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The path of suprafacial 1,3-sigmatropic rearrangement is studied with the INDO-CI and INDO LMO meth-
ods. The methyl migration has been found to be represented by successive 1,2-shifts with a biradicaloid transi-

tion state.

responsible for the determination of the path. A subsidiary orbital also plays a part.
chlorine migration has been shown to be a direct 1,3-shift.

The interaction between the singly occupied MO’s of allyl and methyl fragments is suggested to be

On the other hand, the
The interaction between the lowest unoccupied MO of

the allyl cationic part and the highest occupied MO of the remaining part, chloride anion, has been found to govern

the path of chlorine migration.

The lone pair electrons of the migrating fragment makes the successive 1,2-shifts

quite unlikely in the 1,3-suprafacial chlorine rearrangements.

The frontier orbital theory! and Woodward-Hoffmann
rule? have been demonstrated to be useful in disclos-
ing the electronic control of chemical reaction paths.
On the other hand, some interesting suggestions? have
been presented on the mechanism of the reactions
which do not obey the prediction obtained from the
usual orbital symmetry considerations. In this paper,
the mechanistic difference between the suprafacial 1,3-
sigmatropic migrations of a methyl group and a chlorine
atom over the allylic framework will be studied on the
basis of a semiempirical all-valence electron MO
calculation.

Recently, there have been several notable develop-
ments in the study of 1,3-sigmatropic rearrangements.
According to the Woodward-Hoffmann rule, 1,3-sigma-
tropic rearrangements should occur in a suprafacial
fashion over the allylic framework with the inversion
of the configuration of the migrating group, or in an
antarafacial fashion with the retention of the configura-
tion of the migrating species. Experiments do show,
however, that some thermal suprafacial 1,3-sigmatropic
reactions take place with retention.) On the other
hand, intramolecular chlorine migration was observed
in allyl chloride.®) If the single chlorine p orbital
participates in the rearrangement, the 1,3-migration
would be a symmetry-disfavored process. There have
been some MO calculations® on the mechanisms of the
1,3-migrations. However, the reaction paths have not
been discussed in detail as yet. Accordingly it may
be worthwhile to study the mechanism of the 1,3-sigma-
tropic rearrangements based on the detailed information
on the possible course of the migration.

We studied first the paths of the 1,3-methyl and
chlorine migrations over the allylic framework by the
use of the INDO MO method. Then, the bond inter-
change along the reaction path was examined in terms
of the localized molecular orbital (LMO) to get a
clearer insight into the formation and breaking of
chemical bonds which are characteristic of the migra-
tions.

Method

The INDO approximation”? is employed in the
present MO calculation. The reaction system consists
of an allyl and a methyl fragment and of an allyl and
a chlorine fragment. The geometrical parameters

of allyl and methyl fragment were taken after the
standard values proposed by Pople.” Three typical
pathways of a suprafacial 1,3-sigmatropic reaction,
depicted in Fig. 1, have been examined tentatively.
In the first model, Route 1, the migration occurs along
the line connecting C; and C; of the allylic framework.
The second is Route 2 in which the migrating group
(M) approaches first to C,, and then moves on to C,.
In Route 3, M transfers from C; to C; far away from C,.
The energies of the two reaction steps, Step 1 and Step
2, for each of the models, Route 1—3, were compared.
Figure 1 illustrates the variables representing the reac-
tion systems. Two independent parameters, R; and R,
were selected. R, represents the height of M above
the plane of the allylic framework. R, stands for the
vertical distance between the point of the projection
of M onto the allylic plane and the line connecting the
two terminal carbons (C, and C,) of the allylic frame-
work. The origin of the coordinate system is taken at
the midpoint of C; and C,;. The minus sign of R,
means that M moves away from the origin in the
opposite direction to C,. Step 1 corresponds to the
initial stage of the reaction. Namely, M is above the
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Assumed reaction models.
coordinate system is on the center of C,—C, line.

