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Electrocyclic Ring Opening of cis-Bicyclo[m.n.0]alkenes:
The Anti-Woodward-Hoffmann Quest

Carlos Silva Lopez, Olalla Nieto Faza, and Angel R. de Lera*!!

Abstract: The dubbed anti-Woodward-
Hoffmann ring-opening reaction of cis-
bicyclo[4.2.0]oct-7-ene to yield cis,cis-
cycloocta-1,3-diene has been intensive-
ly studied with robust, high-level com-
putational methods. This reaction has

isotope effects are consistent with this
interpretation and the experimental
values. The study of lower bicyclic ho-
mologues with [3.2.0], [2.2.0] and
[2.1.0] skeletons indicates the feasibility
of a mechanistic change towards the

anti-Woodward-Hoffmann disrotatory
path. This is clearly favored for the
ring opening of the highly strained cis-
bicyclo[2.1.0]pent-2-ene and is highly
competitive with the conrotatory path
for cis-bicyclo[2.2.0]hex-2-ene. There-

been found to proceed through a con-
rotatory allowed pathway to afford cis,-
trans-cycloocta-1,3-diene followed by E
to Z isomerization, instead of a disrota-
tory forbidden pathway, as suggested.
Computational calculations of kinetic

ing reactions
mann rules

Introduction

Certainly one of the most important contributions to organic
chemistry has been the seminal work by Woodward and
Hoffmann regarding the feasibility of concerted reactions
according to the conservation of orbital symmetry. Since
their work was published starting with the famous communi-
cation in 1965, the symmetry rules have been adopted as
an essential toolbox for organic chemists. The success of
Woodward and Hoffmann work is materialized in hundreds
of textbooks and thousands of scientific articles citing their
papers.”! The fact that organic molecules seem to willingly
comply with this set of rules readily prompted organic
chemists to the quest for frontiers of the Woodward-Hoff-
mann rules. Despite numerous attempts, this experimental
challenge has not been satisfied, partially due to the fact
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fore, the rearrangement of the smallest
bicyclic cyclobutene is predicted com-
putationally to be an anti-Woodward-
Hoffmann disrotatory electrocyclic
ring-opening reaction.

compounds

that seemingly anti-Woodward-Hoffmann reactions might
actually proceed in a stepwise fashion where an allowed
concerted reaction occurs yielding an intermediate which
evolves to the apparent anti-Woodward-Hoffmann prod-
uct,” or via diradicals.! Experimentally we can only refute
this apparent subversion by isolating the intermediate but it
is not possible to validate any proposed anti-Woodward—
Hoffmann mechanism.

One of these mechanistic enigmas whose answer has been
subject of debate for decades is the cycloisomerization of
cis-bicyclo[4.2.0]oct-7-ene (1a) to cis,cis-cycloocta-1,3-diene
(5a). Despite the large amount of accumulated data in the
literature, the characterization of this transformation has
challenged chemists until now. Very recently Baldwin and
co-workers published a number of papers aimed to defini-
tively address this issue.”® After collecting data extracted
from several kinetic studies, Baldwin and co-workers drew a
tentative energy profile which combine the Arrhenius pa-
rameters for the overall reaction obtained by Branton and
co-workers,["! and are shown in Equation (1).

logk = 14.13—43180/(2.303RT) (1)

Arrhenius parameters for each of the steps involved in the
putative, Woodward—-Hoffmann allowed, conrotatory ring
opening of 1a were collected from previous experiments®l
or conveniently derived from kinetic and thermodynamic re-
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Scheme 1. Mechanistic alternatives for the ring-opening of cis-bicyclo[4.2.0]oct-7-ene (1a) as proposed by

Baldwin and co-workers.[>

lations (see Scheme 1)."!

logks,1a = 13.14—27850/(2.303RT) )
logkyaza = 13.3-33450/(2.303RT) (3)
l0gks,sa = 14.0-37600/(2.303RT) (4)

The equilibration of 1a=3a is orders of magnitude faster
than any of the candidate reaction steps yielding product Sa
(i.e., k3a-s, fOr the conrotatory alternative and ky,.s, = k, if
the reaction proceeds in only one step via disrotatory open-
ing). Thus, the question of whether 5a is formed from 1a or
3a cannot be answered easily through kinetic approaches.

The kinetic results leave open the question as to whether
a symmetry allowed two-step mechanism or a forbidden
one-step mechanism yielding cis,cis-1,3-cyclooctadiene Sa
from 1la is taking place in the reaction pathway (see
Scheme 1). Even the evolution of the possible intermediate
obtained through the allowed conrotatory electrocyclic ring-
opening step is still subject to debate since a sigmatropic
shift and a E=Z alkene isomerization are both compatible
with the structure of the final product. Kinetic isotope ef-
fects and experiments with deuterium labeled molecules
seem to discard the sigmatropic shift alternative™'”l in an
scenario in which the evolution of the intermediate is the
rate-determining step. Despite these comprehensive experi-
mental studies, a definitive answer to the mechanistic prob-
lem has not been provided yet.

