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Abstract: B3LYP/6-31G* calculations have been performed on the Cope rearrangements of 1,5-hexadienes
that are substituted with up to four phenyl groups. Experimental activation enthalpies are available for all of
the compounds on which the calculations were performed, and the excellent agreement between the computed
and the experimental values provides evidence that the calculated geometries of the transition structures and
intermediates are reliable. The calculations confirm that, as suggested by the experimental data, phenyl substituent
effects on the Cope rearrangement can be either cooperative or competitive. Based on the computed geometries
of the transition structures, it is possible to explain why these two different types of substituent effects are
observed.

The nature of the chair transition structure (TS) for the Cope
rearrangement of 1,5-hexadiene has been the subject of numer-
ous experimental and computational studidsulticonfigura-
tional ab initio calculations that include dynamic electron
correlatio and calculations based on density functional theory
concur that in the TS bond making and bond breaking are C .
concerted and synchronous. However, as depicted in Figure 1, =
the TS contains contributions from the resonance structures for
cyclohexane-1,4-diyl and for two allyl radicals; the contributions
of each of these two different types of diradical structures are
small at the TS geometdTherefore, the dominant contributor
to the TS is the “aromatic” resonance structure in Figure 1, as L —
has been confirmed by calculation of the diamagnetic suscep-Figure 1. Schematic depiction of the bonding in the transition structure
tibility exaltation in the TSP for the Cope rearrangement, showing the diradical resonance contribu-

Although the nature of the TS for the Cope rearrangement tors (top and bottom) and the aromatic representation (ceResthe
of unsubstituted 1,5-hexadiene now seems well establ&ted, interallylic distance.
a number of questions remain about the effects of radical
stabilizing substituents on the TS. For example, how do radical-
stabilizing substituents at different positions impact the contri-
butions of the two diradical contributors to the electronic h
structure of the TS? Are substituent effects on the enthalpy of
the TS additive? If not, are the substituent effects cooperative;
or are they competitive? Does the geometry of the TS alter
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substantially in response to the number and placement of
substituents?

Recent experimental studies by Doering and co-woPkérs
ave brought these important questions into sharp focus.
Stimulated by Doering’s experimental results, we have carried
out and reported the results of B3LYP/6-31G* calculations on
the effects of cyano and vinyl substituents on the Cope

I Bmgg:g 8; \(’:V:};g'r?]?at‘on- rearrangemeritUnfortunately, the scant amount of experimental
. PP .
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the most complete set of experimental substituent effects hasTable 1. Calculated and Experimental Activation Enthalpies

been reported.
Experiments have revealed that phenyl substituents &C-B8,

(kcal/mol) for the Cope Rearrangements of Phenyl-Substituted
1,5-Hexadienes and the Calculated Interallylic Distafc€}), in

Each TS and Intermediate

and C-3° C-1 and C-42 or C-1, C-3, C-4, and C%6of 1,5-

hexadiene lower the activation enthalpy from that for the parent AH?
Cope rearrangemefitpresumably by stabilizing the resonance substituents method  calcd exptl Re
contributor to the TS in Figure 1 that resembles two allyl none B3LYP 332 33.305% 1.965
radicals. Dewar and Wade found that phenyl substituents at 3-phenyl B3LYP 284 28.%#0.41 2122, 2.062
C-2M or C-2 and C-5'“provide a larger enthalpy reduction  2-phenyl B3LYP  30.4 1.837,1.821
per phenyl group. The lower enthalpy estimated for cyclo- 2-Pheny! UB3LYP  30.3 . L777,1.700
hexane-1,4-diyt3*5the resonance contributor to the TS that is i:pﬂgﬂy: gg&l(_gp gg'g 293+16 1'25822 2122
stabilized by substituents at C-2 and C-5, relative to the enthalpy 1,g-dip¥eny| B3LYP 302 30502 2218
of two allyl radicalst® rationalizes this experimental finding.  1,4-diphenyl B3LYP 29.2 29.90212 2241

