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Multiple bond migration with participation of a protophilic agent
3.* Double bond migration in 1-methoxy-2-propene molecule
with participation of hydroxide ion
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The pathways of migration of the double bond in the l-methoxy-2-propene molecule
with participation of a hydroxide ion were investigated by the ab initio RHF/6-31+G* and
MP2/6-31+G* methods. Stationary points corresponding to complexes between the mol-
ecule under study and the hydroxide ion and between the corresponding carbanion and a
water molecule were found on the potential energy surfaces of the proton transfer reactions.
As in the propene molecule, migration of the double bond in the 1-methoxy-2-propene
molecule can occur in the gas phase by the mechanism of intramolecular proton transfer
involving the proton of the hydroxide ion. Conformational isomerism of the initial molecule
and reaction products was considered. The proposed mechanism of 1,3-hydrogen shift
involving the proton-containing base suggests the formation of both E- and Z-products with
predominance of the latter irrespective of the nature of the substituent. In this case the
direction of multiple bond migration will be completely determined by the energy difference

between the initial reagents and final products,

Key words: propene, methoxypropenes, 1,3-hydrogen shift, hydroxide ion, reaction
mechanism, potential energy sutface, ab initio quantum-chemical calculations.

Previousty,1-2 we studied the mechanism of multiple
bond migration in the propene molecule with participa-
tion of a hydroxide ion and showed that it can occur via
the formation of an intermediate complex of the three-
carbon system with the water molecule formed from the
attacking hydroxide ion and one of the methyl protons

- of propene, i.e., formally without exchange of the mi-
grating proton with the medium ("intramolecularly™).

In an unsaturated system containing a heteroatomic
substituent the multiple bond usually migrates toward the
heteroatom.34 In contrast to the degenerate process in
propene, a multiple bond migration in a molecule contain-
ing the substituent at the sp3-hybridized C atom can lead
to both Z- and E-isomers. In the case of alkyl substituents,
Z-alkenes are mostly formed as a result of prototropic
shift.5 For 1-alkoxy-2-propenes, the preferable kineticaily
controlled formation of Z-isomers js initially observed,
which is followed by their partial isomerization into the E-
isomers.® This regularity holds also in the case where the
allyl group is bonded to the nitrogen atom.”—12

This work is dedicated to studying the effect of a
heteroatomic substituent (methoxy group) on the double
bond migration in the propene fragment of the 1-methoxy-
2-propene molecule (1) in the presence of a hydroxide ion.

*For part 2, see Ref. 1.

Calculation procedure

The procedure for calculations was described previously.!
The sections of the potential energy surfaces (PES) of the
reactions under discussion were obtained in the framework of
the restricted Hartree—Fock (RHF) method and with inclu-
sion of correlation effects at the second-order Meller—Plesset
(MP2) level of perturbation theory using the 6-31+G* basis
set. Calculations were performed using the GAMESS pro-
gram!? with a PENTIUM® 11 chip with the LINUX operating
system and on a SunSparc-1000 computers.

Results and Discussion

Spatial and electronic structure of methoxypropenes

Double bond migration in the l1-methoxy-2-propene
molecule can result in the formation of £~ and
Z-isomers of 1-methoxy-1-propene-1 (2 and 3, respec-
tively).
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The spatial structure of initial reagents and final
products should be considered in more detail, since its
specific features appear to be essential for estimating the
energetics of suggested mechanisms.

Internal rotation about the C(1)—O and C(1)—-C(2)
bonds in molecule 1 should be relatively free. Indeed,
according to RHF calculations, there are three minima
with rather close-lying energies on the potential curve of
internal rotation about the C(1)—C(2) bond obtained
for 1; they correspond to an OC(1)C(2)C(3) dihedral
angle of 0° (the planar form la), 130° (1b), and 230°
(1e¢). In the structures 1b and 1c the O atom deviates
from the plane passing through the C(1), C(2), and C(3)
atoms by 50°.
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Conversion of the planar form 1a into the nonplanar
form 1b (or 1¢) occurs with overcoming of an energy
barrier of 3.0 kcal mol~!. The height of the barrier
separating two nonplanar structures 1b and lc is
1.4 kcal mol~!. Rotation about other ordinary bonds also
has little effect on the total energies of stable conformers
and occurs with overcoming of low energy barriers.

Thus, there are scveral local minima on the PES
constructed for molecule 1 with a spread in energy lying
within the limits of 0.1 kcal mol™!. Any of the structures
corresponding to the minima can be equiprobably rear-
ranged under the action of a base. .