Baldwin himself recognized in his work how difficult is
the task of disclosing the nature of the mechanism through
experimental studies and indicated how valuable a high
level, preferentially multi-determinant, theoretical approach
would be to shed light into this daunting problem.!

Prompted by the relevance of the challenge, we theoreti-
cally addressed the mechanistic issues of the 1a to Sa iso-
merization.''l We showed by high-level computations that
the ring opening of 1la obeys the Woodward-Hoffmann
rules, and proceeds stepwise through a conrotatory motion
followed by a double-bond isomerization (Scheme 1, right).
The mechanistic insights gleaned in this study led us to also
consider the isomerization of the smaller bicyclo[m.n.0] ho-
mologues. We hereby provide a thorough study of electrocy-
clic ring-opening reactions of fused cyclobutenes aimed to
not only clarify the above mechanism, but also establish
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40t under which conditions, if any,
di .
these molecules decline the
direct
fouble.bond Woodward-Hoffmann rules.

isomerization

@ 5a

Computational Methods
[1,;5—H

Geometries and frequencies:
The fact that some of the inter-
mediates along the potential
reaction mechanism exhibit a
strong diradical character led
us to consider performing a systematic methodology analysis
coupled with the mechanistic study. Hartree—Fock is known
to be very fragile with respect to spin-symmetry breaking,
however, this is a convenient baseline to compare correlated
methods. Dynamic correlation was introduced to the Har-
tree—Fock wavefunction via perturbational corrections using
the Mgller-Plesset implementation up to second order
(MP2). The density functional theory™ in its Kohn-Sham!!
formulation was also employed. A widely used hybrid func-
tional (B3LYP) and its non-hybrid, GGA counterpart,!*'°!
BLYP were included in the methodological study in order to
account for the effect of Hartree-Fock exchange in hybrid
functionals. Additionally, a modern meta-GGA functional
(TPSS)'”! was also considered to test the performance of
new functionals with explicit dependence on the kinetic
energy density. Hybrid density functionals are known to
mimic the effect of non-dynamic correlation, which was
needed to correctly describe the diradical (or near degener-
ate) character, due to the self-interaction error introduced
in local exchange functionals.'®!

Due to the high non-dynamic correlation present in the
diradical intermediates a multireference approach was also
taken into consideration. The near degeneracy problem was
treated with MCSCF wavefunctions the active space of
which include the m and o electrons involved in the electro-
cyclic opening, thus a four electrons in four orbitals scheme
was selected.

All the stationary points were optimized at the HF, MP2,
DFT (B3LYP, BLYP and TPSS) and MCSCF levels of
theory coupled with the widely employed 6-31G(d) basis
set. Single reference methods (HF, MP2, DFT) were em-
ployed as implemented in Gaussian03™! whereas all the
multireference calculations were performed with the
GAMESS package.”™ To ensure the validness of the com-
puted data a stability check of the wavefunction®"! was per-
formed for the one determinant methods (HF and DFT).
Analytical frequencies were also computed for all the opti-
mized geometries at the corresponding level of theory. In-
trinsic Reaction Coordinate (IRC) calculations®*! were
performed for all the ring-opening transition states opti-
mized at the B3LYP/6-31G(d) level to ensure that the
saddle points optimized actually connected reactants and
products or intermediates in the potential energy surface.

shift
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Dynamic and non-dynamic correlation: It is well known
that, on the one hand, solutions of the density functional
theory and Mgller-Plesset wavefunctions include an undeter-
mined amount of dynamic correlation and, on the other
hand, CASSCF wavefunctions can account mostly for an un-
determined amount of non-dynamic correlation. A defini-
tive approach should combine both at a reasonable compu-
tational cost. We have therefore included the treatment of
dynamic correlation in the multireference scheme via per-
turbational theory, MRMP as implemented by Nakano.?*%!
Single point calculations at CASSCF(4,4)/6-31G(d) and
B3LYP/6-31G(d) geometries were performed at the MRMP-
(4,4)/6-31G(d). These sets of multilevel calculations are
noted MRMP(4,4)/6-31G(d)//CASSCF(4,4)/6-31G(d) and
MRMP(4,4)/6-31G(d)//B3LYP/6-31G(d), respectively. Ther-
mal corrections to the free energy were obtained from un-
scaled frequency calculations at the theory level employed
to obtain the geometry (i.e., CASSCF(4,4)/6-31G(d) and
B3LYP/6-31G(d), respectively). Dynamic correlation is con-
sidered to be weakly dependent on the geometry whereas
the non-dynamic portion of the electron correlation is sup-
posed to be strongly dependent on the molecular geometry.
We can therefore account for this effect since MRMP(4,4)
energies were computed at two sets of geometries.!

