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ABSTRACT: The conformationally restricted allenyl Cope rearrangement of syn-7-allenylnorbornene (10) to
racemic-triene 11 was studied computationally using density functional theory (DFT) methods and the results
were compared with those already calculated for this rearrangement at the (8,8)CASPT2/6–31G*//(8,8)CASSCF/6–
31G* level of theory. The CASSCF level calculations had shown that the rearrangement involves two separate
transition structures 12 and 13 that both lead to common diradical intermediate 14. These findings are consistent with
the 90% stereoselectivity observed in the thermal Cope rearrangements of dimethyl allenylnorbornene derivatives
racemic 7a and 7b. In this study, we found that CASSCF optimized structures 10–12 and 15 could be successfully re-
optimized at the UB3LYP/6–31G* level to structures of similar geometries and relative enthalpies. However, the
CASSCF transition structure corresponding to 13 did not optimize to a UB3LYP version of 13, but rather to the
UB3LYP-optimized structure corresponding to transition structure 12. Despite taking several approaches, an
optimized UB3LYP/6–31G* version of 13 was not found on the UB3LYP potential energy surface. Hence the
UB3LYP results are not only at variance with the CASSCF results but also with the above mentioned experimental
results. The 10! 11 rearrangement was also studied using UBLYP and UBPW91 functionals in addition to UB3LYP
and each of the three functionals predicted a different mechanism, none of them consistent with the experimental or
CASSCF results. Copyright # 2004 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894-3230/suppmat/
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INTRODUCTION

The thermal Cope rearrangement has been the subject of
numerous experimental and computational studies.1 For
example, multireference (6,6)CASSCF/6–31G* level cal-
culations on the paradigmatic Cope rearrangement of 1,5-
hexadiene, that included dynamic electron correlation
using either CASPT22 or CASMP23 versions of multi-
reference perturbation theory, have shown that it pro-
ceeds by way of a concerted reaction.1g,1h

Excellent results have also been obtained using density
functional theory (DFT) calculations, performed with
the B3LYP functional (this is the hybrid, Becke, three-
parameter, exchange functional of Lee, Yang, and Parr4),
for the concerted Cope rearrangements of 1,5-hexadiene1i,1j

and more highly unsaturated derivatives.1k The aromatic
character of certain of these concerted transition

structures has also been confirmed by computed magnetic
properties5 and the density of effectively unpaired
electrons.6

Some Cope rearrangements, however, have been found
to be non-concerted. For example, radical stabilizing
groups7 or relief of steric strain5b,8 have resulted in
mechanisms in which bond breaking precedes bond mak-
ing, resulting in bis-allyl diradical intermediates. Cyclo-
hexane-1,4-diyl derivatives have also been favored as
intermediates for cases in which bond making precedes
bond breaking.9 Since both of these types of non-concerted
Cope rearrangements involve singlet diradical intermedi-
ates, it might be expected that single reference DFT theory
may have difficulty in dealing properly with them. Proper
treatment would require that the reference wavefunction
be represented by more than one Slater determinant and
UDFT (unrestricted variant of DFT) calculations use
single determinants of Kohn–Sham orbitals.10

It has also been reported that pure density functionals
such as UBLYP and UBPW91 perform better than hybrid
functionals (e.g. B3LYP) for certain reactions involving
singlet diradical intermediates. Schreiner has reported
that UBLYP performs much better than UB3LYP in
calculations on dehydrobenzene singlet diradicals as
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intermediates in the Bergman cyclization of enediynes.11

In addition, calculations performed by Staroverov and
Davidson on the Cope rearrangements of 1,3,5-tricyano-
1,5-hexadiene and 1,3,4,6-tetracyano-1,5-hexadiene have
shown that UBPW91 gives much more believable results
than either UB3LYP or UB3PW91, with the last two
methods predicting what the authors consider a spurious
stationary point in each case.6

Another reaction that has been studied recently, by
both experimental and theoretical methods, is the allenyl
Cope rearrangement of 1,2,6-heptatriene (1) to methy-
lene-1,5-hexadiene (2). Roth et al. have shown that
approximately half of this rearrangement proceeds
through a trappable monoallylic cyclohexane-1,4-diyl
diradical intermediate 3.12 Wessel and Berson have also
studied the allenyl Cope rearrangement of (R,E)-5-
methyl-1,2,6-octatriene (4), an optically active dimethyl
derivative of 1.13 Based on the observed stereochemistry
of this reaction, which affords all four possible config-
urational stereoisomers of 4-methyl-3-methylene-1,5-
heptatriene (5), they concluded that at least 16% of the
rearrangement passes through configurationally diaster-
eomeric diradicals 6.