It should be expected that the rotation about the
C(1)~0 bond in molecules 2 and 3 also occurs with
overcoming of low energy barriers. According to tradi-
tional concepts, molecules 2 and 3 can exist in three
(s-cis, s-trans, and nonplanar s-gauche) conformations.
Internal rotation can be hindered due to both the
p,n-interaction of the lone electron pair of the O atom
with n-electrons of the double bond and pure steric
factors. It should be noted that the structure of this type
of vinyl systems is a debated topic so far.}4

According to RHF calculations, the s-cis-rotamer of
compound 2 is the most energetically favorable (Fig. 1).
The energy of the s-gauche-structure with a
C(4)OC(1)C(2) angle of 145° is 1.1 kcal mol™! higher.
The energy barrier separating the s-cis- and s-gauche-
rotamers is 3.6 kcal mol™1. The planar s-frans-rotamer
corresponds to a transition state between two equivalent
s-gauche-positions of the methyl group. The Hesse ma-
trix has one negative eigenvalue at this point. The height
of the activation barrier to such a transition is only
0.3 kcal mol~!. The inclusion of zero-point vibrational
energy leads to the decrease in the energy difference
between the rotamers down to 0.6 kcal mol™}, the
barrier to conversion between the s-cis- and s-gauche-

forms decreases to 3.0 kcal mol™!, and that to transition
between two s-gauche-structures is only 0.2 kcal mol™!.

Unfortunately, no experimental data on the barriers
to internal rotation in the l-methoxy-1-propene mol-
ecule are available. At the same time the shape of the
potential curve of internal rotation is in good agreement
with the concepts of intramolecular torsional motions of
large amplitude observed experimentally for several
rotameric forms of vinyl ethers.14

For structure 3 we considered stationary points on
the PES corresponding to the rotamers with the s-cis-,
s-trans-, and s-gauche-position of the methyl group
(Fig. 2). As in the case of compound 2, the s-cis- and
s-gauche-structures of 3 correspond to minima on the
PES; however, because of apparent steric hindrances the
s-gauche-form with a C(4)OC(1)C(2) angle of 151° ap-
pears to be more stable (by 4.9 kcal mol™!). The barrier

s-gauche
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I 1 'y
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Fig. 1. Potential curve of internal rotation about the C(1)—0O
bond in the E-1-methoxy-1-propene molecule 2 (according to
RHF/6-31+G* calculations).
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Fig. 2. Potential curve of internal rotation about the C(1)—0
bond in the Z-1-methoxy-1-propene molecule 3 (according to
RHF/6-31+G* calculations).
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to transitions between these forms is 0.1 kcal mol™!,
while the inclusion of zero-point vibrational energy
leads to a situation where the energy level of the transi-
tion state is lower than the first vibrational level of the
s-cis-structure. The s-zrans-form corresponds to the tran-
sition state between two s-gauche-structures of 3 while
its energy is merely 0.1 kcal mol™! higher than that of
the s-gauche-form. Thus, calculations predict that mol-
ecule 3 exists entirely in the s-gauche-conformation
characterized by intramolecular torsional motion of large
amplitude characteristic of compounds in which the O
atom is adjacent to the double bond.

It is significant that the total energies of the most
stable rotamers of molecules 2 (s-cis) and 3 (s-gauche)
calculated in the RHF approximation differ by only
~0.6 kcal mol™!, the E-isomer of 2 having the lower
energy. The total energies of s-gauche-forms of mole-
cules 2 and 3 are also close, the structure 3 (s-gauche)
being only ~0.6 kcal mol™! preferable. Therefore the
thermal effect of isomerization of 1 into any of these
forms does not cause one to anticipate a preferred
formation of a particular structure.

Mechanism of intramolecular proton transfer upon
prototropic isomerization of I-methoxy-2-propene

In the MP2/6-31+G* approximation we studied the
profile of 1 — 2 rearrangement with participation of a
hydroxide ion following the mechanism considered pre-
viously for the propene molecule, which involves the
intermediate formation of a complex between the corre-
sponding carbanion and the water molecule. There is a
minimum corresponding to complex 6 between the
[E-MeOCHCHCH,]|™ anion (9) and the water molecule
on the structure—energy diagram of the system under
study (Fig. 3). This complex is, on the whole, structur-
ally similar to the analogous complex with propene.?

AEfkcal mol™!

MeO—CH,—CH=CH, + OH"

Introduction of a substituent (methoxy group) leads to a
displacement of the coordinated water molecule toward
the terminal C atom. The gas-phase formation energies
of complex 6 (from isomer 1 and hydroxide ion) and the
analogous complex formed in the course of prototropic
isomerization of unsubstituted propene are also close
(9.7 kcal mol™! and 8.9 kecal mol™!, respectively). The
anion 9, with a C(4)OC(1)C(2) angle of 114.4° in
complex 6 and 121.1° in isolated structure 9, is structur-
ally similar to the s-gauche-form of 2.