The smaller cis-bicyclo[2.1.0]pent-2-ene (1d) is inade-

quately described with a 4,4-active space due to its high
energy banana orbitals. These peculiar orbitals overlap very
effectively with the m orbital of the cyclobutene moiety and
are therefore involved in the ring-opening reactions. For this
particular reaction a much bigger active space was consid-
ered. All the C—C bonding and antibonding orbitals were in-
cluded in the active space resulting in CASSCF(14,14). This
strategy ensures that any interaction of the molecular orbi-
tals involved in the electrocyclic ring opening with the
banana orbitals of the cyclopropane moiety will be included
in the multiconfigurational description of the reaction.””]
The three stationary points along the ring-opening reaction
of cis-bicyclo[2.1.0]pent-2-ene (1d) were optimized at the
CASSCF(14,14)/6-31G(d) level. Perturbational corrections
to the total energy were also computed resulting in MRMP-
(14,14)/6-31G(d)//CASSCF(14,14)/6-31G(d) energies. Due
to the high cost of these computations second derivatives of
the energy (Hessian) could not be computed. As a conse-
quence only density functional theory thermal corrections
were available to obtain free energies. These corrections
were therefore employed for multiconfigurational calcula-
tions at both CASSCF(14,14)/6-31G(d) and B3LYP/6-
31G(d) geometries of 1d, 2d,_, and 5d.
Basis set size: We opted for a widely used, general purpose
basis set due to the important differences in computational
cost of the set of methods included in our work. Basis set
size effects on both geometries and energies were consid-
ered notwithstanding. High-level DFT calculations were per-
formed for the three alternate mechanisms of 1a consisting
of the following multilevel scheme.
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o Geometry optimization at the B3LYP/6-31++G(d,p) and
TPSS/6-31++G(d,p) levels.

e Stability check of the previous wavefunctions.

@ Analytical frequencies at the B3LYP/6-31++G(d,p) and
TPSS/6-31++G(d,p) levels.

o Energy refinement at the B3LYP/6-311++G(3df,2p) and
TPSS/6-3114++G(3df,2p) levels.

The differences in relative energies obtained with this
multilevel methodology and with the ubiquitous 6-31G(d)
basis were small (see Supporting Information).

We also took into consideration the effect of the basis set
in the MRMP results by evaluating the MRMP energy at
the B3LYP/6-31G(d) geometry with a bigger (triple ) basis
set, noted as MRMP(4,4)/6-311+G(d,p)//B3LYP/6-31G(d).
Very small energy differences were observed with these ex-
tended basis set calculations and thus, the more cost effec-
tive methodology described above was considered sufficient-
ly accurate for every method included in this work. It
should be taken into account, however, that correlation
energy is always more efficiently recovered by perturbation-
al methods with larger basis set.

Properties: In order to evaluate the aromatic character of
several transition structures nucleus independent chemical
shifts (NICS)®! were computed using the gauge-independ-
ent atomic orbitals (GIAO).

Kinetic isotope effects were computed at B3LYP/6-
31G(d) and TPSS/6-31G(d) single reference levels with un-
scaled frequencies. Tunneling corrections were not taken
into account in these computations.

Results

The relevant structures related to the electrocyclic ring
opening of the entire series of fused cyclobutenes up to 1a
were computed with the aforementioned set of theoretical
methods. These series include the isomerization of cis-
bicyclo[4.2.0]oct-7-ene  (1a), cis-bicyclo[3.2.0]hept-6-ene
(1b), cis-bicyclo[2.2.0]hex-2-ene (1¢) and cis-bicyclo-
[2.1.0]pent-2-ene (1d) (see Scheme 2). The decrease in the
number of ring atoms along the series considered here is
aimed to find whether structural conditions exist where the
ring strain and steric effects surmounts the symmetry rules

11 > s

1c 1d n 5¢
n 5d

n

Scheme 2. Bicyclic structures included in this study represent a group of
molecules with an increasing degree of ring strain.
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and the anti-Woodward-Hoffmann disrotatory ring opening
becomes the lowest lying transition state.

cis-Bicyclo[4.2.0]oct-7-ene isomerization

Single reference methods: Free energy profiles computed
with single determinant methods for these three pathways
are provided in the Supporting Information. It can be ob-
served that Hartree—-Fock cannot describe the reaction pro-
file appropriately in those regions where the molecule ex-
hibits some diradical character. This weakness is inherited
to some extent by the MP2 approach. The latter correlation-
corrected method is somehow more robust (i.e., we were
able to optimize the geometry of 4a}, which proved impossi-
ble in the Hartree-Fock scheme) but its energy results are
unreliable due to the instability of the reference wavefunc-
tion.