The 1! 2 rearrangement was subsequently studied by
computational methods.14 Both (8,8)CASPT2/6–31G*//
(8,8)CASSCF/6–31G*andUB3LYP/6–31G*calculations
gave very similar descriptions of the potential energy
surface (PES), finding two different pathways that diverge
only after passage over a common rate-determining tran-
sition state. One pathway leads to formation of diradical 3
whereas the other leads directly to product 2, without
formation of intermediate 3. Furthermore, neither of the
calculated transition structures (i.e. between 1 and 3 and
between 2 and 3) exhibited appreciable allylic delocaliza-
tion. For this particular Cope rearrangement, the less
costly UB3LYP calculation was shown to perform as well
as the more costly CASSCF calculation, even though it
involves, in part, a singlet diradical intermediate.

One of us has also made an experimental study of the
conformationally restricted allenyl Cope rearrangement
of dimethyl syn-7-allenylnorbornenes racemic 7a and
racemic 7b.15 The reaction was found to be essentially
90% stereoselective. Pyrolysis of epimer 7a gave 95% of
a mixture of (E)-8 and (Z)-9 and 5% of a mixture of (Z)-8
and (E)-9. Correspondingly, pyrolysis of the other epimer
(7b) gave 96% of a mixture of (Z)-8 and (E)-9 and 4% of
a mixture of (E)-8 and (Z)-9.

Although a concerted mechanism might explain the
formation of the major products from both 7a and 7b, it
cannot, by itself, account for the formation of the minor
products. Therefore, we concluded that a monoallylic
bicyclic 1,4-diyl intermediate was involved in the reac-
tion, at least in the formation of the minor products.

In an attempt to account for the stereoselectivity
observed in the 7! 8þ 9 rearrangements, we subse-
quently performed calculations at the (8,8)CASPT2/6–
31G*//(8,8)CASSCF/6–31G* level of theory on the Cope
rearrangement of syn-7-allenylnorbornene (10) to give
racemic trienes 11.16 The calculations indicated that the
10! 11 rearrangement is much more complicated than
similar CASSCF calculations made the 1! 2 rearrange-
ment out to be. As mentioned above for the 1! 2
rearrangement, two possible pathways involving a single
rate-determining transition structure were found, one a
1! 3! 2 non-concerted pathway and the other a 1! 2
concerted pathway. By contrast, for the 10! 11 rearran-
gement the PES was calculated to involve two separate
rate-determining transition structures 12 and 13, which
both lead to the common diradical intermediate 14.
Optimized structures for 12 and 13 are shown in Fig. 1.
Transition structure 13, which has virtually zero allylic
stabilization, was found to be 2.1 kcal mol�1

(1 kcal¼ 4.184 kJ) higher in enthalpy than 12 and a
common lower energy transition structure 15 was found
to connect diradical 14 and product 11. The terminal
methylene group of 10 was also shown to rotate in only
one direction when passing through transition structure
12 (‘stereospecific’ pathway), but to rotate freely in either
direction when passing through transition structure 13
(non-‘stereospecific’ pathway).
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If the 7! 8þ 9 rearrangement proceeds in a similar
manner to the 10! 11 rearrangement, the formation of the
major products 8 and 9 from 7 could be interpreted in
terms of a comparable ‘stereospecific’ 10! 12!
14! 15! 11 pathway, whereas the formation of the
minor products could be seen as arising from the com-
parable non-‘stereospecific’ 10! 13! 14! 15! 11
pathway.

