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Abstract: The effects of one or two phenyl substituents on the activation enthalpy for a 1,5-hydrogen shift
in 3-(Z)-1,3-pentadiene (1) and on the geometry of the transition structure (TS) have been investigated by
B3LYP/6-31G* calculations. The phenyl-substituent effects on the experimentally measured activation
enthalpies are predicted to be sizable, spanning a range of nearly 10 kcal/mol. However, if differences
between steric effects in the transoid isomers of the reactants are factored out by comparing the activation
enthalpies in the cisoid conformers, the electronic components of the phenyl-substituent effects on both
the barrier heights and the TS geometries are found to be quite modest in size. Unlike the TS in the Cope
rearrangement, the TS for a 1,5-hydrogen shift in 1 is not highly variable in nature, and the reason the
1,5-hydrogen shift TS is not chameleonic is discussed.

The nature of the transition structure (TS) for the Cope
rearrangement of 1,5-hexadiene has been the subject of a great
deal of experimental and computational research.1 Pioneering
studies by Gajewski and Conrad found that H/D secondary
kinetic isotope effects (KIES) on the rate of this reaction depend
on the number and placement of radical stabilizing substituents.2

This finding was interpreted by the authors as being indicative
of a variable TS for the Cope rearrangement, the structure of
which could be altered by substituents.

For example, the KIEs found by Gajewski and Conrad for
phenyl substituents at C2 and C5 suggested a TS resembling
cyclohexane-1,4-diyl (structureA in Figure 1). In contrast, the
KIEs measured for a pair of cyano substituents at C3 indicated
that the TS had changed toward one that could better be
described as consisting of two weakly interacting allyl radicals
(structureC in Figure 1).

The measured effects of multiple phenyl substituents on the
rate of Cope rearrangement of 1,5-hexadienes3 were also shown
to be consistent with variable or “chameleonic” Cope TSs.4 In
1,5-hexadienes, in which the positions of all of the phenyl
substituents favor a TS with either short or long interallylic C-C
bonds, cooperative substituent effects were observed.3a-c,f In
contrast, with phenyl or cyano substituents at C1 and C3, the
effect of a phenyl substituent at C5 on the rate was found to be

competitive, rather than cooperative.3d,eB3LYP/6-31G* calcula-
tions reproduced the experimental activation enthalpies very
well, and the TS geometries showed that the competitive and
cooperative substituent effects were, in fact, due to substituent-
induced changes of the bond lengths in the TS.4

Do other Woodward-Hoffmann allowed pericyclic reactions5

have a similar variability in rate and TS geometry, so that they
exhibit chameleonic behavior upon the placement of phenyl
substituents at different carbons? To address this question for a
different type of sigmatropic reaction, we have carried out
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Figure 1. Possible contributors to the TSs for Cope rearrangements of
1,5-hexadienes.
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calculations on the 1,5-hydrogen shift in (Z)-1,3-pentadiene (1)6

and in phenyl-substituted derivatives2 and3 (Figure 2). Two
recent computational papers have dealt with the effects of
different types of substituents on the rate of 1,5-hydrogen
shifts,7,8 but neither of these investigations addressed the
question of whether the TS for this reaction is chameleonic.
Herein, we report the results of our study, which was focused
on this issue.

Computational Methodology

B3LYP/6-31G* calculations gave excellent agreement with experi-
ment in our studies of phenyl-substituent effects on the Cope
rearrangement,4a and this level of theory also has been found to provide
a calculated enthalpy of activation for the 1,5-hydrogen shift in
unsubstituted 3-(Z)-1,3-pentadiene (1)7a,9-11 that is in excellent agree-
ment with the experimental values, measured by Roth12 and by Frey.13

Therefore, our calculations of the substituent effects on the 1,5-hydrogen
shifts in phenyl-substituted 3-(Z)-1,3-pentadienes were carried out with
the three-parameter functional of Becke,14 the correlation functional
of Lee, Yang, and Parr,15 and the 6-31G* basis set.16,17