Fig. 1. The origin of the
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TaerLe 1. TOTAL ENERGY OF METHYL MIGRATION
R, R, Total energy Tc:/tv?hf néigy
Step 1 1.50A 0.00A —907.46eV —907.75eV

1.50 0.175 —907.56 —907.84

1.50 0.35 —907.32 —907.57

1.40 0.00 —907.45 —907.76

1.40 0.175 —907.45 —907.77

1.40 0.35 —907.15 —907.46

Step 2 1.50 0.00 —904.93 —905.36

1.50 0.35 —905.22 —906.07

1.50 0.70 —904.25 —905.31

1.40 0.00 —905.37 —905.86

1.40 0.35 —904.97 —905.79

1.40 0.70 —903.68 —904.75

TABLE 2. TOTAL ENERGY OF CHLORINE MIGRATION
R, R, Total energy
Step 1 1.80 A —0.35A —1073.45eV

1.80 —0.175 —1073.46

1.80 0.0 —1073.37

1.80 0.175 —1073.18

Step 2 1.80 —0.70 —1071.51

1.80 —0.525 —1071-59

1.80 —0.35 —1071.52

1.80 0.0 —1070.95

line (I) which is perpendicular to the line connecting
C, and C; with X= one-fourth of C,—Cj length. Step
2 represents the transition state, and M is placed above
the Y-axis. Total energies of the system are listed in
Tables 1 and 2.

The Reudenberg-Edmiston LMO’s®) used in Steps 1
and 2 were calculated to investigate the change in the
chemical bonds during the reaction. The bond orbitals
obtained visualize the appearance and disappearance
of specific bonds along the reaction process, as will be
seen in the next section.?

Results

From the results of the INDO calculation without
configuration interaction (CI) given in Table 1 it is
seen that Route 2 is adequate for representing the
methyl migration at the initial stage but is not suitable
for describing the transition state. However, the result
with CI suggests that the reaction path would be close
to Route 2 throughout the migration. These results
indicate that the inclusion of the CI is of essential
significance in obtaining reasonable results in regard
to the loosely bound transition state. The gross atomic
charges given in Table 3 show that the methyl and
allyl fragments tend to be neutral at the transition state
(R,=1.50 A, R,=0.35 A).

The most stable geometry for the chlorine migration
was found to be R;=1.80 A and R,=—0.175A in
Step 1, and R,=1.80 A, R,=—0.525 A in Step 2, as
shown in Table 2: that is, the reaction path is close
to Route 3. It should be noted that the path is very
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The methyl migration. The chlorine migration.

different from that of the methyl migration mentioned
above. The chlorine migrates along the pathway as
to minimize the interaction with C, of the allylic frame-
work. In the chlorine migration the inclusion of the
CI did not show any serious change in our conclusion,
so the CI result was omitted in Table 2. The electron
populations given in Table 3 show that the transition
state of the chlorine migration is likely to be an ion-pair.

The LMO’s of the methyl migration are illustrated
in Fig. 2. It is found that the LMO’s localized in
C-H bonds do not change markedly throughout the
migration. The methyl carbon (C,)-C; bond which
disappears in the reaction is transformed into a three-
centered bond, C,—C,~C,, and the double bond (C,=
C;) is represented by two bent bonds in Step 1. In
Step 2 one of the bent bonds of C,=C; is transformed
into the three-centered bond(C,~C,—C,), and the other
bent bond is converted to a ¢-bond (C,-C,). Accord-
ingly, two three-centered bonds appear in Step 2. The
LMO’s of the doubly-excited configuration were also
calculated. The doubly-excited configuration in which
a pair of electrons are promoted from the highest oc-
cupied (HO) MO to the lowest unoccupied (LU) MO
of the whole system was found to be the most important
one from the CI calculation. = Figure 3 illustrates several
LMO?’s of the doubly-excited configuration in Step 2.
One of the two three-centered bond orbitals is converted
to the C,~C, bond and the other is transformed to the
orbital which localizes at C; and C;. This localized
orbital at C; and C,; seems to represent the biradical
nature of the system. The transition state has been
found from the CI calculation to be described sufficiently
well by the linear combination of the ground configu-
ration and the doubly-excited configuration mentioned
above. It is concluded, therefore, that the transition
state of the methyl migration possesses a biradical
character to a certain extent.

