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ABSTRACT: The Complete Active Space Self-Consistent Field (CASSCF)
computational method, with the 6-31G* basis set, was used to examine six
electrocyclic rearrangements, each involving a 1,2,4,6-heptatetraene skeleton with
two variously located oxygen and/or nitrogen heteroatoms, as a way to determine
which, if any, are pseudopericyclic as opposed to pericyclic. Primarily through the
close examination of the active space orbitals, but also considering transition

* X=NHorO =N or

Z=NH or O or CH,

Allylic stabilization of lone-pair (Z=CH,) required for pseudopericyclicity

structure geometries and activation energies, it was concluded that rearrangements

3> 4,5—> 6,7 — 8, and 9 — 10 are pseudopericyclic with two orbital disconnections each, whereas the 13 — 14 and 15 — 16
rearrangements are pericyclic. Our conclusions agreed with those of others in two of the four cases that had been studied
previously by density functional theory (3 — 4 and 7 — 8) but ran contrary to the previous conclusions that the § — 6
rearrangement is pericyclic and that the 15 — 16 rearrangement is pseudopericyclic. Our results are also compared and
contrasted to previous similar ones of ours involving the 3 — 4 electrocyclization (essentially pericyclic), the 11 — 12 [3,3]
sigmatropic rearrangement (pseudopericyclic), and similar [3,3] sigmatropic rearrangements (all pericyclic), and detailed

rationales for these latest results are provided.

B INTRODUCTION

Pericyclic reactions are among the most important of all
chemical reactions.' Indeed: “Some of the most elegant and
insightful mechanistic studies ever executed were designed to
probe pericyclic reactions.”” By definition, pericyclic transition
states are composed of a cyclic array of atoms and an associated
cyclic array of interacting orbitals that have no disconnections
among them. Classified as electrocyclizations, sigmatropic
rearrangements, cycloadditions, cheletropic, and group trans-
fers; many pericyclic reactions® are highly stereoselective in
accordance with the Woodward—Hoffmann (W—H) rule* that
is well grounded in molecular orbital theory. The W—H rule
can also predict which pericyclic reactions are likely to occur
(“allowed”) or unlikely to occur (“forbidden”).* All types of
pericyclic reactions have been utilized in organic synthesis,” ™"
especially in the synthesis of heterocycles™ and natural
products.* ™"

Eventually though, a new class of important chemical
reactions was recognized that appears on first glance to be
pericyclic (since their transition states involve a cyclic array of
atoms) but on closer inspection appears to have one or more
disconnections in the cyclic array of interacting orbitals. These
reactions, and their associated transition states, have been
termed pseudopericyclic> to reflect the fact that orbital
disconnections occur when orbitals orthogonal to bonding
orbitals, in the reactant, participate in the formation of new
bonds, and are not required to obey the W—H rule. Thus, it is
desirable to be able to predict in advance which reactions
should be pericyclic and which pseudopericyclic, since the
former are more likely to be stereoselective and the latter may
always be “allowed”.
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With the goal to help define those characteristics that make
one reaction pericyclic and another pseudopericyclic, and thus
perhaps eventually better predict their chemo-, regio-, and
stereoselective nature, we have previously studied two of the
five types of potentially pseudopericyclic reactions: electro-
cyclizations® and sigmatropic rearrangements.” This paper
reports on our further study of possible pseudopericyclic
character in electrocyclic reactions. Electrocyclic reactions are
used in the synthesis of many biologically relevant and
pharmacologically active molecules, especially those with
heterocyclic systems.® In particular, they are involved in the
synthesis of antibiotics, steroids, and amino acids, among other
compounds, both in the laboratory and within biological
systems.”'’ They are particularly useful as a way to form new
carbon—carbon single bonds, can involve ring opening as well
as ring closure, and may be used to control stereochemistry in
synthesis, the latter only if they are pericyclic as opposed to
pseudopericyclic.

While the distinction between pericyclic and pseudoper-
icyclic rearrangements is related to the behavior of the
molecular orbitals (MOs), different characteristics obtained
from calculations at the level of density functional theory
(DFT) are most often used to distinguish between the two. For
example, the level of aromaticity of the transition structures has
been addressed using nucleus independent chemical shift
(NICS) analysis."' In addition, the magnetic-based criterion
anisotropy of the current-induced density (ACID) has been
used to quantify the extent of conjugation along bonds.'”
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Another makes use of the electron localization function (ELF)
that estimates the relative electron sharing between a particular
electron-pair bond and adjacent bonds."” Finally, natural bond
orbital (NBO) analysis can demonstrate rotation about bonds
in the transition structure.'*

The use of these different methods, along with the
emergence of the idea that degrees of pseudopericyclic
character may exist in a particular reaction, has led to
disagreements in the field. One such disagreement arose over
the mechanism of the concerted rearrangement of (E)-7-
azahepta-1,2,4,6-tetraene (1) to 1-aza-6-methylidenecyclohexa-
2,4-diene (2) through transition structure TS,_,,, as shown in
Scheme 1.