A pair of phenyl substituents at C-2 and ¢-%*has been  2,4-diphenyl B3LYP 26.7 24.608' 1.979,61.900
found to provide more than twice the lowering of the activation 2.4-diphenyl UB3LYP 273 1.597,1.623
enthalpy than a single phenyl substituent at &-Roering and g's'd!phe”y' B3LYP 251 1.794,1.680

/ 5-diphenyl UB3LYP 24.8 1.839, 1.667

co-workers have recently discovered that four phenyl groups 2.5-diphenyl UB3LYP 2138 21.34+0.3114 1576
attached to C-1, C-3, C-4, and C-6 of 1,5-hexadietso furnish 1,3,5-triphenyl B3LYP 292 27.80.% 2.113, 2.106
more than twice the lowering oAH* than is provided by a 1,3,5-triphenyl UB3LYP 323 1.613
pair of phenyl groups at either C-1 and €& C-1 and C-42 1,3,4,6-tetraphenyl B3LYP 191  21:30.17  2.649

Experiments suggest that phenyl substituent effects can be agnthalpy, relative to the reactant, of the diradicaloid intermediate.
competitive as well as cooperative. For example, when a pair® The UB3LYP TS, leading to this intermediate, was not located,
of phenyl groups is attached to C-2 and C-4 of 1,5-hexadiene, because its enthalpy is clearly higher than that of the B3LYP TS.
or when three phenyls are attached to C-1, C-3, andf&rsall ¢Length of the forming bond and the breaking bond, respectively. A

- S ) S single bond length is given for those species having a plane of
negative deviations from substituent effect additivity have been symmetry.
observed. A small negative deviation from additivity has also
been found in the Cope rearrangement of 1,3-dicyano-2-phenyl- Al electronic structure calculations were carried out with the
1,5-hexadiené Unfortunately, due to experimental uncertainties, 2ussian 98 suite of prograrffsThe program Quivéf was used for
especially in the value ohH* for the Cope rearrangement of the calculations of secondary kinetic isotope effects.
2-phenyl-1,5-hexadieng,these deviations from additivity are
not outside the range of possible experimental errors.

A recent increase, by over an order of magnitude, in the For some of the Cope rearrangements with a phenyl sub-
computational resources available to us has made it possible tostituent at C-2, unrestricted (U)B3LYP calculations found a
perform B3LYP/6-31G* calculations on the Cope rearrange- Cyclohexane-1,4-diyl intermediate of significantly lower energy
ments of 1,5-hexadienes that are substituted with up to four than the B3LYP TS. For these reactions the UB3LYP TS
phenyl groups. Herein we report the results of these calculations.connecting the intermediate to the reactant and product was also
We find that our calculations give activation enthalpies that located. As shown in Table 1, in each case the enthalpies of
agree very well with the experimental valled:11-14 Conse- the B3LYP and UB3LYP TSs were computed to be very similar.
quently, there is good reason to believe that the information ~ Table 1 compares the computed with the measured values of
provided by our calculations about how phenyl substituents AH*. In general, there is very good agreement between the two
affect the TSs for these reactions is equally reliable. sets of values. The worst agreement is for the Cope rearrange-
ment of 2,5-diphenyl-1,5-hexadiene. The B3LYP valug\ef*
for a concerted Cope rearrangement and the UB3LYP value of
AH* for formation of a diradical intermediate in this reaction
Becke’s hybrid exchange functiofland the nonlocal correlation  are each too high by nearly 4 kcal/mol. The UB3LYP TS has
functional of Lee, Yang, and Pa?r(B3LYP). A vibrational analysis very little diradical character® = 0.04), compared to the
was performed at each stationary point found, to confirm its identity diradical intermediate® = 0.95), to which the UB3LYP TS
as an energy minimum or a transition structure. The harmonic |a54s. The experimental enthalpy of the TS, relative to that of
frequencies were used, without scaling, to calculate the zero-point y,q o ctant is much closer to that of the UB3LYP intermediate
energies and thermal (?or'rectlons necessary to o_btaln the enthalples o[han to those of either the B3LYP or UB3LYP TSs
reaction at 298 K. Optimized geometries, energies, and enthalpies of . . ’