DFT-based methods are known to be more robust with
respect to spin-symmetry breaking.*!! The three functionals
selected in this work confirmed this behavior. Geometry op-
timizations, stability check of the wavefunction and analyti-
cal Hessian calculations were successfully performed for all
molecular geometries along the three alternative mecha-
nisms. The stepwise mechanism via the [1,5]-hydrogen shift
is very disfavored with respect to the stepwise mechanism
via the direct rotation regardless of the functional employed
(ca. 20 kcalmol ™). This is in good agreement with recent ex-
perimental results from Baldwin® and previous experiments
by Bramham and co-worker.'”! The concerted, disrotatory,
ring opening seems to be noncompetitive as well. The fact
that the [1,5]-sigmatropic shift is less favored than a symme-
try forbidden electrocyclic opening captivated our attention.
Geometrical analysis of the cis,trans-cycloocta-1,3-diene in-
termediate 3a and the [1,5]-sigmatropic hydrogen shift tran-
sition state 4a;; suggests that the suprafacial requirement
for the sigmatropic rearrangement involves a considerable
amount of strain to be added to an already distorted inter-
mediate and shifts the energy of this transition state above
that of the disrotatory alternative.

We observed that despite their superior behavior, electron
density functionals do not agree perfectly either with the ex-
perimental evidence or among
themselves regarding relative
activation barriers."" I klko=1.17
Multireference methods: In-
spection of the reaction pro-
files obtained with multirefer-
ence methods (see Supporting
Information)  suggest  that
unless both dynamic and non-
dynamic correlation are taken
into account the description of
the reaction mechanism is
rather poor. The fact that D™, D
CASSCF underestimated the
direct isomerization barrier

II: ky/kp=1.20

kd isrot
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Scheme 3. Kinetic isotope effect experiments performed by Baldwin and co-workers.
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was not a surprise since it is well known that this methodol-
ogy tends to overstabilize diradical configurations. It is also
accepted that the introduction of dynamic correlation cor-
rections helps to balance this bias and improves dramatically
the quality of the computed activation energies.”” Inclusion
of electron correlation via perturbative methods in the
CASSCF wavefunction results in a lowering of the conrota-
tory ring-opening activation barrier whereas both, the disro-
tatory ring-opening transition state, 2aj_ ., and the direct
isomerization transition state, 4a;, raise their energy with
respect to the reactant 1a (4-5 and 2-3 kcalmol™!, respec-
tively, depending on the level of theory used to obtain their
geometries). This results in the correct description of the
overall energy profile, the conrotatory ring-opening step is a
fast step in the mechanism whereas the E—Z isomerization
is the energy bottleneck. MRMP(4,4) accounts for free ener-
gies of activation and reaction fairly well taking into account
the disparity of correlation effects governing the different
mechanistic steps present along the profile and the fact that
we decided to employ a modest basis set for the sake of effi-
ciency (37.7 and —6.9 kcalmol™' at the MRMP(4,4)/6-
31G(d)//CASSCF(4,4)/6-31G(d) level versus 43.2 and
—8.7 kcalmol ! experimentally measured).

Kinetic isotope effects: Due to the impossibility of charac-
terizing the mechanistic alternative operating in the cycloi-
somerization of 1a by means of the rate constants, Baldwin
and co-workers devised a number of KIE experiments (see
Scheme 3) aimed to discard some of the alternatives consid-
ered in Scheme 1 and to determine which of these mecha-
nisms is actually taking place in the reaction flask.

The experiment I illustrated in Scheme 3 was designed to
detect whether the [1,5]-sigmatropic shift was a feasible
mechanistic pathway. The quadruple deuterium substitution
at positions C2 and C5 would involve a large primary iso-
tope effect if the reaction proceeds through a [1,5]-sigma-
tropic shift even at high temperatures.”"! The measured k;/
kp([Dy]) ratio of 1.17 clearly ruled out the possibility of a
hydrogen shift taking place at the rate-limiting step of the
reaction path. In previous work it was also noted that this
ku/kp([D,]) ratio could be interpreted as an effective ky/

D,

D
D
CD. C
Y= = =(
- —_— et
'\5 CD,
\_, : £\
D, D

D,
[D,]-1a
Konrot R klsom D
—_— D N
D
3
[D,l1a

[5.6]
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kp=1.04 per deuterium, but we consider that this approxi-
mation could only apply if the reaction proceeds through
the disrotatory ring opening, for which the four labels are
roughly equivalent. But it is clearly inappropriate to analyze
the [1,5]-H shift since only one deuterium label is involved
in the primary KIE whereas the other three labels would
contribute to the kinetic isotope effect in a lower extent
(they would promote [3 and y secondary isotope effects,
probably in opposite directions due to the gain of coordina-
tion at one terminus of the pericyclic reaction and the loss
of coordination at the other). A related experiment based
on isotopic substitutions in cis,frans-cycloocta-1,3-diene was
performed by Bramham and Samuel and also discarded the
[1,5]-H shift." All of these experimental results are in good
agreement with our predictions based on the high energy of
the [1,5]-H sigmatropic shift transition state 4a;s.

