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The intramolecular hydrogen shift via an allyl-like intermediate was examined as the mech- 
anism for olefin isomerization by means of a semiempirical molecular orbital (CND0/2) calcu- 
lation. The energy barrier for the hydrogen shift is very high for the al&hydrogen system, 
but wit,h a strong base present at an appropriate position t,he height of the barrier decreases 
sharply. The effect of the basic center was analyzed in terms of two-center interactions, and 
was discussed in relation to the orbital symmetry rule. The present calculabion suggests that the 
hydrogen-shift process becomes either a two-step or single-step mechanism depending on the 
basic strengt,h if t,he catalytic center. 

INTRODUCTION 

Xllylic species (cations, anions, and radi- 
cals) are important reaction intermediates 
in various catalytic reactions such as isom- 
erization and oxidation. Experimental evi- 
dence for the existence and roles of the 
intermediates in the reactions has been 
reported for several catalyst systems (1-S). 
For double bond isomerization catalyzed 
by basic reagents, allylic intermediates 
having an anionic character have been as- 
sumed both for homogeneous and hetero- 
geneous systems (S-6). We have shown 
previously, on the basis of quantum chemi- 
cal calculations, that anionic 1-methylallyl 
tends to assume the anti (&) configuration 
and that cationic I-methylallyl is stable in 
the syn (trans) configuration, conforming 
to the trend suspected from experimental 
results (7). Tracer studies have revealed 
that this reaction proceeds effectively via 

1 On leave from Institute of Organic Chemistry, 
Polish Academy of Sciences, 01-224 Warsaw, 
Kasprxaka 44/52, Poland. 

the intramolecular 1,3-shift of a hydrogen 
atom, in both homogeneous and hetero- 
geneous systems (A’). For example, for a 
CaO catalyst, a deuterium atom at the 
allylic position of I-butene migrates to the 
terminal carbon during isomerization to 
2-butene (3b). This intramolecular mecha- 
nism has been observed over several metal 
oxide catalysts, e.g., MgO (SC), MgFe204 
(3d), and A1203 (4). If this process proceeds 
via an allylic intermediate having a s&i- 
ciently long life, hydrogen-deuterium ex- 
change between the catalyst and the olefin 
may occur. On the other hand, the direct 
1,3-shift of a hydrogen atom in a single 
step, which is sometimes considered as a 
possible mechanism (4, 5), should be an en- 
tirely intramolecular mechanism. 

However, the 1,3-hydrogen shift in the 
supra mode for an ally1 anion and a proton 
system is a process forbidden by the 
Woodward-Hoffman rule and the conserva- 
tion of symmetry of frontier orbitals (8) : 

The highest occupied molecular orbital of 
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FIG. 1. The model adopted for the calculations 
of the 1,3-ally1 hydrogen shift. (A) Top view, (B) 
front view. 

the ally1 anion possesses opposite signs at 
the 1 and 3 carbons. This rule may also be 
related to some extent to other concerted 
mechanisms proposed for olefin isomeriza- 
tion (9). 

The aims of the present study are to 
extend the previous calculation and to 
elucidate the effect of a basic catalyst on 
this process. The principal questions are 
how the process, which is forbidden by the 
symmetry rule, takes place when a basic 
catalytic center exists and what happens 
when the basic strength of the center is 
changed. 

RESULTS AND DISCUSSION 

The procedures for the molecular orbital 
(CND0/2) calculation (IO) and the par- 
tition of energies into two-center terms are 
the same as given in the previous paper (7). 
Due to the simplification and assumptinn 
involved in the calculation, the CNDO 
method exhibits certain weaknesses, e.g., 
in the cslculation of the absolute energy 

values. However, this method has been 
reasonably successful in the prediction of 
equilibrium geometry (IO), charge dis- 
tribution (IO), and relative stability of 
geometrical and conformational isomers 
(7, IO), and has been applied to the study 
of catalysis (12). Therefore, the CNDO 
method was chosen for this work. The 
model adopted for calculation is shown in 
Fig. 1. A hydrogen atom, which is located 
1 A below the ally1 plane, moves from the 
position right below Cl (position 0) to the 
position below C3 (position S), so that the 
double bond of the pseudopropylene mi- 
grates from C2-C3 to Cl-C2 during the 
process. Although this model may appear 
to be too simple, it is a suitable model for 
clarifying the symmetry aspects of the 
intramolecular hydrogen shift. 

An OH-, having the oxygen atom situ- 
ated 2 A below C2, is taken as the model 
of the basic center. The OH- may represent 
a strong base similar to an oxide ion on the 
surface having a low coordination number. 
This position is the same as that used in 
Ref. (7) and renders the system stable. 
When the oxygen of OH- is moved on the 
plane lying 2 A below the ally1 plane, with 
H9 fixed at position 3, the energy of the 
system increases in the order, position 3 < 
position 8 < position 7 (see Fig. 1A). This 
change is due to the attractive interaction 
between the 2p, of C2 and the oxygen atom. 