Geometries were optimized and vibrational analyses were performed
at the B3LYP/6-31G* level of theory. The vibrational analyses were
used to characterize each stationary point as an energy minimum or
TS; and the harmonic frequencies from the vibrational analyses were
used, without scaling, to compute zero-point energies. All of the
calculations were carried out with the Gaussian 98 suite of programs.18

Results

The results of our calculations on 1,5-hydrogen shifts in 3-(Z)-
1,3-pentadiene (1), in five of the six possible monophenyl
derivatives (2a-e), and in two diphenyl derivatives (3a andb),
are summarized in Table 119 and displayed graphically in Fig-
ures 3 and 4. Calculations were not performed on 1-phenyl-
trans-1-(Z)-3-(Z)-1,3-pentadiene, because in this stereoisomer
the C1 phenyl group makes a cisoid conformation about the
bond between C2 and C3 prohibitively high in energy. As
illustrated in Figure 2, a cisoid conformation about this bond
is necessary for a 1,5-hydrogen atom shift from C5 to C1 in
1-3.
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Figure 2. 3-(Z)-1,3-Pentadienes on which calculations were performed in
this study.

Table 1. B3LYP/6-31G* Enthalpies of Activation (kcal/mol) for
1,5-Hydrogen Shifts in the Cisoid and Transoid Conformations of
3-(Z)-1,3-Pentadiene (1), Five Monophenyl Derivatives (2a-e),
and Two Diphenyl Derivatives (3a and b)a

diene ∆Htransoid
q ∆Hcisoid

q ∆Hrel TS

1 35.6 32.0
2a 38.3 34.3 0.5
2b 30.3 31.2 0
2c 33.6 32.5 1.8
2d 34.5 30.8 0
2e 30.0 26.6 0.5
3a 32.6 28.8 0.6
3b 28.8 29.9 0

a Relative enthalpies (kcal/mol) of isomeric transition structures (TSs)
are also given.

Figure 3. B3LYP/6-31G* enthalpies of activation (kcal/mol) for 1,5-
hydrogen shifts in the cisoid and transoid conformations of phenyl-
substituted 3-(Z)-1,3-pentadienes2a-e. Relative enthalpies of the TSs for
these reactions are given in red.
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Enthalpy Differences between the Reactants.Because2a
and2eare connected by the same transition structure (TS), the
calculated difference of 8.3 kcal/mol in their enthalpies of
activation for 1,5-hydrogen shift is equal to the enthalpy
difference between these two constitutional isomers.20 This large
calculated difference in relative thermochemical stabilities is
due to the fact that the phenyl group is conjugated with a double
bond in2a but not in2e.

We have previously noted that B3LYP/6-31G* calculations
overestimate by several kcal/mol the enthalpic preference for
conjugated, versus nonconjugated phenyl groups.4 Nevertheless,
the prediction that the rearrangement of2e to 2a (∆H ) -8.3
kcal/mol) should be more exothermic than the rearrangement
of 2b to 2d (∆H ) -3.3 kcal/mol) is almost certainly correct.

2b and 2d are also connected by a common transition
structure. Therefore, as in the case of2a/2e, the calculated
difference between the enthalpies of activation for 1,5-hydrogen
shift in 2b and2d is equal to the enthalpy difference between
these two constitutional isomers. However, unlike the case in
2a/2e, the 3.3 kcal/mol higher enthalpy of2b, relative to2d, is
largely steric, rather than electronic, in origin.

A transoid conformation about the single bond between C2
and C3 places the phenyl group at C2 in2b in a syn relationship
to the methyl group at C4. The steric interaction between these
two groups is so severe that in2b, unlike the case in any of the
other four constitutional isomers of2, the cisoid conformation
is actually predicted to be preferred to the transoid, albeit by
only 0.9 kcal/mol.

In contrast to the case in2b, in 2d the conformation about
the single bond between C2 and C3 has almost no effect on the

steric interactions involving the phenyl group at C4. In2d a
transoid conformation about this single bond is predicted to be
preferred to a cisoid conformation by 3.7 kcal/mol, which is
essentially the same enthalpy difference that is computed
between these two conformations in unsubstituted 1,5-penta-
diene. Thus, there is a change of 3.7- (-0.9) ) 4.6 kcal/mol
in the relative enthalpies of the cisoid and transoid conformations
between2d and2b.