Experiment II was devised to discard the involvement of
the double-bond isomerization via internal rotation and thus
support the disrotatory, anti-Woodward-Hoffmann mecha-
nism, as the only viable alternative. The 7,8-[D,]-cis-bicyclo-
[4.2.0]oct-7-ene reactant [D,]-la converts to deuterated
monocyclic dienes at positions C2 and C3 after the cycloiso-
merization (see Scheme 3). In previous work® it was as-
sumed that a considerable KIE would be expected, due to
the deuterium label on the trans-double bond, if the rate-
limiting step involves a cistrans—cis,cis isomerization
through internal rotation. In fact, several experimental KIE
values for cis—trans isomerizations of substrates with deute-
rium labels on the isomerizing alkene groups have been re-
ported with ky/kp values of around 2.0 at room tempera-
ture.”? It was also assumed that a disrotatory opening
would produce a small KIE, reflecting the mild changes in
the hybridization and geometry occurring at the internal po-
sitions of the cyclobutene moiety during the concerted path-
way. The experimental KIE measured for [D,]-1a, ky/
kp([D,])=1.20, was considered too low with respect to the
expected value. Again, it was surmised that this effect could
be partitioned in ky/kp=1.10 per deuterium. This approxi-
mation is, however, only valid for the disrotatory mecha-
nism, in which both deuterated positions are chemically
equivalent, not for the E—Z double-bond isomerization
rate-limiting step. We therefore decided to compute these
isotope effects to account for the contribution of each of the
chemically different deuterium labels in the internal rotation
step.

Scheme 4 shows five pairs of KIE computed at two differ-
ent levels of theory. The first set, A, reproduces the experi-
ment performed by Baldwin on the 7,8-dideuterated deriva-
tive of 1a. Reactions B and C are aimed to account for the
contributions of the chemically non-equivalent deuterium
substitutions in A. Reactions D and E were included to
check an alternative isotopic substitution which would be
more compatible with the experiments suggesting values ky/
kp 2.0 for cis—trans isomerizations (i.e., deuterium substi-
tution at both ends of the double bond). The computed KIE
for reaction A is indeed very small (ky/kp([D,] = 1.08)
compared with the expected values reported by Baldwin.

Chem. Eur. J. 2007, 13, 5009-5017
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The contribution of each deuterium label is, however, very
different and cannot be straightforwardly approximated to
1.04. We have computed the contribution of each independ-
ent deuterium label and we found that the deuterium locat-
ed on the trans-double bond shows a ky/kp ratio of 1.27,
thus higher than the double isotopic substitution (see reac-
tion B in Scheme 4) and closer to the expected values. Ac-
cordingly, the isotope effect contribution due to single sub-
stitution at the cis-double bond of 3a shows an inverse KIE
(reaction C) which cancels out most of the KIE created by
the substitution on the trans-double bond. Thus, it can be
concluded that the KIE due to substitution on the trans-
double bond is actually compatible with other related ex-
periments'”! but was masked by the deuterium label on the
cis-double bond. We also considered further alternative iso-
topic substitutions which are more similar to the aforemen-
tioned experiments reported by Bramham and Samuel."” In
reaction D both ends of the isomerizing double bond are
deuterium substituted and the computed ky/kp, is 2.2, which
is in excellent agreement with previously discussed values.
Due to the particular bond pattern in this molecule and the
hindrance introduced by the bicyclic structure, the deuteri-
um labeled Cg, in reaction E suffers nearly all the motion
associated with the reaction coordinate in the trans—cis iso-
merization step whereas its internal Cy, counterpart remains
still. This feature makes the substitution at the bridging po-
sition exhibit a higher KIE than the internal isotopomer
(see reaction B and E in Scheme 4).

An alternative deuterium labeling pattern which might
help to determine what reaction mechanism is followed in
the opening of 1a has been proposed recently in the basis of
KIE computations.!!!

Isomerization of cis-bicyclo[m.n.0]Jalkenes: In order to ex-
plore the strain conditions for competitive Woodward-Hoff-
mann and anti-Woodward-Hoffmann reaction mechanisms
we considered systematic ring contractions in the parent bi-
cyclic system la. We therefore studied the conrotatory and
disrotatory alternatives for thermal rearrangement of 1b-d.