Scheme 1. Electrocyclization Whose Mechanism Proved To
Be Controversial

This rearrangement provides two opportunities for orbital
disconnections among the four possible mechanisms shown in
Figure 1. Illustration a depicts a classically pericyclic
mechanism; the C—N 7z-bond is used to make the new o-
bond, along with the inner 7-bond of the cumulene system.
The mechanism shown in illustration b depicts a pseudoper-
icyclic reaction with one orbital disconnection on the central

Pericyclic Pseudopericyclic
1 orbital disconnection
go AN
a b

Pseudopericyclic

2 orbital disconnections

Pseudopericyclic
1 orbital disconnection

Figure 1. Cartoon representations of the four possible mechanisms for
the 1 — 2 rearrangement: (a) classically pericyclic mechanism; (b)
pseudopericyclic mechanism with an orbital disconnection on the
central carbon of the cumulene system; (c) pseudopericyclic
mechanism with an orbital disconnection on the nitrogen; (d)
pseudopericyclic mechanism with both possible orbital disconnections.
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carbon of the cumulene system as the outer 7-bond is used to
form the new o-bond. Another possible orbital disconnection,
on the nitrogen of the imine group, is shown in ¢ of Figure 1
and illustrates the lone-pair orbital on the nitrogen participating
in formation of the new o-bond, making this possibility also
pseudopericyclic with one orbital disconnection. If both the
outer 7-bond and lone-pair orbital are used, the reaction is
pseudopericyclic with two orbital disconnections, as illustrated
by d of Figure 1.

This reaction was first studied both experimentally and
computationally by de Lera and Cossio, who primarily used
NICS and NBO methods to conclude that TS,_, has
pseudopericyclic character.'” However, Rodriguez-Otero et al.
later reported on results of further NBO calculations applied to
this rearrangement that led them to question this conclusion.
They argued that the electrocyclization is “essentially
pericyclic,” though “assisted” by the lone-pair orbital on
nitrogen.'* Both groups stood by their initial claims in
subsequent discussions of the issue.'”'” In addition, Chamorro
et al. reported on ELF results they claimed supported
Rodriguez-Otero’s conclusion that the rearrangement is
pericyclic,'"” whereas Sola and Poater claimed their own
ELF results supported de Lera and Cossio’s initial interpreta-
tion that it is pseudopericyclic.'>*°

Taking another approach, we studied the 1 — 2 rearrange-
ment using the Comg)lete Active Space Self-Consistent Field
(CASSCF) method.” (Previously, Houk et al. used the
CASSCF method to study the electocyclic ring opening of
cyclobutenes”’ and recently the reactions of allenes as
dienophiles in the Diels—Alder reaction as well.”*) The “active
space” selected consisted of the localized molecular orbitals that
may potentially be involved in the reaction. For example, in the
case of the 1 — 2 rearrangement it is necessary to include the
electrons in the lone-pair orbital on the nitrogen atom in order
to determine whether or not they affect the mechanism of the
reaction. Our results more closely conformed to those obtained
by Rodriguez-Otero, as opposed to those obtained by de Lera
and Cossio, though we found the effect of the lone pair to be
significant enough to warrant the term “secondary orbital
effect,” since it appears to overlap with the new o-bond in the
transition structure.’ However, the C—N and C—C z-bonds
were shown as primarily participating in the formation of the
new o-bond. The calculated transition structure most resembles
illustration a of Figure 1, so the 1 — 2 rearrangement is not a
pseudopericyclic reaction.

Some additional electrocyclic rearrangements, the top three
in Scheme 2, have been studied computationally by Rodriguez-
Otero et al., all with DFT methods. They analyzed TS_, ¢ and
TS,_ s using both NBO and NICS methods and concluded that
TSs_¢ was pericyclic™® whereas TS,_g was pseudopericyclic.'?
The same conclusion was reached by Birney for TS, .>*
Rodriguez-Otero et al. were unable to locate TS;_, but
concluded that the 3 — 4 rearrangement is pseudopericyclic,
based on the positioning of the lone pair in a reacting
conformation.”