The transoid conformation of2c also suffers some steric
destabilization, in this case due to the phenyl group at C3
interacting with the syn hydrogen at C1. As a consequence, the
enthalpy difference of 1.1 kcal/mol between cisoid and transoid
conformations in2c is smaller than that (3.7 kcal/mol) in2d,
but not as small as that (-0.9 kcal/mol) in2b. The enthalpy
differences of 4.0 and 3.4 kcal/mol between the cisoid and
transoid conformations of, respectively,2a and2eare close to
the enthalpy difference between these two conformations of2d.

Except for diene2b, which is calculated to prefer a cisoid
conformation, the activation enthalpies in Table 1 for the
transoid conformers of2a, 2c, 2d, and2e are those predicted
to be measured experimentally.21 However, these enthalpies of
activation each contain a contribution from the enthalpy
difference between the preferred transoid conformation of the
reactant and the necessarily cisoid conformation of the TS. As
noted above, these contributions are different for the different
constitutional isomers of2.

Activation Enthalpies for the Cisoid Conformers.To assess
the purely electronic effects of the phenyl substituents in2a-e
on the activation enthalpies for the 1,5-hydrogen shifts in these
five 3-(Z)-1,3-pentadienes, it is necessary to factor out the
contributions from differences between steric effects in the
reactants and TSs. Toward this end, in Table 1 and Figure 3
we also compare the calculated enthalpies of activation for 1,5-
hydrogen shifts, starting with the cisoid conformers of2a-e.
The differences between the activation enthalpies for a 1,5-
hydrogen shift in the cisoid and transoid conformations of2a-e
are, of course, equal to the enthalpy difference between these
two conformers in each of the five dienes.

Table 1 shows that the 1,5-hydrogen shifts in transoid2b
and 2c are predicted to occur with activation enthalpies that
are, respectively, 5.3 and 2.0 kcal/mol lower than that in transoid
1. However, in the cisoid conformers of2b and2c, where the
steric interactions that destabilize the transoid conformers are
absent, the enthalpies of activation for the 1,5-hydrogen shifts
are computed to be, respectively, 0.8 kcal/mol lower and 0.5
kcal/mol higher than in cisoid1. Thus, the phenyl substituent
at C2 in2b and at C3 in2c is predicted to have little electronic
effect on lowering the activation enthalpies for 1,5-hydrogen
shift in the cisoid conformers from the value of∆Hq ) 32.0
kcal/mol calculated for the cisoid conformer of1. Therefore,
the effect of the phenyl substituents on making the calculated
activation enthalpies for a 1,5-hydrogen shift in the transoid
conformers of2b and2c lower than the activation enthalpy in
the transoid conformer of1 is largely steric in nature.

In contrast to the case in2b and2c, the steric environment
of the phenyl group is similar in both cisoid and transoid

(20) The amount of2e formed by equilibrating2a with 2e is expected to be too
small to allow an accurate determination of the enthalpy of activation for
the 1,5-hydrogen shift that isomerizes2a to 2e. However, starting with
2a-1-d1, the temperature dependence of the rate of formation of2a-5-d1
should allow the experimental determination of this activation enthalpy.
Measurement of the activation enthalpy for the rearrangement of2e to 2a
would then provide the enthalpy difference between these two isomers.

(21) In 2b and2c, the cisoid and transoid conformations are both expected to
be appreciably populated at the temperatures necessary for convenient rate
studies; so the measured enthalpy of activation should actually be a
population-weighted average of the enthalpies of activation for each of
these conformers.

Figure 4. B3LYP/6-31G* enthalpies of activation (kcal/mol) for 1,5-
hydrogen shifts in the cisoid and transoid conformations of phenyl-
substituted 3-(Z)-1,3-pentadienes3a andb. Relative enthalpies of the TSs
for these reactions are given in red.
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conformations of2a, 2d, and2e. It is for this reason that the
differences in the enthalpies of activation for 1,5-hydrogen shifts
between these three phenyl-substituted 1,3-pentadienes and1
are calculated to be about the same in the cisoid as in the
transoid conformers.