Does an Intermediate Really Exist in the Cope Re-

all the molecules discussed in this paper can be found as Supporting . . . i
Information. arrangement of 2,5-Diphenyl-1,5-hexadiene7o investigate
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Computational Methodology
Calculations were carried out with the 6-31G* basis 8etsing

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
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whether, as indicated by the UB3LYP results, this reactionreally — Our BLYP (as well as our restricted B3LYP) calculations
is stepwise, with two unsymmetrical TSs flanking a symmetrical predict that the intermediate exists in a very shallow energy
intermediate, or whether the reaction is concerted, with a well. If this actually is the case, a good estimate of the enthalpy
symmetrical TS that resembles the UB3LYP intermediate, we difference between the reactant and the TS that connects it to
calculated the secondary kinetic isotope effects (SKIEs) for both the intermediate should be provided by the UB3LYP enthalpy
of these possibilities. One set of SKIE calculations was based difference between the reactant and this intermediate. It is,
on the pair of symmetry-related UB3LYP TSs, connecting the Presumably, for this reason that this UB3LYP enthalpy differ-
UB3LYP intermediate to the reactant and product. The other €nce is closer than any of the computed values of the enthalpy

set of SKIE calculations was based on treating@heUB3LYP of activation to the experimental value &H* = 21.3 kcal/mol
intermediate as though it were the TS for the concerted Copefor the COIO? rearrangement _o_f 2,5-d|ph(_enyl-1,5-hexaoﬁéh4e.
rearrangement of 2,5-diphenyl-1,5-hexadiene. Cooperative and Competitive Substituent Effects.Our

calculations predict that the two phenyl substituents in 2,5-
: . - o diphenyl-1,5-hexadiene act cooperatively to lower the activation
2,5-diphenyl-1,5-hexadiertr at 55—ku/ko = 0.60 for bond enthalpy for its Cope rearrangement and also the UB3LYP

making andk_“/kD - 1'06. for bond breakingare in goo_d enthalpy of the putative diradical intermediate formed in this
agreement with the experimental values measured by Gajewsklreaction_ As shown in Table 1, substitution of a phenyl group

and Conrad? However, the calculated values are essentially at C-2 of 1,5-hexadiene is calculated to lowsH* by ca. 3

the same whether a single TS, with the same geometry as the.5/mol and to give a diradicaloid intermediate whose UB3LYP
UB3LYP mtermed!ate, is a;sumed or whether this species is energy is about 1 kcal/mol lower than either the B3LYP or
treated as a true intermediate, connected to the reactant ang)g3| Yp TS. A second phenyl group at C-5 is calculated to
product by a pair of symmetry-related UB3LYP TSs. Therefore, |ower AH* by an additional 5 kcal/mol with both B3LYP and
comparison of the calculated and experimental isotope effectsyg3LYP and to stabilize the UB3LYP diradical intermediate
provides no information as to whether the geometry of the py an additional 8 kcal/mol, relative to the reactant. Thus, as
UB3LYP diradical intermediate or that of the UB3LYP TS is found by comparing the experimental valuesAdfi* for the
closer to the geometry of the actual TS for the Cope rearrange-Cope rearrangements of 2-phenyl- and 2,5-diphenyl-1,5-hexa-
ment of 2,5-diphenyl-1,5-hexadiene. dienell1* our calculations show that the effects of the two
Very recently, Staroverov and Davidson have found that phenyl substituents in 2,5-diphenyl-1,5-hexadiene are non-
UDFT calculations, performed with the original Becke exchange additive and that these substituents act cooperatively.
functional (e.g., UBLYP), have a lower tendency to find Cooperative substituent effects a* are also found by our
diradical intermediates in Cope rearrangements than UDFT calculations on Cope rearrangements in which phenyl groups
calculations, performed with Becke’s hybrid exchange functional are attached to the other four carber@-1, C-3, C-4, and C-6
(e.g., UB3LYP)2224 Therefore, to investigate further whether Of 1,5-hexadiene. This is not apparent if the valueAéf* for
aCy, diradical intermediate really is formed in this reaction we the Cope rearrangement of 3-phenyl-1,5-hexadiene to 1-phenyl-
also carried out UBLYP/6-31G* calculations on the Cope 1,5-hexadiene is used, because the exothermlc!ty ofth|§ reaction
rearrangement of 2,5-diphenyl-1,5-hexadiene. The results ofobscures the actual effect of the phenyl group in stabilizing the