These results are at least consistent with the proposition,
espoused by some,”**** that increased electrophilicity at the
central carbon atom of the cumulene (C2 in Figure 2, structure
a), due to the presence of an electronegative atom at position 1
or 3 of Figure 2, structure a, and/or the increased
nucleophilicity of the heteroatom at position 7 (cf. Figure 2,
structure a), should contribute to pseudopericyclic character in
the rearrangement.
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Scheme 2. Four of the Electrocyclic Rearrangements Studied

in the Current Investigation”
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“The first three have been studied previously with DFT methods. Of
these, only 7 — 8 was concluded to be pseudopericyclic. Rearrange-
ment § — 6 was concluded to be pericyclic, and 3 — 4 returned
ambiguous results.

Figure 2. Generalized ChemDraw structures of a heteroatom-
containing 1,2,4,6-heptatetraene (a) and a heteroatom-containing cis-
disubstitutedcyclopropane (b). Numbers have been included in order
to reference equivalent positions in distinct molecules.

We recently considered the electrophilicity/nucleophility
concept discussed above as part of a CASSCF study of a series
of seven [3,3] sigmatropic rearrangements involving 1,2-
disubstituted cyclopropane reactants containing various heter-
oatoms (cf. Figure 2, structure b).7

Only one of the seven rearrangements, namely that of cis-1-
iminyl-2-ketenylcyclopropane (11) to amide 12, as shown in
Scheme 3, proved to be pseudopericyclic. This conclusion was
based on the appearance of the active-space orbitals in TS;;_,;,
and its close-to-planar six-membered ring geometry. The six
other transition structures, which had differently placed oxygen
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Scheme 3. [3,3] Sigmatropic Rearrangement Determined by
CASSCF Methods To Be Pseudopericyclic
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and nitrogen heteroatoms, were boat-shaped, and five of them
were pericyclic based on the appearance of their active-space
orbitals. (The other one gave an ambiguous result.) Indeed, of
all the reactants, 11 has the most nucleophilic heteroatom
(nitrogen) in the position corresponding to 7 in Figure 2,
structure b and the most electrophilic carbon atom in the
position corresponding to 2 in Figure 2, structure b, due to the
adjacent oxygen atom. This result supports the idea, discussed
above, that these factors should increase the likelihood of
pseudopericyclic character. In addition, we also suggested that
the formation of an allyl system in TS,,_,},, involving a lone
pair on the oxygen atom, may hel;) stabilize this particular
pseudopericyclic transition structure.

The current study uses the CASSCF method we applied to
the 1 — 2 rearrangement (Scheme 1) with a single heteroatom
(nitrogen) to examine six additional rearrangements involving
two nitrogen and/or oxygen heteroatoms each. These include
the 3 = 4,5 — 6, and 7 — 8 rearrangements studied by others
with DFT methods'”**™*° as well as the 9 — 10 rearrange-
ment, as shown in Scheme 2. The other two rearrangements
studied (13 — 14 and 15 — 16) are shown in Scheme 4. The

Scheme 4. Additional Electrocyclic Rearrangements Selected
for CASSCF Computational Investigation

15

TSi5_16 16

15 — 16 rearrangement has also been studied by Rodriguez-
Otero et al. using NBO, NICS, and ACID techniques, and it
was concluded that it is pseudopericyclic,”” the same conclusion
reached for the 3 — 4 and 7 — 8 rearrangements.

Based upon the results of our study of the 11 — 12 [3,3]
sigmatropic rearrangement, one might expect the 3 — 4
electrocyclic rearrangement to be most likely to exhibit
pseudopericyclic character because it has the most nucleophilic
heteroatom (nitrogen) in the nucleophilic position and the
most electrophilic central carbon atom of the cumulene system,
due to the oxygen atom, at the end. Conversely, one might
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expect rearrangement 5 — 6 to be the least likely to exhibit
pseudopericyclic character since it has the weakest nucleophilic
heteroatom (oxygen) and the least electronegative heteroatom
in the cumulene system (nitrogen). If the rearrangements vary
in their degrees of pseudopericyclic character, one or more
calculated transition structures may have characteristics that
demonstrate a mixture of the possible pseudopericyclic and
pericyclic transition structures for that rearrangement.*®

Our impetus for studying, in addition, the two rearrange-
ments shown in Scheme 4 stemmed from our contention that
the formation of a stabilizing allyl system in TS}, _,,, was at least
partially responsible for its observed pseudopericyclic character.
All four rearrangements shown in Scheme 2 can take advantage
of this, whereas the two rearrangements in Scheme 4 cannot
since they have no heteroatom with a lone pair of electrons on
the terminus of the cumulene.

Studying these reactions changes only the effect of the allyl
system because the nitrogen atom is still adjacent to the central
carbon atom of the cumulene. Thus, the electrophilicity of the
center carbon atom remains essentially the same.