CASSCF calculations have thus been shown to give
excellent agreement with experiment for both the 1! 2
and 10! 11 allenyl Cope rearrangements. As UB3LYP
calculations also gave good results for the 1! 2 rearran-
gement, in spite of the perceived shortcomings of the
method for reactions involving singlet diradical inter-

mediates,10 we were anxious to test the performance of
UB3LYP on the apparently more complex 10! 11
rearrangement. We were particularly interested to see if
UB3LYP would reproduce both the 10! 12! 14!
15! 11 (‘stereospecific’) and 10! 13 ! 14! 15!
11 (non-‘stereospecific’) pathways uncovered by the
CASSCF calculations.

The current popularity of the B3LYP functional for
DFT calculations also served as an impetus to make it the
focus of our DFT study. However, in view of recent
reports that B-functionals might be more appropriate
than B3-functionals for a study of the Cope and related
rearrangements,6,11 we were also interested in making
some comparisons of the two functional types in our DFT
study of the 10! 11 rearrangement.

COMPUTATIONAL METHODOLOGY

The majority of the UDFT calculations (unrestricted
variant of DFT) were carried out using the hybrid Becke
three-parameter exchange functional of Lee, Yang, and
Parr4b (UB3LYP). Other calculations were done using the
UBLYP and UBPW91 functionals. All calculations made
use of the 6–31G* basis set and the Gaussian 9417a or
Gaussian 9817b suite of programs. The structures result-
ing from these calculations are represented approxi-
mately by ChemDraw structures in Table 1 and their

Figure 1. CASSCF/6–31G* optimized geometries of transi-
tion structures 12 and 13. Coordinates can be found in the
Supporting Information section of Ref. 16

Table 1. Carbon–carbon bond lengths (Å) for stationary points on the (8,8)CASSCF,16 UB3LYP, UBLYP and UBPW91 potential
surfaces for the Cope rearrangement of syn-7-allenylnorbornene (10) to triene 11 (10–16), obtained with the 6–31G* basis seta

Structure Method C1—C2 C2—C3 C3—C4 C4—C5 C5—C6 C6—C7 C7—C8 C4—C8 C2—C6

10 CASSCF 1.32 1.32 1.51 1.55 1.52 1.34 1.52 1.58
RB3LYP 1.31 1.31 1.51 1.56 1.52 1.34 1.52 1.56
RBLYP 1.32 1.32 1.52 1.58 1.53 1.35 1.53 1.58
RBPW91 1.32 1.32 1.51 1.57 1.52 1.35 1.52 1.57

11 CASSCF 1.34 1.47 1.34 1.52 1.55 1.51 1.34 1.56
RB3LYP 1.34 1.46 1.34 1.51 1.56 1.52 1.34 1.54
RBLYP 1.35 1.47 1.35 1.52 1.58 1.53 1.35 1.55

12 CASSCF 1.37 1.36 1.49 1.54 1.54 1.43 1.50 1.63 1.90
UB3LYP 1.35 1.36 1.48 1.55 1.55 1.42 1.49 1.63 1.88

13 CASSCF 1.41 1.34 1.51 1.54 1.54 1.44 1.51 1.60 1.84
14 CASSCF 1.37 1.41 1.50 1.55 1.55 1.52 1.52 1.61 1.57

UB3LYP 1.37 1.41 1.50 1.56 1.57 1.52 1.51 1.59 1.54
UBPW91 1.38 1.41 1.50 1.57 1.57 1.52 1.51 1.60 1.55

15 CASSCF 1.36 1.43 1.44 1.54 1.55 1.52 1.46 1.90 1.58
UB3LYP 1.36 1.43 1.43 1.54 1.56 1.52 1.44 1.93 1.55

16 RB3LYP 1.34 1.38 1.44 1.54 1.55 1.42 1.45 1.80 1.83
RBLYP 1.35 1.39 1.45 1.56 1.57 1.43 1.46 1.81 1.86
RBPW91 1.36 1.38 1.46 1.55 1.56 1.43 1.47 1.71 1.81

a The RB3LYP structure 16 is a second-order saddle point, exhibiting two imaginary frequencies. Full sets of coordinates and energies for all B3LYP, BLYP and
BPW91 structures are available in the Supplementary materials. Coordinates and energies for all CASSCF structures are available in the Supporting
Information accompanying Ref. 16.