these calculations are described in detail in the Supporting TS fgr thLS r_ea%tlgri’-. H_owever, a va;llug?for this stabilization
Information, but they can be summarized as follows. can be obtained by using Marcus theaty.

. . . L The Marcus equation predicts that, in the absence of ad-
. UBLYP/6'31(_3* calculations indicate that an mtermedlate 'S, ditional TS stabilization by the phenyl substituent in the Cope
indeed, formed in the Cope rearrangement of 2,5-diphenyl-1,5-

. VeE — . . rearrangement of 3-phenyl-1,5-hexadiene, the average value of
hexadiene. However, UBLYP gives = 0.00 for this species, A+ for the forward and the reverse reactions would be
and the UBLYP energy for it is the same as that obtained from approximately equal to the intrinsic barrier for the Cope

a (re.stricted) IBLYP calculat.ion. Thereforfe, .With the. BLYP rearrangemerf, An average value ohH* = 32.3 kcal/mol is
functional, unlike the case with B3LYP, this intermediate can computed for the Cope rearrangements of 1-phenyl- and
be described with a closed-shell wavefunction. 3-phenyl-1,5-hexadiene. This value is ca. 1 kcal/mol lower than
Comparison with experiment indicates that UB3LYP provides AH* for the parent reaction. We take this difference as a
a much better estimate of the energy of this intermediate thanreasonable estimate of the stabilization, not present in the
(U)BLYP, probably because this intermediate really does have reactant or product, of the Cope TS by a single phenyl group at
a large amount of diradical character. However, comparison with C-1 or C-3 of 1,5-hexadiene.
experiment also shows that UB3LYP overestimates the height The Cope rearrangements of 1,3- and 1,4-diphenyl-1,5-
of the barrier that separates ti@y, intermediate from the hexadiene are degenerate; hence, their activation enthalpies can
reactant. Presumably, because the TS that connects the reactaie compared directly with that for the unsubstituted parent. The
and the intermediate has less diradical character than thetwo phenyl groups on the same allyl fragment in the former
intermediate, UB3LYP is less successful in computing the compound are calculated to be slightly less effective in lowering

The SKIEs that we calculated for the Cope rearrangement of

energy of the TS than that of the intermediate. (25) The exothermicity of 7.8 kcal/mol that is computed for this reaction
by our B3LYP/6-31G* calculations is 2.7 kcal/mol higher than the value
(22) Gajewski, J. J.; Conrad, N. D. Am. Chem. S0d.979 101, 6693. recommended by Doering for the conjugation energytrans{3-alkyl-
(23) Staroverov, V. N.; Davidson, E. R. Am. Chem. Saocin press. styrenes. RHF and MP2/6-31G* calculations give enthalpies of, respec-
We thank Professor Davidson for sending us a preprint and giving us tively, AH = —6.4 and—3.3 kcal/mol for the rearrangement of 3-phenyl-
permission to describe his results in advance of their publication. to 1-phenyl-1,5-hexadiene, and it appears that B3LYP generally does tend

