 98 and 
93% for meso- and &C&Cl,, respectively. 
2-Bromo- and 2-chlorobutane (C,Br and 
C&l) were of GR grade obtained commer- 
cially from Tokyo Kasei Ltd. erythro-2- 
Bromobutane-3-d, prepared as described 
before (4, contained 7% of d, species and 
16% of threo form. cis-2-Bromo-2-butene 
was prepared by anti e!iminatirn of meso- 
C,Br, in an alcoholic KOH solution and 
purified by gas chromatographic separation. 

RESULTS 

Reaction of 2,8dibromobutane. In Figs. 
1 and 2, products from the first pulse of 
meso-C4Br2 over MgO and CaO are shown 
as a function of reaction temperature. As 
described below, results carefully obtained 
from the first pulse reflect the nature of 
the fresh catalyst surface. In the experi- 
ments presented in Figs. 1 and 2, HBr elim- 
ination was kept at 30-50s conversion by 
changing the amount of catalyst. Reactions 

FIG. 1. Products from the reaction of meso- 
2,3-dibromobutane over MgO. Conversions are 
normalized to those over 30 mg of MgO. (0) 
Total elimination reaction ; (0) n,t~li%. cis! (tmns 
+ cis) ratio of 2-bromo-2-butcne from meso 
form; (0) anti%, trans/(truns + cis) ratio of 
2-bromo-2-butmc from dl form. 
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FIG. 2. Products from the reaction of meso- 
2,3-dibromobutane over CaO. Conversions are 
normalized to those over 50 mg of CaO. Symbols 
are the same as in Fig. 1. 

observed were 2,3-HBr elimination to form 
2-bromo-2-butenes, butadiene formation 
and debromination leading to 2-butenes. 
The latter two reactions rapidly increased 
with the reaction temperature. In addition, 
considerable isomerization to &form oc- 
curred. Above 250°C over MgO small 
amounts of 2-bromo-l-butene and an un- 
identified products (which appeared closely 
after cis-2-bromo-2-butcnc in a gas chro- 
matogram) also formed. 

Stereoselectivity of elimination reactions 
was estimated by the bans to cis ratio of 
2-bromo-2-butene and 2-butene in the 
products, since ?ne.so-C1Br2, for example, 

FIG. 3. Anti% and extent of isomerization vs 
elimin&ion in the reaction from the frst, pulse of 
meso-2,3-dibromobutane over MgO at 150°C. 
Isomerization = 100 X dl/(meso + dl) of C,Ba; 
NO-anti% = 100 X tratm/(trans + cis) of 2-bromo- 
2-butene. 

gives cis-2-bromo-2-butene and trans-2-bu- 
tene by anti elimination. Isomerization of 
2-bromo-2-butene and 2-butene did not 
occur under the present reaction conditions. 
As the anti-selectivity (anti%) of 2,3-HBr 
elimination given in Figs. 1 and 2 shows, 
the reaction proceeded very stereoselec- 
tively by anti elimination at about 100°C 
over both oxides, but the selectivity de- 
creased at higher temperatures. Stereo- 
selectivity of debromination approximately 
paralleled that of HBr elimination. Reac- 
tion of dibromobutane over SrO and Al&, 
also took place by anti mode as shown in 
Table 1. 

In Fig. 3, 100~anti% and the extent of 

TABLE 1 
I<F:ACTIOK PKODUCTS FROM ELIMIN.\TION ~<I.:ACTIONS OF 2,3-DIHALOHUT~N.~ Ovsrt V~\RIOUS SOLIDS 

Pre- Products (%) 
t.reat- Reac- 
ment tion 2-Bromo-%but,ene 

wt, temp temp No. of BU- Buta- Anti 
Catalyst (mn) (“C) (“Cl Reactant pulse tene diene tram cis %” 

____I 

SrO 3’38 350 159 mesa-C,Brg 1st 0 0 0 .3 7.0 99 
A1203 154 300 152 meso-CdBrp 1st 3 11 8 41 86 
MgO 53 3*50 250 meso-C&l, 1st 0 2.0 6.2 39.0 87 
MgO 49 350 250 dl-C&12 1st 2.6 43.1 8.2 89 
CaO 76 350 250 meso-c&l~ 1st 1.5 4.1 26.4 88 

2nd 0.9 2.6 6.8 73 
3rd 0.9 2.4 4.2 64 

u An&selectivity of 2,3-H&r elimination, viz, cis/(Irans + cis) from rrwso form or Irans/(lrans + cis) from 
cl/ form, correct,ed for the diastereomeric puritjy of the reactant,. 
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Products (“;) 