The LMO?’s for the chlorine migration are illustrated
in Figs. 4 and 5. It is seen that the LMO’s localized
in the C—H bonds are not changed markedly throughout
the migration. Figure 4 demonstrates that the mode

(a) (b)
Fig. 2. The schematic presentation of the LMO’s of the

methyl migration. (a): Step 1. (b): Step 2.
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Fig. 3. The particular LMO shapes of the methyl mi-
gration. The density line is 0.3 ¢/A3. (a): One of the
three-centered bonds of the ground configuration at
the transition state. (b): One of the LMO’s of the
doubly-excited configuration at the transition state.
(c): Another LMO of the doubly-excited configuration
at the transition state.

of bond interchange in the chlorine migration is dif-
ferent from that in the methyl migration. In the case

of the chlorine migration, one of the bent LMO’s re-

presenting C,=C; bond is transformed into the LMO
composed of three 2p, atomic orbitals (AO’s) of allyl
carbons. The chlorine atom is bonded to Cj and C,
of the allylic framework by the LMO corresponding
to the chlorine lone pair at the transition state. How-
ever, the LMO representing C,—-Cl-C; three-centered
bond is almost exclusively localized at the chlorine 3p,
AO and, hence, the migrating chlorine is bound to the
allylic framework very weak in the neighborhood of the
transition state. The gross charges on the composed
atoms and groups shown in Table 3 indicate that the
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(b)

Fig. 4. The schematic presentation of the LMO’s of the
chlorine migration. (a): Step 1. (b): Step 2. Two
shaded lobes which are nearly equal to chlorine 3py
AO represent one of the chloride anion lone pairs, and
one LMO is composed of three 2p, Ao’s of the allyl
carbons.

x

The particular LMO shapes of the chlorine
The density line is 0.3 ¢/A3. (a): C,—Cl
(b): C,—Cl-C; bond orbital

Fig. 5.
migration.
bond orbital of Step 1.
of Step 2.

transition state should be described as an ion-pair be-
tween the allyl cation and chloride ion, in agreement
with the result of the LMO calculation.

We may conclude here from our INDO-CI and LMO
calculations that the suprafacial migration of methyl
with retention of the configuration of the migrating
center, takes place via successive 1,2-shifts. However,
the migration possesses a single symmetrical transition
state and, hence, it should be classified as a one-step
process. On the contrary, the chlorine migration is
concluded to occur by way of a direct 1,3-shift with
an ion-pair transition state.
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TABLE 3. ATOMIC GROSS CHARGE AT THE TRANSITION STATE

The optimized geometry without CI (R,=1.40 and R,;=0.0) of the methyl migration.

Allyl carbon

Allyl Methyl Methyl
c, C, c, group carbon group
Gross charge —0.187 0.229 —0.187 —0.153 0.394 0.153
The optimized geometry with CI (R;=1.50 and R,=0.35) of the methyl migration.
Allyl carbon Allyl Methyl Methyl
c, c, c group carbon group
3
Gross charge without CI —0.172 0.211 —0.172 —0.142 0.333 0.142
Gross charge with CI —0.162 0.203 —0.162 —0.131 0.311 0.131
The optimized geometry (R;=1.80 and R,=—0.525) of the chlorine migration.
Allyl carbon
Allyl Chlorine
c, C, q, group
Gross charge 0.143 0.043 0.143 0.400 —0.400

Discussion

Let us interpret here the reaction mechanisms of the
methyl and chlorine migrations by means of the orbital
interaction in order to disclose the reason why the paths
of the migrations are different from each other.

Methyl Migration. The principal orbital interac-
tions involve the three = orbitals (7, 7, and 75) of the
allyl group, and a o-type (¢,) and a =-type (¢x)
orbitals of the methyl group as shown in Fig. 6. The
interaction of ¢, with =; and =, gives ¢,, ¢,, and ¢,
and that between z, and ¢. gives ¢, and ¢,. The CI
coefficients of the lowest closed-shell configuration and
the ¢3—¢, doubly-excited configuration are listed in
Table 4, as well as the orbital energies of ¢; and ¢,.
The contributions of the other excited configurations
are found to be negligibly small. The MO ¢, has a
bonding nature between C, and C,, but the MO ¢,
is antibonding. Accordingly, the mixing in of the
¢3—¢, doubly-excited configuration gives rise to the
strengthening of both the ¢ and = type bondings in
the reaction system. Table 4 clearly indicates that the
effect of the CI becomes more significant as the separa-
tion between the methyl carbon and C, gets smaller.

ts

Fig. 6. The MO interaction diagram at the transition
state of the methyl migration.

