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Density functional calculations have been performed for the [1,7]-hydrogen shift in two substituted
1,3,5-heptatrienes (1 and 9) for which kinetic data are available from the literature, including the
observed kinetic isotope effects. For both cases the computed kinetic isotope effect was significantly
smaller than that observed. These results provide further support for the presence of tunneling in
thermal, antarafacial [1,7]-hydrogen shift reactions.

Introduction

Thermal [1,n]-hydrogen shifts in conjugated polyenes
provide one of the best opportunities for observing
tunneling in chemical reactions. For example the [1,7]-
hydrogen shift in 1,3,5-heptatriene involves a degenerate
reaction in which there is an antarafacial transfer of a
hydrogen atom! of the methyl group to the methylene
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group. The transition structure because of its antarafacial
nature should have C, symmetry in which the migrating
hydrogen is equidistant from the two terminal carbons
(the one from which it is migrating and the one to which
it is migrating). This unsubstituted system, however, is
not easily studied kinetically because of its degenerate
nature (product is the same as reactant). On the other
hand, appropriate substitution of the 1,3,5-heptatriene
system removes the degeneracy present in the parent
system, allowing the kinetics to be studied more easily.
Detailed kinetic studies have been reported for two such
substituted heptatrienes, 7-methyl-1,3,5-octatriene (1)?
and previtamin Ds (2),% in which a [1,7]-hydrogen shift
occurs. In both cases a large deuterium Kinetic isotope

effect was observed and was taken as evidence for
tunneling in the proton-shift reactions. Baldwin pointed
out? that for 1, two of the three criteria for establishing
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the occurrence of tunneling were met: (E.° — EM)
considerably above 1.2 kcal/mol and AP/AH greater than
unity. At the time it was not possible to meet the third
criterion, an observed ky/kp greater than that calculated
for the system in a semiclassical way,* because compu-
tational methods were not available that could even
correctly predict the activation energies for this reaction.
It is shown here that computational methods are now
available to determine if this third criterion is met or not
by Baldwin’s results. Similar kinetic results have also
been reported for previtamin Ds (2).3

In 1985 we reported the results of SCF calculations in
which a transition structure with C, symmetry was found
for the [1,7]-antarafacial hydrogen shift in 1,3,5-hepta-
triene.> However, the computed activation energy (44
kcal/mol) was about twice the experimental value re-
ported for a substituted 2,4,6-octatriene.® Before one can
rely on a computed isotope effect, a method needs to be
found that can at least accurately compute the activation
energy for the deuterium system where tunneling is not
expected. A recent report showed that density functional
calculations with the B3LYP hybrid” and the 6-31G*
basis set® reproduced®!® the experimental'! activation
energy for the [1,5]-hydrogen shift in 1,3-pentadiene.
Encouraged by this, calculations!? were undertaken of
the Kinetic isotope effects in the reactions of 1 and a
substructure of 2, and the results are presented here.

Results and Discussion

(3Z2,52)-1,3,5-Heptatriene. As a further check on the
reliability of the DFT method, the [1,7]-hydrogen shift
in the parent triene, (32,52)-1,3,5-heptatriene, was stud-
ied. There are three conformers of this triene that must
be considered in order to obtain the activation energy for
the hydrogen shift reaction, s-trans, s-trans (3), s-cis,

(5) Hess, B. A., Jr.; Schaad, L. J.; Pancir, J. 3. Am. Chem. Soc. 1885,
107, 149.

(6) Schlatmann, J. L. M. A,; Pot, J.; Havinga, E. Recl. Trav. Chim.
Pay-Bas 1964, 83, 1173.

(7) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

(8) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta, 1973, 28, 213.

(9) Jursic, B. S. J. Mol. Struct. (THEOCHEM) 1998, 423, 189.

(10) Saettel, N. J.; Wiest, O. J. Org. Chem. 2000, 65, 2331.

(11) Roth, W. R. Kbnig, J. Justus Liebigs Ann. Chem. 1966, 699,
24.