%-Bromo-%- 2-Chloro-:l- %+l>ibromo- 
2-Butene butene bromobutane butane 

No. of ___.-- - B,,ttl- .--.-_- - 

pulse lleactant lrans cis diene lruns cis cqfhro thrco nwso (11 
--- 

MgO (55 mg) 

1 m (‘SO 4.5 20 0. .i 5 5 2:<. 0 40. 0 24.5 

‘2 wwso 3 ,9 2 3 0.6 2.1 4 5 47.0 40. 0 
3 meso 4.0 2 0 1.5 - 50.0 41.5 

21” wwso 0 ‘1 0.1 3 3 1 .o 0.4 5 4 0 9 83 <ib 
23” dl 0.1 0 ,8 3 1 1.2 0 3 T1 4 5 1 Ml j 

CaClp (278 mg) 

1L fflfS0 2. 7 1.6 0.5 40.5 6.4 39 ,4 5 50 
‘Ld cl1 :: ‘2 3 .7 2.6 41 .:4 3 .8 41.9 

a Prior to each of these p&es, 2 ~1 of P-chlorobutane was pulsed. 
b Not accurate. 
c 2.7% of 2&dichlorobutane (mainly IWSO form) ww observed in the products together with 0.79$ of 

2-chloro-2-butene. 
d 3.5y0 of 2,Sdichlorobutane was formed. 

isomerization of C,Br, obtained from the 
first pulses are plotted against the elimina- 
tion in the case of meso-C,Br, over MgO at 
150°C. Figure 3 shows that the isomeriza- 
tion considerably lowered the apparent se- 
lectivity. In fact, the anti-selectivity ex- 
trapolated to zero conversion was almost’ 
100% in this case. 

Variation of products upon repeated 
pulses. At the initial stage, products varied 
rapidly from pulse to pulse, as typical rc- 
suit’s given in Table 2 show. Over fresh 
catalyst (first pulse), main reaction was 
2,3-HBr elimination by nnti mode, accom- 
panied by a minor reaction of debromina- 
tion which was also anti elimination. As 
the number of pulses increased, 2,3-H& 
elimination, together with its stereosclec- 
tivity, diminished rapidly. After several 
pulses, HBr elimination products from 
meso- and dl-C,Br, became almost iden- 
tical. It is to be noted that debromination 
proceeded mainly by anti mode after the 
isomerization of C,Br, disappeared finally. 

Substitution reactions. Substitution (cx- 
change) of halogen was observed in the 

reaction of C,Br, pulses, subsequent to the 
injection of C,Cl or C,Cl, pulses, or in the 
reaction of the latter after C,Br or C,Br, 
pulses (Table 2). These results indicate 
that part of hydrogen halide formed 
stayed on the surface. It is noteworthy 
that erythro-2-chloro-3-bromobutane was 
formed from meso-C,Br, and three-form 
from dl-C,Br,, i.e., the stercochcmistry of 
the substitution reaction w-se retention. 
erythro- and three-2-chloro-3-bromobutanc 
were identified by comparing the gas chro- 
matographic retention times of two peaks 
(erythro and three, 12.8 and 14.1 min) as 
well as those of jrleso- and dl-C,Cl, (5.8 
and 6.7 min) and C,Br, (22.3 and 24.5 
min) with those in the lit’crature (9). The 
identification was confirmed by the exist- 
ence of the same two peaks in the gas chro- 
matographic analysis of the products frcm 
meso- and &C,Cl,. This stereoselective 
substitution reaction between substrate and 
solid predominated in the reaction of C,$Br, 
over CaCl, (Table 2). 

The reactions of C,Br, arc summarized 
for jneso-form by the following scheme. 
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anti c, ,c C 

7 7 

I c 

\C=CyH 
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(--HBr) , 

cis 
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(-Br,) 

meso-C -c-c-c trons 

Br Qr 7 7 7 7 
erythro-C-C-C-C meso-C-C-C-C 

JI retention 
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Reaction of 2,Sdichlorobutane. Results 
with MgO and CaO are given in Table 1. 
High anti-selectivity is seen from the ti.s/ 
tram ratio of 2-chloro-2-butene over both 
oxides. This result is not in agreement with 
those reported by Noller, Hantsche and 
Andreu (8). Decreases in the stereoselec- 
tivity from pulse to pulse were also 
observed. 