When the hydrogen (H9) moves along 
the O-3-6 line, the total energy changes as 
is shown in Fig. 2. In the absence of OH-, 
there appears a high energy barrier for the 
1,3-shift, as is expected from the symmetry 
rule. When OH- is present at the appropri- 
ate position, the height of the barrier is 
lowered sharply and the system becomes a 
little more stable than the initial configura- 
tion. It must be remarked that the initial 
system resembles propylene, but is slightly 
less stable than the system which consists 
of actual propylene and OH-. However, it 
may be stated that the hydrogen transfer 
proceeds only over a small energy barrier, 
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FIG. 2. The change in the total energy (in kcal/ 
mol) during the 1,3-hydrogen shift in the absence 
and in the presence of OH- (from position 0 to 6 in 
Fig. 1). 

after the ally1 and H are formed from pro- 
pylene on the surface basic center. This 
trend essentially does not change, even if 
the C-H9 and C2-OH distances are 
changed, as is shown by the example in 
Fig. 2. In the absence of OH-, the height 
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of the barrier increases when the allyl-H9 
distance is increased, but the barrier re- 
mains essentially unchanged for the system 
containing OH-. 

The contrast found between the two 
cases is analyzed in more detail in terms of 
two-center energies. In Fig. 3, the varia- 
tion of the covalent bond energies and the 
charge distribution during the course of 
the hydrogen shift are plotted against the 
position of hydrogen shift. Only the first 
half (O-3) is presented, since the second 
half is the mirror image of the first half. 
This figure shows that the covalent inter- 
action for H9-Cl and C2-C3 bonds de- 
creases from positions 0 to 3, while, for 
HY-C2 and H9-C3, the covalent interac- 
tion becomes stronger. The Cl-C2 bond is 
strengthened only slightly for the case 
without OH-, but its strength increases 
considerably when OH- is present. It is 
most remarkable that the I-IS-OH interac- 
tion becomes significant as H9 approaches 
OH-. In the initial system, the Cl-C2 and 
C2-C3 bonds are respectively of single- and 
double-bond character. As for the ally1 
alone, these t,wo bonds are approximately 
of 1.5fold character, covalent energy for 
the C-C bond calculated by CNDO being 
approximately 1.43 to 1.45 a.u. However, 
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FIG. 3. The covalent energies (in a.~.) and chnrge distribution plotted against, the position of (#he 
hydrogen shift in the absence and in the presence of OH- (positions 0 to 3 are the same as in 
Fig. 1). 
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without OH-, two C-C bonds become 
nearly single bonds when H9 is at position 
3, indicating a destructive effect of H9 on 
C-C-C bonds. In the presence of OH-, 
CsHb actually exhibits this allylic character 
at the same H9 position. This is the reason 
why there is a high energy barrier in the 
absence of OH-, in conformity with the 
symmetry rule. The barrier is lowered to 
some extent by the increase in the attrac- 
tive C2-H9 force (a type). 

Regarding the charge distribution, con- 
siderable polarization takes place, with the 
ally1 becoming more anionic and H9 more 
like a proton, in both cases. However, at 
position 3, the interactions of H9 with the 
ally1 and with OH- are mainly of covalent 
character on the basis of the present CNDO 
calculation. The processes (for shifting H9 
from position 0 to 3) with and without OH-, 
therefore, may be illustrated, respectively, 
by reactions (1) and (2). 

c-c=c 
I t [c-p (I) 

H 

c-c=c [c.yTc]- (2) 
I 

H ;+ 

0‘ 

Ii 
P- 
H 

In Fig. 4, the changes in several two- 
center terms important to this process are 
presented. It may be seen that, as de- 
scribed above, the high barrier in the ab- 
sence of OH- is mainly due to a weakening 
of the C-C bonds (Ec+k, which is the sum 
of the covalent and exchange energies, 
changes by about 163 kcal/mol). The C-H 
interaction changes much less during the 
hydrogen shift. The large loss in the C-C 
bond energies is partly compensated for by 
the gain in the C-H9 electrostatic inter- 
action (ea. 100 kcal/mol). The difference 
between these energy changes (163 - 100) 
is comparable to the total energy change 
(G kcal/mol). When OH- is present, H9 
interacts strongly with OH-, leaving the 
ally1 system little altered [E’“+“(C-C) 
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FIG. 4. The change in several two-center en- 
ergies for shifts from positions 0 to 3 in Fig. 1. 
(1) fi+“(C-c) : covalent and exchange energies 
among the carbon atoms ; (2) Ec+&(C-H9) : covalent 
and exchange energies between H9 and the carbon 
atoms ; (3) Eelec(C-H9) : electrostatic energy be- 
tween H9 and the carbon atoms; (4) Ecfk (O- 
others) : covalent and exchange energies between 
the oxygen atom and other atoms (mainly H9) ; 
(5) Total energy. 

changes by ca. 15 kcal/mol]. Since the 
EeleO(C-H9) varies similarly for both cases, 
the reason why the system containing OH- 
becomes stable is that the loss of the 
allyl-H9 bond energy is overcome by the 
strong H9-OH interaction, the destructive 
effect of H9 on the ally1 part being very 
small. 