464 J. A. DUNCAN AND M. C. SPONG

Copyright # 2004 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2005; 18: 462–467



coordinates, energies, spin contamination values (S2), and
imaginary frequencies are provided in the Supplementary
material (available in Wiley Interscience). When
UB3LYP, UBLYP, and UBPW91 wavefunctions reduced
to their restricted variant (i.e. when S2¼ 0), they are
represented in Table 1, and below, as RB3LYP, RBLYP
and RBPW91 wavefunctions, respectively. Appropriate
vibrational analyses were also carried out to characterize
stationary points as energy minima or as transition
structures and to obtain zero-point energy differences.
All energy comparisons that follow are between zero-
point energy corrected structures.

RESULTS AND DISCUSSION

Since (8,8)CASSCF optimized versions of structures 10–
15 were available from previous calculations,16 our first
series of calculations consisted of re-optimizing them at
the UB3LYP level. As shown in Table 1, (8,8)CASSCF-
optimized structures 10–12, 14 and 15 were successfully
re-optimized at the UB3LYP level to structures of similar
geometries. Figure 2 compares the relative enthalpies
among these structures calculated at the (8,8)CASPT2/6–
31G*//(8,8)CAACF/6–31G* and UB3LYP/6–31* levels
of theory. The agreement is reasonably good, although
it is less so when the energies of 12 (S2¼ 0.386),
14 (S2¼ 1.031) and 15 (S2¼ 0.751) were corrected for
spin contamination. {Corrections were made using the fol-
lowing equation, where labels 1 and 3 refer to singlet and
triplet, respectively: E1 (corr)¼E1 (UDFT)þ ½ð<S2>1=
ð<S2> 3�<S2>1Þ�� [E1(UDFT)�E3(UDFT)}.18Con-
nections among all structures on the UB3LYP and
CASSCF16 potential energy surfaces were confirmed by
intrinsic reaction coordinate (IRC) calculations. Thus

UB3LYP calculations reproduce well the 10! 12!
14! 15! 11 ‘stereospecific’ pathway uncovered earlier
using (8,8)CASSCF calculations.

Importantly, however, UB3LYP optimization of
(8,8)CASSCF-optimized transition structure 13 did not
produce a UB3LYP version of structure 13 but rather the
UB3LYP-optimized structure corresponding to transition
structure 12. (8,8)CASSCF-optimized 13 had been ob-
tained previously16 by employing a Synchronous Transit-
Guided Quasi-Newton (STQN) calculation using
(8,8)CASSCF-optimized 10 and 11 as the starting struc-
tures. [This calculation was done in the search for a
possible concerted transition structure between 10 and
11. However, the first-order saddle point obtained (13)
was shown by IRC calculations to connect to diradical 14
(in addition to 10) and not to product 1116]. However,
when a similar STQN calculation was performed at the
UB3LYP level using UB3LYP-optimized 10 and 11 as
starting structures, the resulting structure 16 (cf. Table 1)
resembled a concerted transition state (i.e. relatively long
C2—C6 and C4—C8 bonds) but had two imaginary
frequencies. [Animation of one imaginary frequency
(�763 cm�1) stretched only the C2—C6 bond whereas
animation of the other (�416 cm�1) stretched only the
C4—C8 bond (cf. Table 1)]. Hence it appears that a
transition structure resembling 13, i.e. with virtually
zero allylic stabilization, does not exist on the UB3LYP
PES and hence the non-‘stereospecific’ 10! 13!
14! 15! 11 pathway is not readily reproduced using
UB3LYP. [When a single-point energy calculation was
performed at the UB3LYP level on transition structure
13, using its (8,8)CASSCF-optimized geometry, the re-
sulting structure had an enthalpy 2.9 kcal mol�1 higher
than the UB3LYP transition structure 12. This compares
with a 2.1 kcal mol�1 enthalpy difference between
(8,8)CASSCF-optimized structures 12 and 13].