Single reference methods: Due to the poor performance
Hartree—Fock based methods showed for the parent system
we consider here only the DFT approaches (results from
Hartree-Fock and MP2 are available in the Supporting In-
formation). Free energy profiles for the [4.2.0]-, [3.2.0]-,
[2.2.0]- and [2.1.0]-bicyclic homologues are provided in
Table 1. These profiles suggest that the largest systems (1a
and 1b) undergo ring opening through a favored conrotato-
ry pathway whereas the high energy disrotatory alternatives
imply high order saddle points (2aj,,, and 2bj,, with three
and two imaginary normal modes, respectively). The energy
difference between the two mechanistic alternatives (ca. 15
and 10 kcalmol™! for 1a and 1b) is sufficient to ensure total
discrimination at ordinary temperatures. This considerable
energy gap renders the competition quite unfeasible even in
the case of DFT methods providing some error due to
higher spin mixing in the diradical species. We nevertheless
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the cis,trans —cis,cis isomerization through internal rotation of 3a.

computed these profiles at a multireference level to ensure
the quality of the computed activation energies and, at the
same time, compare the performance of these functionals
(see below).

Inspection of the reaction profiles summarized in Table 1
suggest that, similar to 3a, the cis,trans reaction intermedi-
ate could be detected for thermal opening of 1b. Smaller
molecules present contrasting features. The bicyclo-

Kisom
e
D

Scheme 4. Kinetic isotope effects computed at B3LYP/6-31G(d) (plain) and TPSS/6-31G(d) (italics) levels for

[2.2.0]hex-2-ene 1¢ shows a ki-
netically irrelevant activation
barrier associated with the cis,
trans —cis,cis isomerization
(less than 1 kcalmol™' for cis,
trans-cyclohexa-1,3-diene  3c¢).
Interestingly, a forbidden dis-
rotary transition state was lo-
cated as the only pathway for
the thermal ring opening of
1d. The four-electron ring-
opening  activation  barrier
seems to be nearly ring size in-
dependent and varies within
30-36 kcalmol™! whereas the
alternative  disrotatory ring
opening is highly dependent on
the ring size. The activation
energy to reach 2} steadily
decreases 49—

Klko=1.08
K/ko=1.08

Klkg=1.27
Kefkp=1.27

Kilko=0.85
K/kp=0.85

Klko=2.22
kko=2.19
from
52 kcalmol™' for systems 1a to
22-24 kcalmol ™! for 1d. It can
be observed that the energy
drop is roughly 10 kcalmol
per -CH,- substracted in the bi-
cyclic structure. These results

Kelko=1.69
K/ko=1.67

clearly indicate a crossing
point in the preferred mecha-
nism at 1c.

In order to provide further
information regarding the electronic features of the conrota-
tory and disrotatory transition structures, the NICS were
computed along an axis perpendicular to the opening cyclo-
butene ring 3 A above and below the center of the cycle.
Since some of the transition structures exhibit considerable
diradical character, it is interesting to compare them with
the corresponding closed shell solution of the Hamiltonian.
This comparison can be interpreted as an indication of how

Table 1. DFT disrotatory and conrotatory ring opening free energy profiles (298.15 K, 1 atm) of 1a—d.

(4.2.0] [3.2.0] [2.2.0] [2.1.0]
BLYP B3LYP TPSS BLYP B3LYP TPSS BLYP B3LYP TPSS BLYP B3LYP TPSS
disrotatory opening'®!
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2% ot 49.43 51.08 51.83 42.90 44.48 4517 31.55 33.70 33.97 22.03 23.04 23.89
—-893 —6.68 —3.26 —-20.14 —-17.99 —14.15 -37.60 —-3725 -31.82 —47.56 —47.78 —4243
N. Imag.1”! 3 2 1 1
conrotatory opening!”
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 30.36 35.25 33.36 29.50 34.38 32.60 29.25 34.03 32.95 - - -
3.00 5.80 7.49 16.84 20.37 21.55 18.90 23.10 2418 - - -
4; 33.68 34.68 36.28 33.13 33.89 35.47 21.71 23.22 24.96 - - -
5 —-893 —6.68 -3.26 -20.14 -17.99 —-14.15 —-37.60 -3725 -31.82 —47.56 —47.78 —4243
exptl® E,, 87 ~1038 360 —4738
exptl. E* 432 45.5 33.0 26.9

[a] Certain disrotatory opening transition structures were computed imposing a C, symmetry to their geometry. Some of these structures are not true
transition states but saddle points of higher order. The number of negative eigenvalues for each Hessian is provided to distinguish transition structures
from higher order saddle points. [b] Several stationary points associated with the conrotatory ring opening could not be located and are indicated with a

dash. [c] For experimental results see ref. [6] and references therein.
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strong the anti aromatic character in a transition structure
must be to force the electrons into a diradical state (i.e., to
lose some dynamic correlation), and thus, it can help mea-
sure the causes of the instability of the closed-shell configu-
ration. NICS values were therefore computed for all the
conrotatory and disrotatory transition structures. The re-
stricted wavefunction was also employed to compute the
NICS for the latter, and the corresponding data is provided
in Figure 1.