As Table 1 shows, the activation enthalpies for 1,5-hydrogen
shift in the cisoid conformers of2b and2d are both ca. 1 kcal/
mol lower than that in cisoid1, but the activation enthalpy in
the cisoid conformer of2c is actually 0.5 kcal/mol higher than
that in cisoid1. Obviously, placement of a phenyl group at C2
or C4 of 1 does result in at least a small amount of selective
stabilization of the TS, relative to the reactant, whereas phenyl
substitution at C3 has the opposite effect.

The high exothermicity of the rearrangement of2e to 2a
makes comparison of the activation enthalpy for either the
forward or the backward reaction with that for the degenerate
rearrangement of1 meaningless. However, Marcus theory shows
that the intrinsic barrier to the 1,5-hydrogen shift that equilibrates
2aand2eis approximately equal to the average of the activation
enthalpies for the forward and backward reactions.22

If the average of the activation enthalpies for the reactions
that equilibrate the cisoid conformations of2aand2e(30.5 kcal/
mol) is compared with∆Hq ) 32.0 kcal/mol for a 1,5-hydrogen
shift in cisoid 1, the presence of a phenyl substituent at a
terminal carbon appears to reduce the intrinsic barrier to reaction
by 1.5 kcal/mol. This reduction in barrier height is 0.5 kcal/
mol larger in size than the reduction of 1.0 kcal/mol caused by
a phenyl substituent at C2(C4).

Because the three TSs in Figure 3 are isomers, it is possible
to address the question of how the position of the phenyl group
affects the enthalpy of just the TS for a 1,5-hydrogen shift. The
TS of lowest enthalpy is that for the equilibration of2b and
2d, in which the phenyl substituent is at C2(C4). The TS for
the rearrangement of2eto 2a, which has the phenyl substituent
at C1(C5), is higher in enthalpy by 0.5 kcal/mol, and the TS
for the degenerate rearrangement of2c is 1.3 kcal/mol higher
still.

Although a phenyl group at C2(C4) is 0.5 kcal/mol more
effective in lowering the enthalpy of the TS than a phenyl group
at C1(C5), it is 0.5 kcal/mol less effective in lowering the
intrinsic barrier to a 1,5-hydrogen shift in the cisoid conformer
of 1. It then follows that the average enthalpy of the cisoid
conformers must be 1.0 kcal/mol higher in2a and2e than in
2b and 2d. This fact, which can be easily verified from the
enthalpies given in Table 1 or in Figure 3, is due to the phenyl
group in2e not being attached to a doubly bonded carbon.

However, whether the activation enthalpies for 1,5-hydrogen
shifts in the cisoid conformers are compared, or whether a
comparison is made between the enthalpies of just the TSs for
these reactions, it is clear that a phenyl group at C1/C5 or C2/
C4 is 1-2 kcal/mol more effective than a phenyl group at C3
at stabilizing the TS for a 1,5-hydrogen shift in 3-(Z)-1,3-
pentadiene.

Effects of Multiple Phenyl Substituents.Table 1 and Figure
4 show the effects of the pair of phenyl substituents at C1 and
C5 in 3a and at C2 and C4 in3b on the activation enthalpy for

a 1,5-hydrogen shift. As is the case with the monophenyl-
substituted dienes (2a-e), the results for the cisoid conformers
are more informative about the electronic effects of the phenyl
substituents in3a and 3b than the results for the transoid
conformers.

The rearrangements of3aand3b are, like the rearrangements
of 1 and2c, degenerate. As already noted, the phenyl substituent
at C3 in cisoid2c actually increases the activation enthalpy by
0.5 kcal/mol over that for the 1,5-hydrogen shift in cisoid1. In
contrast, the phenyl groups at C1 and C5 in cisoid3a lower the
activation enthalpy by 1.6 kcal/mol per phenyl group, relative
to that in cisoid1, and the phenyl groups at C2 and C4 in cisoid
3b lower the activation enthalpy by 1.1 kcal/mol per phenyl
group, relative to that in cisoid1.