Next we investigated whether the 10! 12! 14!
15! 11 pathway could be obtained using UB3LYP
calculations alone, i.e. without reference to the
CASSCF-optimized structures as discussed above.
(8,8)CASSCF-optimized structures 12 and 15 had been
obtained by incrementally lengthening the C2—C6 or
C4—C8 bonds in diradical 14 (cf. Table 1) that must be
cleaved to produce reactant 10 or product 11, respec-
tively, with optimization at each step.16 The highest
energy structures thus obtained were then successfully
optimized as first-order saddle points (12 and 15) at the
(8,8)CASSCF/6–31G* level. When a UB3LYP calcula-
tion, beginning from the UB3LYP-optimized diradical
14, was conducted in exactly the same way, a UB3LYP
version of transition structure 15 was readily obtained on
the product (11) side. On the reactant (10) side, however,
optimization of the highest point obtained at the UB3LYP
level did not produce UB3LYP-optimized 12, but rather
structure 16 (cf. Table 1) with two imaginary frequencies.
[Even when a very small step size (0.01 bohr) and the
‘notrustupdate’ keyword in Gaussian 98 were used for the

Figure 2. Reaction coordinate diagram showing zero-point
corrected enthalpy differences (in kcalmol�1) among opti-
mized structures 10–12, 14 and 15, computed at the
(8,8)CASPT2/6–31G*//(8,8)CASSCF/6–31G* (bold type)16

and UB3LYP/6–31G* (normal type) levels of theory.
UB3LYP/6–31G* energies further corrected for spin contam-
ination are shown in italics
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transition structure optimization, the resulting structure
was 16 and not structure 12]. However, optimization of
the structure of slightly lower energy on the side towards
the diradical did produce the same UB3LYP structure 12
that was produced from UB3LYP/6–31G* optimization
of the CASSCF version of 12 as starting structure. Thus,
although the 10! 12! 14! 15! 11 pathway was
eventually found using UB3LYP calculations alone, tran-
sition structure 12 was not uncovered in a straightforward
manner.

On the other hand, optimization of (8,8)CASSCF-
optimized transition structure 13 at the UBLYP level
gave a structure resembling 16 with only one imaginary
frequency (� 494 cm�1). Animation of this imaginary
frequency simultaneously stretched both the C2—C6 and
C4—C8 bonds (cf. Table 1) and IRC calculations con-
firmed that the RBLYP-optimized transition structure 16
connects to reactant 10 and product 11 on the RBLYP
PES. The calculated enthalpy difference between RBLYP
reactant 10 and transition structure 16 is 33.1 kcal mol�1.
This is 2.5 kcal mol�1 higher than the (8,8)CASPT2/6–
31G*//(8,8)CASSCF/6–31G* enthalpy difference be-
tween reactant 10 and transition structure 12 and
0.1 kcal mol�1 higher than the UB3LYP enthalpy differ-
ence (after correction for spin contamination18) between
10 and 12 (cf. Fig. 2) [A UBLYP single-point calculation
was also performed on UB3LYP structure 12 and the
enthalpy difference between the resultant structure and
RBLYP reactant 10 was calculated to be 34.8 kcal mol�1;
this value is close to the 33.1 kcal mol�1 enthalpy differ-
ence between RBLYP structures 16 (cf. Fig. 2) (the
concerted transition structure) and RBLYP reactant 10].
Given that the 7! 8þ 9 rearrangement has been shown
experimentally not to involve a single concerted transi-
tion state,15 it is unlikely that the RBLYP concerted
transition structure 16 is a valid one.