By shortening the C(1)—H distance followed by
refinement using the GAMESS program we found the
transition state 5 corresponding to proton migration
from the sp’-hybridized C atom toward the attacking
hydroxide ion (Fig. 4). Transition state 7, corresponding
to the proton transfer from the water molecule to the
terminal C atom, was localized analogously using the
C(3)—H distance as the reaction coordinate.

By descending from point § along the reaction co-
ordinate one arrives at complex 4 between the initial
molecule 1 and the hydroxide ion; in this complex the
C(3)C(AC(1)O torsion angle corresponding to rotation
about the C(1)—C(2) bond is 99.3° and the
C(2)C(1)OC(4) angle characterizing rotation about the
C(1)—0 bond is 69° (see Fig. 4). Such a complex can be
formed from structure Ie. Noteworthy is the appreciable
rotation of the methoxy group in the complex as com-
pared to the structure lc (the C(3)C(2)C(1)O angle is
130°) and obvious distortion of the “cisoid” conforma-
tion characteristic of the allyl group. Analogous distor-
tion found also for unsubstituted propene? is most likely
due to involvement of not only the proton at the C(1)
atom, but also that at the C(2) atom (see Fig. 4) in the
coordination with the hydroxide ion. -

The gas-phase formation energy of complex 4 from
molecule 1¢ and a hydroxide ion is 11.6 kcal mol™!,

MeO—CHCHCH,™ (9) + H,0

MeO—CH=CH~—Me + OH~

Fig. 3. Structure—energy diagram of the reaction of 1-methoxy-2-propene isomerization into £-1-methoxy-1-propene (the relative
energies of the structures (AE) were calculated in the MP2/6-31+G* approximation).
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which is 1.6 kcal mol™! lower than for unsubstituted
propene. The 4 — 6 transition is accompanied by an
increase in the total energy of the system of 1.9
kcal mol~! and requires overcoming of an activation
barrier of 7.3 kcal mol™! (¢f 1.3 and 7.6 kcal mol™},
respectively, for the unsubstituted propene). Analogously,
the energy of transition state 5 is 4.4 kcal mol™! lower
than those of the initial reagents (¢f. 5.7 keal mol~! for
propene).! Thus, the stages of proton abstraction from
the C(1) atom and complex formation between the
carbanion and the water molecule are close for propene
and its methoxy derivative on both qualitative and quan-
titative levels.

By descending from point 7 along the reaction coor-
dinate one arrives at complex 8 between the s-gauche-
rotamer of molecule 2 (the C(2)C(1)OC(4) angie is
130°) and the hydroxide ion (see Fig. 3). The energy of
its formation from the initial reagents is 13.3 kcal mol™1.
The 6 — 8 transition occurs with overcoming of a barrier
of 4.0 kcal mol~! and is accompanied by a decrease in
the total energy of the system of 3.5 kcal mol™f. Ab-
straction of the hydroxide ion from complex 8 is accom-
panied by an increase in the total energy of the system of
9.8 kcal mol™!. On the whole, the double bond migra-
tion is exothermic (3.5 kcal mol™!). Abstraction of a

water molecule from complex 6 to form the anion 9
requires a much larger energy expenditure, estimated at
17.8 kcal mol™1.

The obtained structure—energy diagram of the mul-
tipie bond migration (see Fig. 3) indicates that this
reaction can also follow the mechanism of intramolecu-
far proton transfer in the presence of a substituent with
lone electron pairs. Moreover, in the case of
methoxypropene this mechanism seems to be more (with-
out considering solvation effects) energetically prefer-
able as compared to proton transfer through the reaction
medium.

The results obtained suggested that change in the
methoxy group orientation should not strongly affect
the reorganization mechanism of the hydrocarbon skel-
eton of the propene system. Indeed, the structure—
encrgy diagram of the prototropic rearrangement of
molecule 1 into the Z-isomer 3 obtained in the MP2/
6-31+G* approximation (Fig. 5) is qualitatively simi-
lar to that of the formation reaction of the E-isomer
of molecule 2 considered above. The reaction occurs
via the formation of complex 10 between the initial
methoxypropene 1 and the hydroxide ion attacking
the proton at the sp>-hybridized C(1) atom. This
complex is transformed via transition state 11 into

Fig. 4. Structures corresponding to stationary points on the structure—energy diagram of the reaction of 1-methoxy-2-propene
isomerization into E-1-methoxy-1-propene (internuclear distances (d/A) obtained from MP2/6-31+G* calculations are given).
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complex 12 between the {MeOCHCHCH,]™ anion
and the water molecule. In tum, complex 12, via
transition state 13 formed upon proton migration from
the O atoem to the C(3) atom, can undergo transfor-
mation into complex I4 between the molecule 3 and
the hydroxide ion. Dissociation of 14 into isomer 3
and the hydroxide ion completes the rearrangement.
As in the preceding cases, the energies of both transi-
tion states are lower than those of the initial reagents
and reaction products.