10.1021/jo010622i CCC: $20.00 © 2001 American Chemical Society
Published on Web 07/20/2001



5898 J. Org. Chem., Vol. 66, No. 17, 2001

3(0) 3%

TS34 (6.5)
- % ——
o —
4(3.8)
TS45(9.7)
5(8.7) TS55(24.2)

Figure 1. The reaction pathway for the [1,7]-hydrogen shift
in (32,52)-1,3,5-heptatriene. Energies relative to 3 (corrected
for zero point energies) are given in parentheses in kcal/mol.

s-trans (4), and s-cis, s-cis (5). Minima were located on

the potential energy surface which correspond to these
conformers as well as the two transition structures that
link these minima, TS34 that links 3 and 4 and TS45
that links 4 and 5 (see Figure 1). In addition, the
transition structure in which the actual hydrogen shift
occurs, TS55, was found. The structure of TS55 is clearly
antarafacial and very similar to that reported earlier at
the SCF level.® Here the carbon—hydrogen bond distance
of the migrating hydrogen was computed to be 1.370 A
and the C—H-C angle 150.6°. The structures of these
minima and transition structures are depicted in Figure
1 and also shown in the figure are their energies relative
to that of 3 (taken as 0). It is seen from the figure that
the energies of the three minima increase, not unexpect-
edly, from 3 to 4 to 5. The overall activation energy for
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Figure 2. The reaction pathway for the conversion of 1 to 8.
Energies relative to 1 (corrected for zero point energies) are
given in parentheses in kcal/mol.

the hydrogen shift is the energy difference (24.2 kcal/
mol) between the lowest energy minimum, 3, and the
transition structure, TS55. The activation energy is close
to that previously measured (21.6 kcal/mol) for a substi-
tuted triene system.® Of course the measured value would
include tunneling if it is present and would give rise to
a lower activation energy than that calculated, since the
calculation does not take into account tunneling. It was
therefore encouraging that not only was the calculated
activation energy close to that of the experimental value,
but it was higher than that observed. Since no detailed
kinetic data are available for this parent system, the
kinetic isotope effect was not calculated.
(32,52)-7-Methyl-1,3,5-octatriene. There are several
conformers that must be considered for (3Z,52)-7-methyl-
1,3,5-octatriene, since the activation energy should be
computed as the difference in energy between its lowest
energy conformer and the transition structure for the
[1,7]-hydrogen shift. Structure 1 corresponds to the s-cis,
s-cis conformer and was found to be a minimum, although
the conjugated m-system is far from planarity due to
steric crowding that would exist in the planar structure
(see Figure 2). In addition two other conformers were
found to be minima, the s-cis, s-trans (6) and s-trans,
s-trans (7). Conformer 7 was calculated to be the most
stable of the three with 6 intermediate in stability
between 1 and 7. Of the three conformers (1, 6, and 7)
only 7 has all of its sp? carbons atoms in a plane (see
Figure 2). All three of these conformers were shown to
be on the path connecting 7 with the rearranged product,
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(47,62)-2-methyl-2,4,6-octatriene (8). The reaction scheme
shown in Figure 2 was established by finding not only
the transition structure (TS18) in which the hydrogen
transfer occurs, but also the transition structures TS76
and TS61 which link 7 to 6 and 6 to 1, respectively.
Energies in kcal/mol are shown in Figure 2 in parenthe-
ses relative to the lowest energy conformer (7) of the
reactant. IRC calculations!® beginning at the three
transition structures further confirmed the scheme in
Figure 2.

The computed structure of TS18 clearly shows that the
shift of the hydrogen is an antarafacial shift.! Since the
symmetry in this transition structure is destroyed by the
two extra methyl groups from that of the parent transi-
tion structure (C,) in the reaction of (32,52)-1,3,5-hepta-
triene,® there is now a question of the position of the
migrating hydrogen in the transition structure. It was
computed to be very nearly equidistant from the two
carbons between which it is migrating, with a distance
of 1.375 A from the original methylene carbon and 1.356
A from the original methyl group carbon. This C—H—C
angle is 158.3°. The energy of product 8 is calculated to
lie 6.3 kcal/mol below that of 1 in agreement with
Baldwin'’s finding that the conversion of 1 to 8 “followed
clean first-order kinetics” and is not complicated by 1
being in equilibrium with 8 at the temperatures at which
the rates were measured (60—115 °C).