(24) For example, UB3LYP/6-31G* calculations on the potential energy to overestimate conjugation energies between double bonds and other
surface for the parent Cope rearrangement predict the existenc€gf a  unsaturated grougs.
diradicaloid & = 0.63) intermediate, albeit one that is 3.2 kcal/mol higher (26) Marcus, R. AJ. Phys. Cheml968 72, 891.
in energy than theCy, aromatic TS¥2% In contrast, UBLYP/6-31G* (27) The Marcus equation actually predicts that the average activation
calculations, like CASSCF calculations to which dynamic electron correla- enthalpy should be raised by the square of the exothermicity, divided by
tion has been addéd? do not find aCy, diradical intermediate on the 16 times the intrinsic barrier, but this quotient amounts to only 0.1 kcal/
potential energy surface for this reacti&n. mol.
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AH* (AAH* = 3.0 kcal/mol) than the phenyl group on each
allyl fragment in the latterAAH* = 4.0 kcal/mol). The selective
stabilization of the Cope TS by the second phenyl group in 1,3-
or 1,4-diphenyl-1,5-hexadiene is-3 kcal/mol more than the
ca. 1 kcal/mol provided by a single phenyl substituent at just
one of these carbons.

The two additional phenyl substituents in 1,3,4,6-tetraphenyl-
1,5-hexadiene have an even larger cooperative effecttsh
The four phenyl groups in this compound are computed to lower
AH* by a total of 14 kcal/mol. Thus, the second pair of phenyl
groups provides an additional Q1 kcal/mol of selective
stabilization of the TS, roughly a factor of 4 more than the first
pair of phenyl substituents.

In agreement with experiment, our calculations predict that

a phenyl group which stabilizes one of the resonance structures

shown in Figure 1 causes additional phenyl substituents at
equivalent positions in the TS to have an even larger stabilizing
effect. However, although our calculations show that phenyl

substituents attached to equivalent carbons in the Cope TS act

cooperatively to lowerAH*, our calculations also predict that
competitive effects occur when phenyl substituents stabilize
different diradical contributors to the Cope TS.

For example, based on a computed valuakf = 30.2 kcal/
mol for the Cope rearrangement of 1,3-diphenyl-1,5-hexadiene,
andAAH* = 2.8 kcal/mol calculated for the effect of the phenyl
group in 2-phenyl-1,5-hexadiene, substituent effect additivity
predictsAH¥ = 27.4 kcal/mol for the Cope rearrangement of
1,3,5-triphenyl-1,5-hexadiene. However, the B3LYP enthalpy
of activation, AH* = 29.2 kcal/mol, indicates a negative
deviation of 1.8 kcal/mol from substituent effect additivity.

A deviation from additivity of about this size is also found
in the experimental value akH*,5 but this deviation is within
the range of experimental error. The computational results in
Table 1 provide evidence that the observed deviation is?feal.

TS GeometriesWhat is responsible for the cooperative and
competitive substituent effects, predicted by our B3LYP cal-
culations and observed experimentally? We believe that the
answer is given by B3LYP TS geometries, which are shown in
Figure 2.

The interallylic bond lengths in the (U)B3LYP TSs, which
are listed in Table 1 and shown in Figure 2, change dramatically
with the number and placement of phenyl substituents. For

example, a 2-phenyl substituent causes the average of the

forming and breaking single bonds in the B3LYP TS to be 0.14
A shorter than in the parent Cope rearrangement, while a secon

phenyl, attached at C-5, causes a 0.09 A further contraction. Af
in

3-phenyl substituent causes an average of 0.13 A increase i
forming and breaking single bond lengths in the B3LYP TS,

but in the 1,3,4,6-tetraphenyl TS these lengths are longer than

in the TS for the parent Cope rearrangement by 0.17 A per
phenyl group, for a total increase of 0.68 Al

The bond orders of the forming and breaking single bonds
in the parent Cope TS are 0.49reflecting a synchronous,
concerted reaction. For substituted cases, these bond lengths i
the TS or intermediate range from 1.576 to 2.649 A. These