Dehydrobromination of 2-bromobutane. 
Butene composition in the products from 
2-bromobutane changed rapidly with the 
repeated pulses. Further, the catalytic ac- 
tivity of the changed surface was high at 
the reaction temperatures higher than 
about 160°C. Therefore, the stereoselectiv- 
ity was determined on the first pulse at 
reaction temperatures as low as 9CLllO”C. 
At these temperatures, the catalytic ac- 
tivity of the changed surface is low, so that 
the influence on the results by the reaction 
which might take place over the changed 
surface can be minimized. No isomerizat,mn 
took place even during the elimination re- 
action, as evidenced by the absence of 
isomerization of 1-pentene, which was in- 
jected together with 2-bromobutane and 

was found to be more reactive than butenes 
over fresh CaO preheated at 390°C. 

Results are presented in Table 3. The 
higher content of d, species (d,%) of cis- 
2-butene relative to trans-2-butene demon- 
strates that anti elimination is the favored 
mode over these catalysts. Anti-selectivity 
given in Table 3 was rough!y estimated 
from the d,% by use of the priaious equa- 
tions (2, 4) on the assumption that the 
anti% and isotope effects are identical for 
tram- and c&-2-butene formations. Calcu- 
lated isotope effects were about three. After 
several pulses, the reaction became nearly 
non-stereoselective. 

DISCUSSTON 

Stereochemistry of HBr elimination. 
Present results demonstrated that anti 
elimination is the preferred mode on fresh 
surface of MgO, CaO, SrO and A&O,. If 
the isomerization of the reactant is taken 
into account, the reactions were very 
stereoselective below 200°C for C,Br, and 
below 250°C for C,Cl,. The apparent anti- 
selectivity was in the order of SrO > CaO 
>MgOz Al& which is consistent with 

TABLE 3 
DEHYDRORROMINATION OF WythrO-2-~ROMOBUTANE-3-d~ OVER VARIOUS OXIDES 

Pretreat- Reaction Butene compositiona (d,% in parentheses) 
ment temp temp 

Catalysts Pa CT) l- lrans cis Antis! 

CaO 350 110 1.0 (94) 0.42 (50) 0.51 (83) 84 
MgO 390 100 1.0 (90) 0.6 (57) 0.8 (81) 76 
ALO, 300 110 1.0 (94) 2.0 (47) 3.9 (76) 79 

n Butene compositions from 2-bromobutane-do normalized to 1-butene and the content of dl species in 
each butene isomer from erythro-2-bromobutane-3-dl are given. 

* Percentage of reaction which proceeded via anti mode. See text. 
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the base strength measured (6). The order 
among alkyl halides, C,Cl, > CLBr, > 
C4Br, was the same as in the previous work 
(4) and seems to reflect the acidity of 
/?-protons. Thus, these results agree with 
the previous postulate mentioned in the In- 
troduction. Present results contradict those 
reported by Nollcr, Hantsche and Andreu 
(8) who observed complete non-stercoselec- 
tivity over CaO. This may be due to the 
fact that their CaO was not pret.reated suf- 
ficiently to reveal strong basicity or that 
their results might have been obtained on 
surfaces which were already changed by the 
reaction with hydrogen chloride. 

Reaction mechanisms. The isotope effect 
found for C*Br-3-d, and the anti-selectivity 
indicate that dehydrohalogenation pro- 
ceeded by a concerted mechanism over 
fresh surface. The higher reactivity of 
dihalobutanes relative to 2-halobutanes is 
in accord with this mechanism, since 
P-halogen accelerates a concerted elimina- 
tion reaction. After the rapid change of 
catalyst surface occurred, due to the reac- 
tion with hydrogen halide, the reaction 
possibly proceeds by the carbonium-ion 
mechanism suggested by Noller, Hantsche 
and Andreu (8). Non-stereoselectivity, the 
existence of halogen exchange and the 
higher reactivity of 2-halobutane than di- 
halobutane at the later stages support the 
idea that the carbon-halogen bond breaks 
first. Indicator test by benzeneazodiphenyl- 
amine (pKh = 1.5) revealed that the sur- 
face of alkaline earth metal oxides became 
acidic after several pulses of reactants. 

Anti-selectivity of debromination and the 
retention of configuration in halogen ex- 
change may be explained by a concerted 
mechanism or by the interaction of a /3-bro- 
mine with a C+-center in a carbonium-ion 
intermediate which prevents the rotation 
about the C-C bond. Substitution reac- 

tions in the liquid phase by S,l mechanism 
retain original configuration when Br or 
COO- exists at the P-position (10). Buta- 
diene was most likely formed by the 
hydrogen halide elimination from 3-halo-l- 
butene which is the product of 1,2-dehydro- 
halogenation of 2,3-dihalobutanc. 3-Chloro- 
1-butenc produced butadiene very readily 
under the present reaction conditions. 
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