Although the phenyl groups at C1 and C5 in cisoid3a have
a larger effect than the phenyl groups at C2 and C4 in cisoid
3b on lowering the energy of the TS, relative to the reactants,
the TS for rearrangement of cisoid3b is 0.6 kcal/mol lower in
energy than the TS for rearrangement of cisoid3a. The reason
is again that one of the phenyl groups in3a is not conjugated
with a double bond. Consequently, cisoid3a is 1.6 kcal/mol
higher in energy than cisoid3b.

The effects of the pair of phenyl substituents in3a and3b
on lowering the activation enthalpy for a 1,5-hydrogen shift in
cisoid 1 are much smaller than those of the pair of phenyl
substituents in 2,5-diphenyl-1,5-hexadiene on lowering the
activation enthalpy for the Cope rearrangement of 1,5-hexadiene.
The pair of phenyl substituents in cisoid3a, which give a 1.1
kcal/mol larger substituent effect than the pair in cisoid3b, lower
the activation enthalpy from that for a 1,5-hydrogen shift in
cisoid 1 by 3.2 kcal/mol. For comparison, a pair of phenyl
groups at C2 and C5 lower the activation enthalpy for the Cope
rearrangement of 1,5-hexadiene by 12 kcal/mol.3a,b

Another difference between the phenyl-substituent effects on
the two rearrangements is that those for the rearrangement of
cisoid 1 appear to be roughly additive, whereas those on the
Cope rearrangement are cooperative.4 For example, as discussed
above, the effect of a single phenyl substituent on the inter-
conversions of cisoid2a/2e and2b/2d amounts to a lowering
of the activation enthalpy for rearrangement of cisoid1 by,
respectively, ca. 1.5 and 1.0 kcal/mol. The pair of phenyl
substituents in cisoid3a and3b lowers the activation enthalpy
for rearrangement of cisoid1 by, respectively, 3.2 and 2.1 kcal/
mol.

In contrast, a pair of phenyl substituents at C2 and C5 of
1,5-hexadiene lower the activation enthalpy for Cope rearrange-
ment by 3 times as much as a single phenyl substituent.3a,b

Similarly, phenyl substituents at C1, C3, C4, and C6 of 1,5-
hexadiene1f lower the activation enthalpy for Cope rearrange-
ment by 3-4 times as much as a pair of phenyl substituents at
C1 and C31d or C1 and C4.1c As noted in the Introduction, these
cooperative substituent effects provide evidence for a variable
TS in the Cope rearrangement, that is, a TS whose geometry
changes with the number of phenyl substituents and the carbons
to which they are attached.4

Effects of Phenyl Substituents on the Geometry of the TS
for the Rearrangement of 1. The best evidence that the
cooperative phenyl-substituent effects, seen in the Cope re-
arrangement of 1,5-hexadienes, are due to a variable TS for
this reaction comes from calculations which find that the TS

(22) (a) Marcus, R. A.J. Phys. Chem.1968, 72, 891. (b) The Marcus equation
actually predicts that the average activation enthalpy should be greater than
the intrinsic barrier by the square of the exothermicity, divided by 16 times
the intrinsic barrier. However, this quotient amounts to only about 0.1 kcal/
mol.
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geometry depends strongly on the substitution pattern.4a The
ability of substituents to alter the TS geometry has been
attributed to the ability of either of the diradical resonance
structures in Figure 1 to contribute to the Cope TS. The
chameleonic nature of the Cope TS means that only small
amounts of energy are required for shortening or lengthening
the interallylic bonds in the TS.4

It is easy to see how the diradical in structureA of Figure 5,
which resembles pentadienyl radical plus a hydrogen atom,
might contribute to the TS for 1,5-hydrogen shift in cisoid1,
but, at least initially, it is harder to understand why the diradical
in structure C, which resembles an allylic radical plus a
hydrogen atom bonded to the two remaining carbons, would
make an appreciable contribution. If only one of the two
diradical structures in Figure 5 contributes to the TS for
rearrangement of cisoid1, one might expect that the geometry
of the TS would be much less variable than that for the Cope
rearrangement.