(28) Since B3LYP/6-31G* calculations predisH* = 29.7 kcal/mol for
the Cope rearrangement of 1,3-dicyano-1,5-hexadidrsbstituent effects
were additive,AH* = 26.9 kcal/mol would be expected for the Cope
rearrangement of 1,3-dicyano-2-phenyl-1,5-hexadiene. Our B3LYP/6-31G*
calculations actually giveAH* = 28.5 kcal/mol for this reaction. The
calculated negative deviation of 1.6 kcal/mol from additivity is slightly
smaller than the 2.2 kcal/mol negative deviation found experimerftally.
(29) The Indiana/Pauling bond order relationship is useg= eRs=Ry
0.6: Houk, K. N.; Gustafson, S. M.; Black, K. A. Am. Chem. S0d.992
114, 8565. For a discussion of TS bond lengths in pericyclic reactions, see
ref 1c.
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2.062

1.680 g E
1.794

Figure 2. Geometries of the B3LYP transition structures for the parent
and phenyl-substituted Cope rearrangements.

correspond to bond orders ranging from 0.94 to 0.06! The
secondary kinetic isotope effects measured by Gajewski and
Conrad* provide strong experimental evidence for a variable

TS, whose geometry responds to the positions of radical
stabilizing substituents in the T38.

The overlay in Figure 3 compares the geometries of the 1,4-
nd 2,5-diphenyl-substituted, chair, Cope TSs. In addition to
he obvious difference between interallylic bond lengths, this
igure also reveals graphically the difference between the amount
of pyramidalization at the terminal atoms of the allyl fragments
in the two TSs.

In the B3LYP TS for Cope rearrangement of 1,4-diphenyl-
1,5-hexadiene (shown in gold), the pyramidalization arfgles
are 21.7 at the phenyl-substituted carbons and 21a6 the
unsubstituted carbons. Figure 3 shows that in this TS the phenyl

roups are conjugated with the atomic orbitals that form the

onds that are being made and broken. However, even at an
interallylic distance of 2.241 A, bonding between the two allyl
fragments keeps the phenyl-substituted carbons from being any
more planar than the unsubstituted carbons at the allyl terminii.

In the UB3LYP TS for Cope rearrangement of 2,5-diphenyl-
1,5-hexadiene (shown in silver) the larger amount of bonding
between the two allylic fragments makes the terminal carbons
much more pyramidal than in the TS for Cope rearrangement

(30) Gajewski, J. JAcc. Chem. Red98Q 13, 142.
(31) These are the angles between the bonds to C-2 and the planes formed
by the terminal carbons and the two substituents attached to them.
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Figure 3. Superposition of the transition structures for the Cope
rearrangements of 1,4-diphenyl-1,5-hexadiene (gold) and 2,5-diphenyl-
1,5-hexadiene (silver); B3LYP geometry for the former and UB3LYP
for the latter.

of 1,4-diphenyl-1,5-hexadiene. In the 2,5-diphenyl TS, the
pyramidalization anglés are 36.2 and 46.4 at the terminal
carbons where the interallyic distances are, respectively, 1.839
and 1.667 A.

As shown in Figure 3, the phenyl groups attached to C-2
and C-5 are twisted slightly out of conjugation in the TS (as
they are in the reactant) by the steric interaction between one
of the ortho hydrogens in each phenyl substituent and ¢lse
hydrogen at the more planar of the pair of adjacent carbons. As
a result, the pyramidalization angle at C-2 and C-5 of 1§18
the TS for Cope rearrangement of 2,5-diphenyl-1,5-hexadiene
is larger than that of 127%n the TS for Cope rearrangement of
1,4-diphenyl-1,5-hexadiene.

However, in the UB3LYP diradical intermediate in this
reaction, the phenyl groups are aligned to conjugate maximally
with the radical centers at these two carbons. The increased
conjugation flattens C-2 and C-5, so that the pyramidalization
angle decreases from 18.8 the UB3LYP TS to 7.0 in the
intermediate. The change in phenyl conformation between the
TS and the intermediate is noteworthy, since phenyl conforma-
tion has been invoked as a possible factor in antibody catalysis
of the Cope rearrangement of a 2,5-diphenyl-1,5-hexadine.