These computations show mild aromatic character in con-
rotatory transition structures 2al_ . 2b) _ and 2¢f
whereas all the disrotatory alternatives display values sug-
gesting antiaromaticity (see Figure 1). The closed-shell con-
figurations of disrotatory transition states show strong anti-
aromatic character (NICS,;, values ranging from —20 to
—30 ppm). Disrotatory transition states are partially (some
of them strongly) diradical in nature, its wavefunction pres-
ents moderate to strong spin contamination and spin-sym-
metry break can help reduce the high energy associated
with an anti-aromatic structure. To estimate the energy re-
lieved by the molecule adopting a singlet diradical configu-
ration we performed single-point calculations of the open
shell and the closed shell wavefunctions at the transition
state geometries. The energy difference between the closed
and the open shell configurations is 15.2, 11.0, 6.4 and
5.5 kcalmol™" for 2aj_ ., 2b} ., 2¢€h. and 2d_ ., respec-
tively, which very well justifies the spin-symmetry breaking.
Figure 1 indicates that the reduction of the anti-aromatic
character is also considerable for the diradical configuration
(NICS values ranging between —20 to —30 ppm in closed
shell wavefunctions decrease to —2 to —10 ppm in the dirad-
ical configuration).

FULL PAPER

Multireference methods: A summary of the results obtained
from multireference methods is provided in Table 2. Compu-
tations were performed on CASSCF and B3LYP geometries
for the conrotatory and the disrotatory ring opening of 1a—
d. In general, differences due to the level of theory chosen
for the optimized geometry are small with the remarkable
exception of the ring opening profiles for 1¢. The conrotato-
ry ring-opening transition structure 2¢}_ could not be lo-
cated at the CASSCF/6-31G(d) level due to the overestima-
tion of non-dynamic correlation in this method. The highly
competitive transition state found if B3LYP/6-31G(d) geo-
metries are used is a strong indication of the importance of
the dynamic correlation. It also suggests that this transition
structure might have also been located if geometry optimi-
zations at the MRMP level were possible.

The same strain and ring-size trends observed with densi-
ty functionals are also found with multireference methods.
Interestingly, the double bond cis,trans —cis,cis isomerization
process is a paradigmatic diagnostic to evaluate the feasibili-
ty of the conrotatory, stepwise mechanism. The isomeriza-
tion free energy is, roughly, —10, —35, and —55 kcalmol™!
for the [4.2.0], [3.2.0], and [2.2.0] systems, respectively, at
the MRMP level. This energy trend correlates well with the
trans C-C-C-C double bond dihedral angle at intermediates
3: 132, 107 and 79°, respectively. Both, the energetic and the
geometric parameters very well account for the fact that a
conrotation leading to a hypothetic, and extremely strained,
cis,trans-cyclopenta-1,3-diene is not feasible.

Further inspection of values in Table 2 reveals the effect
of the Hartree-Fock exchange in B3LYP. Interestingly,
B3LYP activation energies of the conrotatory ring opening
are systematically higher than those provided by pure func-
tionals (5 and 2 kcalmol™! approximately compared with
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T T | | | T T | I l . 28,
0 iv v = 23,
r v
25,40, "',"v ';¥f¥ e 2b_
10 — 2 2% - ¥ v ;v""‘ v’
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Figure 1. Nucleus independent chemical shifts computed along a perpendicular axis located at the center of mass of the four-membered ring at conrotato-
ry and disrotatory ring opening transition structures of 1a-d. The axis obtained for the conrotatory ring opening of 1a is depicted.
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Table 2. CASSCF and MRMP disrotatory and conrotatory ring opening free energy profiles (298.15 K, 1 atm) for the isomerization of 1a—d.

[4.2.0] [3.2.0] [2.2.0] [2.1.0]t
CASSCF MRMP CASSCF MRMP CASSCF MRMP CASSCF MRMP
free energy values computed at CASSCF geometries
disrotatory opening!®!
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2% o 46.52 52.18 38.84 43.50 26.25 30.30 21.96 21.80
5 —11.67 —6.88 —23.26 —17.65 —45.26 —40.21 —49.60 —45.13
N. Imag ¢! 2 2 1 1
conrotatory opening!®!
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 39.04 30.83 37.48 30.08 - - - -
1.10 3.58 15.04 17.24 15.68 16.66 - -
4; 34.76 37.66 33.10 35.72 18.53 20.33 - -
5 —11.67 —6.88 —23.26 —17.65 —45.26 —40.21 —54.76 —49.92
free energy values computed at B3LYP geometries
disrotatory opening'®
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2% ot 46.55 50.67 38.44 41.19 24.80 27.69 19.52 19.19
5 —11.08 —6.29 —22.94 —17.34 —45.00 —39.79 —49.34 —45.11
N. Imag."! 3 2 1 1
conrotatory opening!®!
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 40.33 31.20 39.57 2996 3686 28.47 - -
1.68 3.63 15.68 17.36 16.90 16.85 - -
4; 35.15 37.28 33.30 35.02 17.68 17.45 - -
5 —11.08 —6.29 —22.94 —17.34 —45.00 —39.79 —54.98 -50.12
exptl E,) ~8.7 ~10.8 ~36.0 —47.8
exptl. E* 432 455 33.0 26.9