The computed activation energy at 60 °C for the
conversion of 1 to 8 is 23.2 kcal/mol for the nondeuterated
case and 24.1 kcal/mol for the case in which the migrating
hydrogen is replaced by deuterium. The corresponding
experimental values obtained by Baldwin are 21.5 and
23.5 kcal/mol. While it appears at first sight that these
observed activation energies are reproduced by calcula-
tion very nicely, it is the difference in these two values
(EaP — E,M) that is of importance in considering whether
tunneling plays a factor in this reaction. The computed
difference is only 0.9 kcal/mol while the experimental
difference is 2.1 kcal/mol, which is a disagreement by
more than a factor of 2. More importantly the calculated
value for the activation energy of the deuterated case
(EaP) is in much better agreement with the experimental
value (they differ by 0.6 kcal/mol) than is that for the
calculated value of the nondeuterated case (E,") and its
experimental value (they differ by 1.7 kcal/mol). One
expects that the tunneling effect will be much smaller
in the deuterated case than in the nondeuterated case.
The larger error in the nondeuterated case of the activa-
tion energy (computed vs observed) suggests that tun-
neling may very well be a factor in this reaction, since
the rate of the nondeuterated case is predicted to be
slower than that observed (our calculations of course do
not take into account tunneling). These differences are
reflected in the computed and observed Kinetic isotope
effects. At 60° we calculate ky/kp to be 3.89 which is
roughly one-half of that observed by Baldwin (7.0). Hence
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Figure 3. The reaction path for the [1,7]-hydrogen migration
in the conversion of 11 to 10.

the third “hallmark” mentioned by Baldwin is also
satisfied by these calculations for the conversion of 1 to
8.

Previtamin D3 (2). Okamura measured the kinetic
isotope effect and activation energies for the [1,7]-
hydrogen shift in 2, as well as the equilibrium constants
between 2 and its rearranged product, of the nondeuter-
ated system and deuterated system containing five
deuteriums.® To make the calculations tractable at the
DFT level compound 9 was chosen as a model for 2, which
would give 10 on rearrangement. Structure 9 corresponds

oXy oxg
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b,X=D b,X=D

to the s-cis, s-cis conformer; a second conformer 11 (s-
cis, s-trans) was found which is of lower energy than 9
(see Figure 3). The potential energy surface is quite flat
here with the energy difference between 9 and 11
calculated to be only 0.5 kcal/mol. The transition struc-
ture TS910 for the [1,7]-hydrogen shift was found and
is shown in Figure 3. In the transition structure the
migrating hydrogen is even more unsymmetrically dis-
placed between the two carbons than in TS18, it being
1.406 A from the original methyl carbon and 1.341 A from
the carbon to which it is migrating. The C—H—C angle
(150.8°) is also smaller than in TS18.

The computed activation energy at 80 °C for the
deuterated case 11b to 10b) is 21.4 kcal/mol and is in
good agreement with the measured value of 21.9 kcal/
mol for 2, while agreement for the activation energy of
the conversion of nondeuterated 11a to 10a (computed:
20.8, experimental: 19.6) is not as good. The computed
difference in activation energies (E.° — E,") is only 0.6
kcal/mol vs the experimental value of 2.3 kcal/mol. This
is reflected in the large disagreement between the
computed (2.4) and experimental (6.2) isotope effects (ku/
kp). This disagreement supports the proposal that tun-
neling plays a role in the migration of the hydrogen from
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1la to 10a. Okamura also measured the equilibrium
constants for 2 and its rearranged product and for 2
containing five deuteriums. Equilibrium constants com-
puted at 60 °C (6.2 and 6.5, respectively) compare well
with his experimental values for 2 (5.37 and 5.42). This
suggests that the choice of 9 as a model for 2 is an
appropriate one.

Conclusions

For the two cases studied here it was found that the
computed activation energy for the [1,7]-shift of a deu-
terium is in much better agreement with the experimen-
tal value than is the case for the [1,7]-shift of a hydrogen.
In both cases the activation energy for the hydrogen shift
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was computed to be larger than that observed which in
turn leads to the computed Kinetic isotope effects (kn/kp)
to be significantly smaller than those observed for 1 and
2. This is exactly the effect that Bell suggested should
be found for systems in which tunneling plays a role.*
Hence the DFT calculations on 1 and 9 reported here lend
further support to the insight that tunneling in such
hydrogen transfers plays a crucial role.

Supporting Information Available: Cartesian coordi-
nates, total energies, frequencies, and thermochemical data
for structures 1, 3—11, TS34, TS45, TS55, TS76, TS61, TS18,
and TS910. This material is available free of charge via the
Internet at http://pubs.acs.org.
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