TaBLE 4. Tur CI BOEFFICIENTS AND ORBITAL ENERGY
AT THE TRANSITION STATE OF THE METHYL MIGRATION

R, R, Go Cos s A
1.50A 0.70A 0.934 0.352 —6.99¢V 2.39eV
1.50 0.35 0.950 0.309 —6.72 3.31
1.50 0.0 0.979 0.192 —6.31 4.14

The enhancement of mixing in of the diexcited configu-
ration is attributable to the decrease in the energy gap
between ¢3 and ¢,. The interaction between ¢, and
7, stabilizes the system.®® On the other hand, the
interaction between ¢, and 7z leads to the lowering
of the ¢, orbital. It is obvious that the dominant com-
ponent of ¢, is m;. The interaction between ¢, and
7y contributes to the stabilization of the transition state,
as well as the interaction between ¢, and z,, through
the lowering of the composite MO ¢,.

Berson and Salem introduced the subjacent orbital
effect in order to explain the occurrence of the formally
symmetry-disfavored 1,3-migrations. They claimed
that this resulted not from an effect on the HOMO
but instead from the interaction of the carbon p orbital
with a subjacent, bonding allyl orbital.3® We feel,
however, that the interaction of the carbon p orbital
with a subjacent orbital (7;) was over-emphasized in
their discussion. Since the carbon p orbital can interact
both with z, and z,, the role of =y orbital should be
clearly recognized.’® Our INDO-CI calculation dis-
closed not only the importance of the depression of ¢,
as the major stabilization through the direct overlap
interaction between ¢, and n; but also that of ¢, for
lifting the destabilization due to ¢; through the mixing
in of the ¢;—¢, doubly-excited configuration to facil-
itate the occurrence of the migration.

The mechanism of 1,3-sigmatropic shift was ration-
alized above as a successive 1,2-shift. The interaction
between the singly occupied (SO) MO of the allyl and
the SOMO of the methyl is considered to have a key
importance in stabilizing the reaction system at the
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initial stage of the migration. As the migration pro-
ceeds, however, the stabilization decreases because of
the out-of-phase overlapping of ¢, with the G; lobe
of the antisymmetric m, becomes large. Accordingly,
the reaction would proceed along the pathway in which
the C; lobe and ¢, tend to overlap as little as possible.
That is, the migration seems to take the pathway in
which the destabilization due to the weakening of the
SOMO-SOMO interaction is as small as possible.
Furthermore, the reaction should take place in a way
as to give a large overlapping between ¢, and ;.
At the transition state the interaction of ¢, with 7
and 74 orbitals is important.  Since the 7, and =3 MO’s
possess the largest amplitudes at the central carbon, the
methyl group comes closer to C, to create larger over-
laps of ¢, with 7; and with ;. The reason why Route
2 is the most favorable pathway is thus clarified.

The preference of the 1,2-shift to the direct 1,3-shift
is explained in another way by considering the orbital
interaction between the z bond (C,-C,) and the ¢-bond
(C,—Cy) to be broken.’) The reaction may be initiated
by the charge-transfer interaction from the former to
the latter and wvice versa. The mode of the orbital
interaction between the HOMO and the LUMO of the
two localized bonding regions is depicted in Fig. 7. It

Fig. 7. The mode of the orbital interaction between
the two bonding region.

is seen that the overlapping of the HOMO of the C,-
C; = bond with the LUMO of the C,~C, ¢ bond is
ineffective, while the overlapping of the LUMO of the
former with the HOMO of the latter is effective. It is
now obvious that the overlap interaction between the
HOMO of the C,-C, bond and the LUMO of the
C,—C; 7 bond in this migration makes a successive 1,2-
shift more likely than a direct 1,3-shift. This explana-
tion leads to an important prediction that the 1,3-sigma-
tropic rearrangement with retention will occur easily
when the migrating group has an electron donating
group.?

The mechanism presented here (a successive 1,2-
shift) agrees with the experimental results in regard to
the stereoselectivity of the migrating center.2) The rate
ratio of the 1,3-suprafacial rearrangement with retention
to the rearrangement with inversion increases in the
order bicyclo[2.1.1]hexene series (1)<bicyclo[3.2.0]-
heptene series (2)<bicyclo[4.2.0]Joctene series (3)<
monocyclic series (4).1%

L BB

(2) (3) (4)
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Berson and Holder®®) proposed that this rate ratio might
depend on the reactant structures. Namely, they sug-
gested that the overlap between the front lobe of the
migrating carbon and the suprafacial lobe of the central
carbon of the allylic framework would stabilize the
transition state of the symmetry-disfavored reactions.
The Berson’s interpretation is consistent with our conclu-
sion derived here, i.e., the suprafacial 1,3-shift with
retention of the configuration can be interpreted in
terms of a successive 1,2-shift, because the facility of
a 1,2-shift is also dependent upon the reactant structure.