[a] The ring opening of 1d was computed with an expanded active space since the inclusion of the cyclopropane ring moiety banana orbitals in the active
space was required (see section on Computational Methods). [b] Certain disrotatory opening transition structures were computed imposing a C, symme-
try to their geometry. Some of these structures are not true transition states but saddle points of higher order. The number of negative eigenvalues for
each Hessian is provided to distinguish transition structures from higher order saddle points. [c] B3LYP and CASSCF frequency calculations differ in the

number of negative eigenvalues of the hessian for 27

‘conrot

(see text). [d] Several stationary points associated with the conrotatory ring opening could not

be located and are indicated with a dash. [e] For experimental results see ref. [6] and references therein.

BLYP and TPSS, respectively, see Table 1). This trend is
also found in Table 2 when comparing CASSCF against
MRMP free energies. CASSCEF relative free energies for the
conrotatory ring opening are 8-10 kcalmol™! higher com-
pared with MRMP. Actually MRMP free energies closely
resemble the values provided by BLYP and/or TPSS.

Regarding the disrotatory, anti-Woodward-Hoffmann,
ring opening, the three functionals employed provide very
similar results which are in close agreement with MRMP
free energies. A marginal discrepancy in the number of
imaginary frequencies at these transition structures can also
be observed. This is due to the fact that CASSCF couples
the internal rotation between positions C3 and C4 with the
conrotatory normal mode in 2aj_ . It is well known that
common density functionals mimic the effects of non-dy-
namic correlation because of the self-interaction error inher-
ent to the local and GGA exchange functionals.”® This
smaller contribution of the self-interaction error improves
hybrid functionals with respect to their LDA/GGA counter-
parts when dealing with transition-state energies. Converse-
ly, it also implies that hybrid functionals provide a poorer
description of molecules with large multireference character.
The overall result seems to be the wrong order in the rela-
tive free energies of activation computed with B3LYP (see
free energies for 2a7,  and 4aj in Table 1).

conrot
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Conclusions

Several theoretical methods have been applied to study the
cycloisomerization of 1a and smaller ring size homologues
through the conrotatory ring opening (followed by [1,5]-H
shift or thermal £—Z isomerization) or the potential anti-
Woodward-Hoffmann disrotatory ring opening. Black-box,
single reference methods based on density functional theory
provide qualitatively correct results but are inadequate and
inconclusive to decide which of the alternative mechanistic
pathways is the lowest energy one. This problem arises from
the inconsistent and unbalanced description of the dynamic
and non-dynamic correlation in density functionals. MRMP
seems to be a robust and balanced method to account for
both kinds of electron correlation and it provides activation
barriers consistent with the experimental evidence.

Our computations predict that the most favorable mecha-
nistic alternative for the thermal rearrangement of 1a and
1b to the corresponding cis,cis-cycloalkadienes Sa and Sb
involves a conrotatory ring opening (thus, a symmetry al-
lowed mechanism) followed by a higher energy direct E—Z
isomerization. This pathway is compatible with the kinetic
results published elsewhere (for 1a) in terms of activation
energies and rate-limiting steps. Kinetic isotope effects have
been used to prove and/or refute the participation of the
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disrotatory ring opening, the E—Z isomerization via a [1,5]-
H shift and the E—Z isomerization via internal rotation.
Our computations are in good agreement with the KIE re-
ported in previous work and also helped in the location of
errors in one KIE experiment design (or in the interpreta-
tion derived from its results) which led to think the rear-
rangement of 1a proceeds through an anti-Woodward-Hoff-
mann electrocyclic ring opening.

A disrotatory (anti-Woodward-Hoffmann) electrocyclic
opening is highly competitive with the conrotatory ring
opening E—Z isomerization mechanism in the rearrange-
ment of cis-bicyclo[2.2.0]hex-2-ene (1¢). Furthermore, the
highly strained cis-bicyclo[2.1.0]pent-2-ene (1d) is predicted
to undergo thermal opening only through the disrotatory
pathway to cis,cis-cyclopenta-1,3-diene (5d).
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