The finding that the pheny-substituent effects on the enthalpy
of activation for the rearrangement of cisoid1 are small and
additive, rather than large and cooperative, suggests that the
TS for a 1,5-hydrogen shift is not chameleonic. However, the
best test of whether the geometry of the TS changes significantly
with phenyl substitution is obviously to compare the bond
lengths in the TS for the rearrangement of1 with those for the
rearrangements of2c, 3a, and3b. All four of these rearrange-
ments are degenerate, and the TSs for them either have or (in
the case of the TS for rearrangement of2c) almost have a plane
of symmetry, which makes comparison of the TS geometries
appropriate.

Shown in Table 2 are the C-C and the C-H bond lengths
in these four TSs. The largest changes in C-C bond lengths,
predicted to be caused by two phenyl groups, are the increases

of 0.013 Å in C1-C2 and 0.009 Å in C2-C3 in the TS for
rearrangement of3b, relative to these C-C bond lengths in the
TS for rearrangement of1. For comparison, in the Cope
rearrangement of 1,5-hexadiene a pair of phenyl groups at C1
and C4 lengthen the interallylic C-C bonds in the TS by 0.276
Å and a pair of phenyls at C2 and C5 shorten these bonds by
0.389 Å, relative to those in the TS for unsubstituted1.4a The
changes in C-C bond lengths, caused by the pair of phenyl
substituents in the TS for 1,5-hydrogen shift in3b, are 20-30
times smaller than the changes in the interallylic C-C bond
lengths in the Cope TS, caused by a pair of phenyl substituents.

The bond lengths in the TSs for the degenerate 1,5-hydrogen
shifts in1, 2c, 3a, and3b, given in Table 2, are consistent with
the activation enthalpies that are provided in Table 1. The very
modest effects of phenyl substituents both on the activation
enthalpies in Table 1 for 1,5-hydrogen shifts in the cisoid
conformers and on the bond lengths in Table 2 for the TSs show
that the TS for 1,5-hydrogen shift in1 is much less chameleonic
than the TS for the Cope rearrangement of 1,5-hexadiene.

In addition to this general observation, the results in Tables
1 and 2 also provide some specific information about the
electronic structure of the TS for a 1,5-hydrogen shift in1.
Comparison of the geometry of the TS with that for 1,3-
pentadienyl radical shows a reversal in the relative lengths of
the C1-C2 and C2-C3 bonds. In the TS the C1-C2 bond is
longer than the C2-C3 bond by 0.021 Å, whereas in the radical
C1-C2 is shorter than the C2-C3 bond by 0.060 Å. Bonding
of the hydrogen in the TS to C1 and C5 of pentadienyl radical
lengthens the C1-C2 bond by 0.054 Å and shortens the C2-
C3 bond by 0.027 Å.

The unequal C-C bond lengths in pentadienyl radical make
the positive spin density at C3 greater than that at C1 and C5.23

Therefore, to the extent that the carbon skeleton of the TS for
a 1,5-hydrogen shift in1 resembles pentadienyl radical, a phenyl
substituent at C3 should provide the greatest stabilization of
the TS. However, the results in Table 1 show that the TS for
rearrangement of2c has the highest energy of the three
monophenyl TSs and that the phenyl substituent at C3 actually
makes the predicted activation enthalpy for rearrangement of
cisoid 2c 0.5 kcal/mol higher than that for rearrangement of
unsubstituted cisoid1.

The pair of phenyl groups at C1 and C5 makes the activation
enthalpy for rearrangement of3a 3.2 kcal/mol lower than that
of 1. This substituent effect could indicate that this pair of phenyl
groups makes the carbon skeleton in the TS for rearrangement
of 3amore like that of a pentadienyl radical, because the radical
has positive spin density at these two carbons, as well as at
C3.23 However, the C1-H bond length is only 0.003 Å longer
in the TS for rearrangement of3a than in the TS for
rearrangement of1, and the C-C bond lengths in the former
TS are less pentadienyl-like than in the latter.