Optimization of (8,8)CASSCF-optimized transition
structure 13 at the UBPW91 level also gave a structure
most closely resembling 16 with only one imaginary
frequency (�380 cm�1). As shown in Table 1, although
the C2—C6 bond is lengthened to 1.81 Å, almost as much
as it is in the corresponding RBLYP transition structure
(1.86 Å), the C4—C8 bond is lengthened to 1.71 Å, only
about half as much as in the the RBLYP case (1.81 Å).
Furthermore, animation of the imaginary frequency pri-
marily stretched the C2—C6 bond and IRC calculations
showed that the RBPW91-optimized transition structure
16 is actually connected to diradical 14, instead of
product 11 (in addition to reactant 10) on the UBPW91
PES. In addition, the terminal methylene group of 10 was
found by this RBPW91 calculation to rotate in one
direction only for the 10! 16! 14 process (A pathway
from 14 to 11 was not calculated using the BPW91
functional). Based on this ‘stereospecific’ formation of
diradical 14 using BPW91, one would expect the com-
parable 7! 8þ 9 rearrangements to give only the major
products observed experimentally, i.e. (E)-8 and (Z)-9

from 7a and (Z)-8 and (E)-9 from 7b, with none of the
minor products.15

CONCLUSIONS

We have found that the lower energy ‘stereospecific’
10! 12! 14! 15! 11 pathway previously calcu-
lated16 at the (8,8)CASPT2//(8,8)CASSCF level of the-
ory can be well reproduced at the UB3LYP level (cf.
Fig. 2). However, the slightly higher energy non-‘stereo-
selective’ 10! 13! 14! 15! 11 pathway appears not
to exist on the UB3LYP PES: while a transition structure
corresponding to 13, with virtually zero allylic stabiliza-
tion, was readily found at the (8,8)CASSCF level, such a
structure could not be located by a similar method on
the UB3LYP PES. Furthermore, even when the
(8,8)CASSCF/6–31G* version of 13 is used as a starting
structure for a UB3LYP/6–31G* optimization, the result-
ing transition structure is 12, with a significant amount of
allylic stabilization.

Hence the UB3LYP results appear to predict that the
10! 11 rearrangement should be 100% ‘stereospecific’
via the 10! 12! 14! 15! 11 pathway, whereas the
(8,8)CASSCF results produce an additional transition
structure (13) that can account for the formation of the
minor products in the Cope rearrangements of 7a and 7b,
observed experimentally to be 90% stereoselective.15

(Were it not for the fact that the CASSCF results are
clearly in better agreement with the experimental results
for the 7! 8þ 9 rearrangement,15 it could be argued that
the B3LYP calculations, which fail to locate transition
structure 13, are more correct than the CASSCF
calculations; this is because the CASSCF method can
exaggerate the stability of the diradical nature of transi-
tion structures and intermediates in some cases). Further-
more, the BLYP and BPW91 functionals were found to
give results even more at variance with the (8,8)CASSCF
calculated values,16 and also with the experimental re-
sults obtained for the 7! 8þ 9 rearrangement.15 The
BLYP calculations predict only a single concerted
10! 11 rearrangement and the BPW91 calculations a
‘stereospecific’ formation of diradical 14 and therefore
product 11. Moreover, the geometry of the BPW91-
calculated transition structure (16) between reactant 10
and diradical 14 is very different from the geometries of
transition structure 12, which also links 10 to 14, calcu-
lated at both the (8,8)CASSCF and UB3LYP levels (cf.
C4—C8 and C2—C6 bond lengths in Table 1). [The
UBPW91 enthalpy difference between 10 and 14 is
2.9 kcal mol�1 higher than the (8,8)CASPT2/6–31G*//
(8,8)CASSCF/6–31G* enthalpy difference and 0.7 kcal
mol�1 higher than the UB3LYP difference, after correc-
tions for spin contamination18].

We compared the results of several calculations aimed
at defining the PES for the apparently rather complex
allenyl Cope rearrangement of syn-7-allenylnorbornene
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(10) to triene 11 and found only the CASSCF results to be
consistent with the stereoselectivity observed experimen-
tally in the comparable allenyl Cope rearrangement of
dimethyl-substituted allenylnorbornenes 7a and 7b.15

Although computationally less expensive DFT calcula-
tions have given results commensurate with CASSCF for
certain Cope rearrangements,1i–k that does not appear to
be the case for the 10! 11 rearrangement. Those doing
their own calculations on Cope or similar rearrangements
may want to take the results of our study into account in
deciding upon the level and type of computational
method or methods to employ. In this case, the CASSCF
results appear to be superior to the B3LYP results.
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