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The mechanism of the Cope rearrangement (the [3,3]-sigmatropic
shift of a 1,5-hexadiene) has long stood as a point of debate.1 Much
of the controversy was a result of its “chameleonic”2 behavior;
namely, its mechanism varies between concerted and stepwise
pathways depending on the nature and position of appended
substituents. Nonetheless, this reaction has been used as a key step
in many creative and elegant syntheses.

Palladium-promoted Cope rearrangements have also been utilized
to advantage by synthetic chemists.3-5 In particular, substantial
attention has been given to the Pd(II)-promoted Cope reaction,3,4

which has been characterized as proceeding through the stepwise
mechanism shown in Scheme 1.4 Key experiments supporting this
mechanistic picture were described by Overman and co-workers
who demonstrated a linear free energy relationship for re-
arrangements of various 2-aryl-1,5-hexadienes promoted by
PdCl2(C5H11CN)2 (Scheme 1, R) Ar),6 consistent with a mech-
anism involving the build-up of positive charge near the aryl group
in the rate-determining transition structure.4

Herein we show, using quantum chemical calculations (B3LYP/
LANL2DZ),7,8 that the mechanistic picture in Scheme 1 is not
necessarily applicable to all Pd(II)-promoted Cope rearrangements,
and that the potential energy surfaces for such reactions show some
of the same peculiarities as those of their metal-free cousins.

For example, calculations using PdCl2(MeCN) bound to 2-phen-
yl-1,5-hexadiene revealed that although a stepwise pathway is
possible, and the expected cyclohexyl cation-like intermediate can
indeed exist, this intermediate resides in a very shallow minimum
(∼1 kcal/mol deep; see Figure 1). The minimum is, in fact, so
shallow that one must wonder whether the very presence of the
phenyl substituent “coerced” the 1,5-hexadiene into rearranging via
a stepwise path. To explore whether rearrangements without such
intermediates are possible, we examined a variety of systems, both
with and without aryl groups (Tables 1 and 2).

For all aryl-substituted systems explored (Table 1), the stepwise
mechanism persisted, regardless of whether the substituents were
donors or acceptors. In general, electron-withdrawing groups both
reduced the depth of the well in which the intermediate resides
and increased the barrier for formation of the intermediate. This is
consistent with a mechanism such as that shown in Scheme 1,4 in
which progression from the [Pd]-bound reactant to the C-C bond-
forming transition structure and then to the cyclohexyl-like
intermediate is accompanied by removal of electron density from
the carbon adjacent to the aryl ring, leaving each successive
structure with an increased “electron demand”10 at that position.
Note, however, that for the substituents examined, the well depth
never exceeded 5.1 kcal/mol, and in many cases it effectively
disappeared.

Several other (non-aryl) substituents were also examined (Table
2).6 When the aryl substituent was replaced with a hydrogen, no
intermediate was located; that is, the rearrangement for the “parent”
system is actuallyconcerted(see Figure 2a for the single transition
structure)!11 Note that the computed barrier for this rearrangement

(30.1 kcal/mol) is higher than that for any of the systems with aryl
substituents; this is consistent with the involvement of a cyclohexyl
cation-like structure, but here, in contrast to the aryl-substituted
cases, this structure is a transition structure rather than a
minimum.11,12In general, structures bearing cation-stabilizing groups
followed stepwise pathways with shallow intermediates, while those
lacking such groups followed concerted pathways. The geometries
of the intermediates for the former (e.g., Figure 2b) and the
transition structures for the latter (e.g., Figure 2a) are strikingly
similar, emphasizing how tenuous the distinction between the
stepwise and concerted mechanisms can be.

The concerted Pd(II)-promoted Cope rearrangements provide new
examples of “transition-state complexation”.13 Take the R) H11

system (Figure 2a), for example. Here the transition structure for a
metal-free Cope rearrangement (Figure 2c) is complexed by an MLn

fragment. This complexation is stronger for the transition structure
than for the reactant, thereby reducing the barrier for rearrangement
(from 35.2 to 30.1 kcal/mol, Table 2; note that all systems in Tables
1 and 2 have lower barriers when complexed). The geometric
changes occurring upon complexation are also logical and can be
rationalized via interactions between orbitals of the uncomplexed
transition structure and orbitals of the PdCl2(MeCN) group. For
example, the orbital of the complexed transition structure shown

Scheme 1

Figure 1. Geometries (distances in Å; gas phase) and relative free energies
(25 °C, kcal/mol) of stationary points involved in the Pd(II)-promoted Cope
rearrangement (with B3LYP/LANL2DZ7,8). Note that this figure represents
half of the overall degenerate rearrangement.