The 0.011 Å lengthening of the C1-C2 bond and the near
constancy of the C1-H and C2-C3 bond lengths in the TS for
rearrangement of3a, relative to those in the TS for rearrange-
ment of1, are what one would expect from a contribution of

(23) (a) Sustmann, R.; Schmidt, H.Chem. Ber.1979, 112, 1440. (b) Davies, A.
G.; Griller, D.; Ingold, K. U.; Lindsay, D. A.; Walton, J. C.J. Chem. Soc.,
Perkin Trans. 21981, 633. (c) MacInnes, I.; Walton, J. C.J. Chem. Soc.,
Perkin Trans. 21985, 1073. (d) Clark, K. B.; Culshaw, P. N.; Griller, D.;
Lossing, F. P.; Martinho-Simoes, J. A.; Walton, J. C.J. Org. Chem.1991,
56, 5535.

Figure 5. Possible contributors to the TS for 1,5-hydrogen shift in1 and
derivatives.

Table 2. B3LYP/6-31G* Bond Lengths (Å) in the Transition
Structures (TSs) for the Degenerate Rearrangements of Dienes 1,
2c, 3a, and 3b by 1,5-Hydrogen Shiftsa

TS for diene C1−H C1−C2 C2−C3 Cn−Ph

1 1.427 1.418 1.397
2cc 1.429 1.416 1.404 1.491
3ad 1.430 1.429 1.395 1.486
3bd 1.411 1.431 1.406 1.486
pentadienyl• 1.364 1.424

a For comparison, the UB3LYP/6-31G* C-C bond lengths in the planar,
all-cisgeometry of pentadienyl radicalb are also given.b TheC2 equilibrium
geometry of pentadienyl radical has a C1-C2-C3-C4 dihedral angle of
13.6°, essentially the same C-C bond lengths, and is only 0.4 kcal higher
in energy than theC2V geometry.c Because the phenyl group is rotated out
of the plane of C2-C3-C4, this TS does not have an element of symmetry.
The C5-H bond length is 0.012 Å shorter than the C1-H bond length,
given in the table. The C4-C5 and C1-C2 bond lengths are the same, but
the C3-C4 bond length is 0.003 Å longer than the C2-C3 bond length.
d As in the TS for2c, the phenyl groups in the TSs for3a and3b are also
partially rotated out of conjugation with the 2p-π orbitals on the carbons to
which they are attached.
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resonance structureC in Figure 5. The effects of the phenyl
groups at C2 and C4 on the bond lengths in the TS for a 1,5-
hydrogen shift in3b are also precisely those that one would
expect for a contribution from resonance structureC. The phenyl
groups in3b result in the C-H bond length being shorter and
all of the C-C bond lengths being longer in the TS for
rearrangement of3b than the comparable bond lengths in the
TS for rearrangement of1.

Further evidence for a contribution from structureC in Figure
5 comes from the effect of the phenyl substituents on the
enthalpies of the TSs for rearrangement of3aand3b, discussed
in the previous section. As expected for a contribution from
resonance structureC, but not from resonance structureA in
Figure 5, the phenyl groups in both3a and3b stabilize the TS
for 1,5-hydrogen shift, whereas the phenyl group at C3 in2c
does not. This difference between the abilities of the phenyl
groups to stabilize the TS is manifested in the finding that the
C-Ph distances are 0.005 Å shorter in the TSs for rearrangement
of 3a and3b than in the TS for rearrangement of2c.

Why does resonance structureC in Figure 3 apparently
contribute considerably more than resonance structureA to the
TS for a 1,5-hydrogen shift in1? The geometry of the TS,
depicted in Figure 6, shows that, in order to bond to the
migrating hydrogen, C1 and C5 must rotate toward this
hydrogen, thus decreasing the overlap between C1 and C2 and
between C4 and C5. The resulting disruption of theπ conjuga-
tion causes the TS to resemble an allylic radical, plus a hydrogen
atom bonded to C1 and C5 (structureC), much more than it
resembles a pentadienyl radical plus a hydrogen (structureA).