Chlorine Migration. The orbital interaction of
Step 2 was examined in a similar way as that of the
methyl migration. The principal orbital interaction
seems to include the three z orbitals of the allylic frame-
work and chlorine 3p, and 3p, AO’s. From the gross
charges in Table 3, it is appropriate to consider here
the orbital interaction between an allyl cation and a
chloride anion. The MO interaction diagram is present-
ed in Fig. 8. It is noted that the ¢; and ¢, MO’s
are interchanged in chlorine migration in comparison
with the case of methyl migration. This is a reason
why the inclusion of the CI does not change seriously
the conclusion derived from the results of calculation
without CI. The MO ¢, of the chlorine migration was
found to have antibonding character between Cl and
C, in the transition state. This means that the interac-
tion between 3p, AO and =, is greater than that between
3p, AO and z;. The difference in the ordering of
the ¢; and ¢, levels between methyl and chlorine migra-
tions is attributed to the lower energy of the chlorine
3p, AO than that of the ¢, MO of the methyl group.
Figure 8 shows that the interaction between the HOMO
(3px AO) of the chloride anion and the LUMO (m,)
of the allyl cation stabilizes the transition state effec-
tively.

The path of the 1,3-migration of chlorine is ration-
alized in the following manner. The interaction between
the 7, MO and the 3p, AO has a key importance in
stabilizing the reaction system at the initial stage of the
migration. As the migration proceeds, however, the
stabilization decreases because the out-of-phase overlap-
ping of 3p, AO with the C; lobe of the antisymmetric
7, becomes large. However, throughout the chlorine
migration reaction, unlike the methyl migration, the
interaction between 7, and 3p, AO is bonding in char-
acter to stabilize the system efficiently. The interac-
tion between z; and 3p, AO is larger than that be-

Py
> 8

Pz

Fig. 8. The MO interaction diagram at the transition
state of the chlorine migration.
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tween 773 and 3p, AO as mentioned above. Consequent-
ly, the interaction of 3p, with #; and =4 leads to the
destabilization of the reaction system. The destabili-
zation makes the chloride anion migrate in such a way
as to minimize the overlap with C,. The reason why
Route 3 is the most favorable pathway is clarified. The
difference between the mechanism of the methyl migra-
tion and that of the chlorine migration can be ascribed
to the presence of a low-lying pair of electrons in the
migrating species in the latter case.

It is interesting to examine the intramolecular acid-
catalyzed isomerization of allyl alcohols!® in relation
to the chlorine migration described above.

¢
AR
RCH’-CH'(}HR’ <> |-CH? \':,CH- «> R(llH-CH=CHR'
sol'

'O Hz ) ‘OH2
H,

In this case, the transfer of the double-bond and the
migration of the hydroxyl group as a neutral water mol-
ecule are supposed to take place simultaneously.? It
is considered that the path of isomerization may be
similar to the chlorine migration, water molecule being
bonded to two terminal carbons of the allylic framework
at the transition state, because the migrating species
has a lone pair orbital relevant to the orbital interac-
tion with the =, and n; MO’s and another lone pair
orbital to the interaction with @, MO of the allyl
fragment.

Conclusion

It is concluded here that 1,3-sigmatropic rearrange-
ment may occur suprafacially on the allylic framework
with retention of the configuration of the migrating
center as the result of a successive 1,2-shift with a
radical nature. This is interpreted by the SOMO-
SOMO interaction between the allyl radical and the
methyl radical in the initial stage and the subsidiary
orbital effect near the transition state. In the chlorine
migration the HOMO-LUMO interaction between the
allyl cation and the chloride anion provides the dom-
inant stabilization to the reaction system. From the
present calculation, it is clarified that the mechanism
of 1,3-migration in allylic framework depends on the
property of the migrating species.

We would like to express our gratitude to the Data
Processing Center, Kyoto University, for its generous
permission to use the FACOM 230-75 computer. Our
MO calculation was carried out under the financial
support of the Ministry of Education (Grant-in-Aid
047068).
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