Published on Web 06/22/2007

8686 9 J. AM. CHEM. SOC. 2007 , 129, 8686-8687 10.1021/ja072159i CCC: $37.00 © 2007 American Chemical Society



in Figure 2e is composed of the HOMO of the uncomplexed
transition structure (Figure 2d; roughly an antibonding combination
of two allyl orbitals) interacting in a bonding way with a dz

2 orbital
of the Pd (along with contributions from the Cl’s), an interaction
that decreases the interallyl C-C distances. Simple matching of
orbitals for transition structures and MLn fragments in this way is
a relatively unexplored,13 yet potentially powerful, catalyst design
strategy.

Our calculations thus suggest that the mechanism of the Pd(II)-
promoted Cope rearrangement varies between stepwise and con-
certed on the basis of the nature and position of appended
substituents. We therefore suggest that it should, like its metal-
free counterpart, be characterized as “chameleonic”.2,14 Although
stepwise pathways were found for some systems, these rearrange-
ments tend toward concertedness; that is, if intermediates exist, they
tend to sit within very shallow wells.15 We continue to pursue both

theoretical and experimental studies on the mechanisms of these
classic reactions,4,5,8 with the ultimate goal of utilizing the “transi-
tion-state complexation” concept as a tool for designing new
variants that allow for unprecedented rearrangements of complex
π-systems.
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Table 1. Computed (B3LYP/LANL2DZ; Gas Phase)7,8 Energetics
(Free Energies in kcal/mol) for PdCl2(MeCN)-Promoted and
Uncomplexed Rearrangements of 2-Aryl-1,5-hexadienes (Only
Some of Which Have Been Explored Experimentally4a)a

substituent
σp

+,
σm

9

complexed
TS

complexed
Int

well
depth

uncomplexed
barrier

pNMe2 -1.7 16.9 11.8 5.1 32.6
pNH2 -1.3 17.6 13.0 4.6 33.0
pOi-Pr -0.85 18.6 15.6 3.0 32.8
pMe -0.31 20.7 19.4 1.3 33.6
pCHCH2 -0.16 20.6 18.6 2.0 32.2
H 0 20.7 19.4 1.3 32.6
pCl 0.11 21.8 20.8 1.0 32.5
mOMe 0.12 21.5 20.6 0.9 32.2
pCCH 0.18 21.4 19.8 1.6 32.1
mF 0.34 21.8 21.2 0.6 32.3
mBr 0.39 23.3 22.8 0.5 32.5
mCF3 0.43 23.5 22.7 0.7 32.0
pCF3 0.61 22.8 22.4 0.4 32.1
pCN 0.66 22.8 22.1 0.7 31.6
pNO2 0.79 23.5 23.1 0.4 30.1
pBCl2 0.86 23.2 22.7 0.5 30.3

a Energies for the transition structures (TS) and intermediates (Int) are
relative to those for the chairlike reactant complexes that precede them.

Table 2. Computed (B3LYP/LANL2DZ; Gas Phase)7,8 Energetics
(Free Energies in kcal/mol) for Hexadienes with R * Ar

substituent
(R) mechanism

complexed
barrier

well
depth

uncomplexed
barrier

CF3 concerted 31.5 NA 31.5
CN concerted 29.2 NA 30.7
H concerted 30.1 NA 35.2
CH3 stepwise 22.7 0.3 34.3
vinyl stepwise 22.1 1.5 32.6

Figure 2. Selected structures (B3LYP/LANL2DZ,7 distances in Å) involved
in complexed and uncomplexed Cope rearrangements (a-c). (d) Kohn-
Sham HOMO for Figure 2c. (e) Kohn-Sham HOMO-4 for Figure 2a.
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