We attribute the small rate retarding effect, predicted for a
phenyl substituent at C3 in2c, to the finding that the TS for a
1,5-hydrogen shift in1 resembles structureC in Figure 5, much
more than structureA. In addition, the enthalpy of structure
A,23b a pentadienyl radical plus a hydrogen atom, is nearly 50
kcal/mol higher than the TS for a 1,5-hydrogen shift in cisoid
1.12,13,25Therefore, unlike the case in the Cope rearrangement,
where diradical structuresA andC in Figure 1 are, respectively,
only about 11 and 26 kcal/mol above the chair TS,4b,24the ability
of the phenyl substituent at C3 in2c to stabilize a localized
radical center by 11-12 kcal/mol27 has little effect on the
electronic structure of the TS for a 1,5-hydrogen shift in1.

Conclusions

The phenyl-substituent effects in2 and3 on the activation
enthalpy for the 1,5-hydrogen shift in 1,3-pentadiene (1) are
predicted to be sizable, ranging from an increase in∆Hq of 2.7
kcal/mol in2a to a decrease of 6.8 kcal/mol in3b. However, if
differences between steric effects in the transoid isomers are
factored out by comparing the activation enthalpies in the cisoid
conformers, and if the exothermicity of the rearrangement of
2e to 2a is accounted for by replacing the activation enthalpy
by the intrinsic barrier,22 the electronic components of the
phenyl-substituent effects are quite modest.

Each phenyl group in cisoid2b, 2d, and 3b lowers the
activation enthalpy from that in cisoid1 by ca. 1 kcal/mol.
Because an unconjugated phenyl group in2e and3a becomes
conjugated in the TS, the phenyl-substituent effects on the 1,5-
hydrogen shifts in the cisoid conformers are slightly larger in
2e and3a than in2b, 2d, and3b. The phenyl group in cisoid
2e lowers the intrinsic barrier height by 1.5 kcal/mol, and the
pair of phenyl groups in cisoid3a lowers the intrinsic barrier
height by about twice as much.

Nevertheless, comparison of the relative energies of the TSs
reveals that the phenyl groups in2b, 2d, and3b provide about
0.5 kcal/mol more stabilization for the TSs than do the phenyl
groups in2a, 2e, and3a. In contrast, the phenyl group at C3 is
calculated to make the TS for the degenerate rearrangement of
2c 1.8 kcal/mol higher than that for the 1,5-hydrogen shift that
equilibrates2b and2d. In fact, a C3 phenyl group is actually
predicted to make the activation enthalpy for a 1,5-hydrogen
shift 0.5 kcal/mol higher in cisoid2c than in cisoid1.

The calculated effects of the phenyl substituents on the
activation enthalpies and TS geometries indicate that the
dominant diradical resonance structure that contributes to the
TS is not a pentadienyl radical plus a hydrogen atom (structure
A in Figure 5) but an allylic radical at C2-C3-C4, plus a
hydrogen atom bonded to C1 and C5 (structureC in Figure 5).
The dominance of resonance structureC is attributed to the
necessity of C1 and C5 twisting partially out of conjugation
with the allylic radical at C2-C3-C4, in order to bond to the
migrating hydrogen, as well as to the ca. 20 kcal/mol lower
energy of structureC, as compared to structureA.25

Unlike the case in the Cope rearrangement,3,4 our calculations
do not reveal a strong variability of the geometry of the TS for
a 1,5-hydrogen shift in1 with number and placement of phenyl
substituents. However, if the migrating hydrogen in1 were
replaced by a group that afforded a much smaller enthalpy
difference between the TS for concerted 1,5 shift and the
diradical analogous toC, it seems possible that the TS would
become more chameolonic in nature, especially in exhibiting
an increased response to a phenyl substituent at C3. Whether
this does, in fact, prove to be the case must await further
computational and/or experimental studies of concerted [1,5]-
sigmatropic shifts with migrating groups other than hydrogen.
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