At the same time, the O atom occupying a position
immediately adjacent to the region in which the proton
transfer occurs, is capable of having an appreciable
effect on the geometry and stability of the intermediate
structures (Fig. 6). Complex 10 with a formation energy
of 15.8 kcal mol™! is structurally close to the analogous
complex of unsubstituted propene. However, the water
molecule in complex 12 is no longer coordinated by the
three-carbon system: the proton abstracted by the base
from the C(1) atom appears to be closest to the O atom
of the methoxy group. The formation energy of complex
12 from molecule 1 and the hydroxide ion is ~14.8
kcal mol™!, which is 5 kcal mol™! higher than for the
analogous complex-6 of E-structure. It should be noted
that the Z-form of the [MeOCHCHCH,]™ anion formed
upon proton abstraction is 3.3 kcal mol™! more stable
than the E-anion 9.

It is interesting to note that despite obvious similar-
ity of transition states 13 and 7, by descending from
point 13 along the reaction coordinate one arrives at a
minimum corresponding to complex 14 between a Z-1-
methoxy-1-propene molecule and the hydroxide ion,
which is mostly coordinated by the proton bonded to
the C(2) atom. Nevertheless, further dissociation of
this complex eventually leads to the formation of iso-
mer 3 of compound 1.

4 AE/kcal mol™!

MeO—CH,—CH=CH, + OH"
0 b - - -

Finally, decomposition of complex 12 into the
Z-{MeOCHCHCH,]™ anion and a water molecule
requires an energy expenditure of 19.6 kcal mol™!,
which is 1.8 kcal mol™! higher than the dissociation
energy of analogous complex 6 of E-structure. At the
same time proton abstraction accompanied by
the formation of the Z-anion requires 4.8 kcal mol™!
relative to the energies of the initial reagents 1 and
OH™, whereas the formation of the E-anion requires
8.1 kcal mol™L.

The estimates obtained suggest that the route result-
ing in the formation of isomer 3 is somewhat more
energetically preferable irrespective of the reaction
mechanism ("intramolecular® or traditional one involv-
ing a proton transfer through the medium). At the same
time these energy differences can hardly be considered
as substantial, in particular, taking into account the
small difference in the overall thermal effect of the
reaction. We believe that a more important factor favor-
ing the preferred formation of the Z-form of 3 is the
spatial structure of the propene fragment. To form the
Z-structure in the reaction under consideration, mol-
ecule 1 should have the form 1a, in which there are two
protons suitable to the attack. On the contrary, the
E-isomer can be formed from structure Ib (or lc),
containing only one appropriate proton.

Thus, in the case of 1-methoxy-2-propene the pro-
posed mechanism of multiple bond migration with par-
ticipation of a hydroxide ion by intramolecular proton
transfer seems to be even more preferable than for
unsubstituted propene. Both energy and structural char-
acteristics of the process indicate a preferred formation
of the Z-isomer; however, the reaction occurring with
the formation of the E-form also cannot be ruled out,
which is in agreement with the known experimental
data.® We believe that the considered mechanism of

MeO—CHCHCH,™ (9) + H,0

MeO—CH=CH—Me + OH~

Fig. S. Structure—energy diagram of the reaction of 1-methoxy-2-propene isomerization into Z-1-methoxy- 1 -propene (the relative
cnergies of the structures (AE) were calculated in the MP2/6-31+G* approximation).
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Fig. 6. Structures cormresponding to stationary points on the
structure—energy diagram of the reaction of 1-methoxy-2-
propene isomerization into Z-1-methoxy-1-propene (inter-
nuclear distances (d/A) obtained from MP2/6-31+G* calcula-
tions are given).

1,3-hydrogen shift with participation of a proton-con-
taining base suggests the kinetically controlled forma-
tion of both £- and Z-products with predominance of
the latter irrespective of the substituent nature and that
the direction of the double bond migration will be
completely determined by the energy difference between
the initial reagents and final products.
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