The effect of a water molecule in place of 
OH- was studied as a model of a weak 
base. Hz0 may represent M-O-M or M- 
O-H on the surface. The oxygen atom is 

TABLE 1 

Energy Changes for the Hydrogen Shift Process 
in the Presence of Bases (in kcal/mol)” 

Basic Sum of the two-center 
center terms for 

Total energy 
change 

C-C sllyl-H9 O-H9 All 

None f152 -83 - +46 +65, +109b 
Hz0 +90 -22 -47 +21 +75, +94*, +65c 
OH- +21 + 105 -273 -61 -10 

~1 The differences in the energies for H9 at positions 0 and 3 
for standard geometry (Fig. 1) are given, except for those 
values with superscripts b and c. Plus signs indicate that the 
energies increase from 0 to 3. 

b Ally1 plane-H9 = 1.2 A; ally1 plane0 = 2.2 A. 
0 Ally1 plane-H9 = 1.0 A; ally1 plane-0 = 2.1 K. 
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fixed 2 A below C2, since this position 
renders the system most stable as before. 
Two hydrogen atoms are located below the 
oxygen with the H-H line parallel or per- 
pendicular to the Cl-C3 line. No substan- 
tial difference in energy was observed be- 
tween the two water configurations. Some 
of the results are given in Table 1, together 
with the previous two cases. It is seen that 
Hz0 is intermediate between the two previ- 
ous cases as for the two-center terms. For 
instance, H9 at position 3 has a destructive 
effect on the C-C bonds as in the hydro- 
carbon-only system, although to a lesser 
extent. The oxygen atom interacts attrac- 
tively with H9 but is less effective than 
OH-. As for the total energy change, Hz0 
has a rather small effect, although it varies 
slightly for a small change in distance (Fig. 
2 and Table 1). Probably the one-center 
terms contribute more in this case, owing 
to the extensive polarization of the system. 
However, the reason for this was not inves- 
tigated further. Nevertheless, the changes 
in the two-center t’erms appear to illustrate 
well the effect of the difference in the 
basicity of the catalytic center. The present 
calculation suggests that the oxygen basic- 
ity in M-O-M or M-O-H is not strong 
enough to be effective in the hydrogen 
transfer process. The effect of LiOH lies 
between Hz0 and OH-, indicating that 
their basicities increase in the order Hz0 
< LiOH < OH- (11). 

SUMMARY 

(i) There is a high energy barrier for the 
1,3-hydrogen shift in the ally1 system, in 
accord with molecular orbital symmetry 
considerations. The hydrogen atom shift- 
ing (H9, Fig. 1) interacts destructively 
with the ally1 part at the top of the bar- 
rier, donating electrons to ally1 system. 
The barrier is pattly lowered I)y t,he u-type 
attractjive interaction between 110 and C?. 

(ii) The barrier becomes very low when 
a strong base, like OH-, is present at an 

appropriate position. This effect is mainly 
due to the rather strong interaction be- 
tween H9 and the basic center. Besides the 
energy gain from this interaction alone, 
there is an indirect gain in energy due to 
a decrease in the destructive effect of H9 
on the ally1 skeleton. 

(iii) A water molecule, chosen as the 
model of a weak base, exhibits an inter- 
mediate effect on this process for the two- 
center terms. 

(iv) In the transition state (position 3, 
Fig. l), in the presence of OH-, the system 
is strongly polarized, although considerable 
allyl-H9 interaction of covalent character 
occurs. Further calculations show that the 
entire system becomes slightly more stable 
as the allyl-H9 distance is increased and 
as H9 approaches OH- more closely. This 
indicates that the system tends to dissoci- 
ate to ally1 and water. These results suggest 
that the hydrogen transfer process becomes 
more like a stepwise mechanism in the 
presence of a strong base. 

C3H6 + OH- --+ CxHb- + Hz0 + 

“isomerized” &He + OH- 

On the contrary, the reaction C3He + 
Hz0 + C&- + H30+ is endothermic, so 
that the 1,3-hydrogen shift resembles a 
concerted one-step mechanism if it does 
occur. The actual process catalyzed by 
bases may exhibit either the one-step or the 
two-step mechanism depending on the 
basic strength of the catalytic center and 
other factors, such as the ability of the 
cationic center to coordinate with the allyl. 
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