Effect of TS Geometry on Cooperativity. The differences
in TS geometries, revealed by our calculations and shown
graphically in Figures 2 and 3, reflect alterations in the weights
of one of the two diradical contributors to the ¥& Multiple
phenyl substituents at the same types of carbons in the Cop
TS favor more diradical-like TS geometries, thus allowing each
substituent to provide more stabilization for the TS than it can

(32) Driggers, E. M.; Cho, H. S; Liu, C. W.; Katzka, C. P.; Braisted,
A. C.; Ulrich, H. D.; Wemmer, D. E.; Schultz, P. G@. Am. Chem. Soc.
1998 120, 1945. Ulrich, H. D.; Mundroff, E.; Santarsiero, B. D.; Driggers,
E. M.; Stevens, R. C.; Schultz, P. Gature 1997, 389, 271.

thoet al.

when fewer phenyl substituents are present. Therefore, it is the
changes in the TS geometries, caused by multiple substituents,
that lead to the cooperative substituent effects, calculated for
and observed in the Cope rearrangements of 2,5-diphenyl-1,5-
hexadien&-*and 1,3,4,6-tetraphenyl-1,5-hexadiéne.

In contrast, when substituents are attached to different types
of carbons in the TS, they stabilize different diradical contribu-
tors to it. The optimal TS geometry is then a compromise. This
explains why, for example, the average valudRah the Cope
TS for 1,3,5-triphenyl-1,5-hexadiene is 0.108 A shorter tRan
in the Cope TS for 1,3-diphenyl-1,5-hexadiene.

At such a compromise TS geometry neither set of substituents
can provide as much stabilization as it can at the TS geometry
in which the set of competing substituents is absent. This
explains why AH¥ for the Cope rearrangement of 1,3,5-
triphenyl-1,5-hexadiene is higher than would be expected if the
effects of the phenyl groups in 1,3-diphenyl- and 2-phenyl-1,5-
hexadiene were additive.

Conclusions

The results of (U)B3LYP/6-31G* calculations on the effects
of phenyl substituents on the Cope rearrangement show the same
type of excellent agreement with experiment, previously found
in B3LYP/6-31G* calculations oAH* for the Cope rearrange-
ments of 1,5-hexadierfanore highly unsaturated derivativés,
and semibullvalené This agreement with experiment, regard-
ing the effect of phenyl substituents ad*, provides evidence
that the TS geometries obtained from our calculations are equally
reliable.

The calculated TS geometries provide the explanation of why
both cooperative and competitive phenyl substituent effects are
observed in Cope rearrangements. Multiple phenyl groups,
attached at the same types of carbons in the TS, all stabilize
the same diradical contributors to the TS, leading to a more
diradical-like TS geometry. At such a geometry each phenyl
substituent can provide more stabilization for the TS than it
can when fewer phenyl groups are present.

In contrast, phenyl substituents attached to different types of
carbons in the Cope TS stabilize each of the possible diradical
contributors to it. The optimal TS geometry is then a compro-
mise. At such a geometry neither set of phenyl substituents can
provide as much stabilization as it can at the more diradical-
like TS geometry that is favored when the competing set of
phenyl substituents is absent.

Acknowledgment. This work was supported by generous
grants from the National Science Foundation. Purchase of the
cluster of IBM RS/6000 43P-260 computers (UW) and the SGI
2000 Origin (UCLA) on which our calculations were performed
was also made possible by grants from the NSF.

Supporting Information Available: Optimized geometries
and energies for the reactants, TSs, and intermediates in Table

el, and detailed discussion of the results of UBLYP calculations

on the existence of @y intermediate in the Cope rearrangement
of 2,5-diphenyl-1,5-hexadiene (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.

JAOO00531IN

(33) Staroverov and Davidson have shown that at fixed geometries the
weights of the two diradical contributors to the Cope TS are less affected
by the addition of cyano substituents than by changes in the geometry of
the TS, caused by these substituéfts.

(34) Black, K. A.; Wilsey, S.; Houk, K. NJ. Am. Chem Socl998
120, 5622.

(35) Jiao, H.; Nagelkerke, R.; Kurtz, H. A.; Williams, R. V.; Borden,
W. T.; Schleyer, P. von Rl. Am. Chem S0d 997 119 5921.