B COMPUTATIONAL METHODS

All stationary points were optimized at the CASSCF/6-31G* level
using Gaussian 03°7* or Gaussian 097" All structures were obtained
using a (12,10) active space, i.e, 12 electrons in 10 orbitals. The 12
electrons in the active spaces of the reactants and transition structures
include the eight 7-electrons of the four double bonds, two electrons
in a lone pair on one nitrogen/oxygen atom, and two electrons in a
lone pair on the other nitrogen/oxygen atom. The 12 electrons in the
active spaces of the products include the six 7-electrons of the three
double bonds, two electrons in a lone pair on one nitrogen/oxygen
atom, two electrons in a lone pair on the other nitrogen/oxygen atom,
and the two electrons of the new o-bond. Dynamic electron
correlation was included by running single-point CASPT2/6-31G*
calculations on CASSCF/6-31G* stationary points using Molcas 7.4.”*

Frequency calculations were performed on all structures to obtain
zero-point corrected energies. Frequency calculations were also used
to verify concerted transition structures. The single imaginary
(negative) frequency for each transition structure was animated to
confirm that the correct bond was forming. Intrinsic reaction
coordinate (IRC) calculations were also performed to confirm that
the calculated transition structures were on the correct potential
energy surfaces between the desired reactants and products. Three-
dimensional structural representations, including molecular orbital
representations (with the contour value routinely set to between 0.07
and 0.10) and normal mode vectors, includin§ those in Supporting
Information, were generated using MacMolPIt 7 except for Figure §,
which was generated with GaussView 5.0.%°

B RESULTS AND DISCUSSION

CASSCF calculations show that the 3 — 4 rearrangement
(Scheme 2) is pseudopericyclic as concluded by Rodriguez-
Otero et al,, even though they were unable to locate a transition
structure.”® In particular, it is shown to have two orbital
disconnections (cf. illustration d of Figure 1). Figure 3 shows
selected active-space molecular orbitals calculated for our
transition structure of this rearrangement (TS;_,) and in b the
lone-pair orbital of the nitrogen atom can be clearly seen
participating in the formation of the new o-bond. [A full set of
active-space orbitals for the reactants, products (except 4°'),
and transition structures of all electrocyclizations studied is
provided in the Supporting Information.] The external 7-orbital
of the ketenyl (—CH=C=O0) system can also be seen
participating in formation of the o-bond. This conclusion is
reinforced by the orbitals represented in a and ¢ of Figure 3. In

445

g o [P
§: o 3?
o0 |9
d: @b

Figure 3. Selected molecular orbitals of the CASSCF-calculated
transition structures of the four pseudopericyclic rearrangements.

Orbitals in 4a—c belong to TS;_,,. Orbitals in 4d—f belong to TSy_.
Orbitals in 4g—i belong to TS,_4. Orbitals in 4j—I belong to TS,_,,,.

a, the internal 7-orbital of the ketenyl moiety can be seen intact,
not participating in forming the new bond, as it would be in a
pericyclic rearrangement. Similarly, in ¢ of Figure 3, the C6—N7
m-bond (cf. atoms numbered as in Figure 2) can be seen intact
and not participating in formation of the new bond.

While it was expected that the 3 — 4 rearrangement would
be pseudopericyclic, at least a lesser extent of pseudopericyclic
character was anticipated for the other rearrangements.
However, this turned out not to be the case. Rearrangements
5—> 6,7 > 8 and 9 > 10 (Scheme 2) also appear by this
method to be pseudopericyclic with two orbital disconnections.
This is also demonstrated in Figure 3 that depicts the clear
similarity of the active-space orbitals calculated for TSg_q,
TS, g and TS,y_,,, with those calculated for TS;_,,. While our
results confirm those of Rodriguez-Otero et al. with respect to
the 7 — 8 rearrangement,17 they are contradictory with respect
to the 5§ — 6 electrocyclization which Rodriguez-Otero et al.
concluded was pericyclic as opposed to pseudopericyclic.”®

The fact that all four of the above rearrangements appear to
be pseudopericyclic implies that the relative nucleophilicity and
electrophilicity of the reacting centers are not the only factors
that influence pseudopericyclic character in these electro-
cyclizations. In the [3,3] sigmatropic rearrangement study
carried out by Forte et al,, involving the 11 — 12 and similar
rearrangements,7 the electrophilicity and nucleophilicity of the
heteroatoms alone provided a satisfactory explanation for the
results because the sigmatropic rearrangements analogous to
the 5 — 6,7 — 8, and 9 — 10 ones [i.e., with the 4—5 C=C
7-bond of the electrocyclization reactants replaced by the fused
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cyclopropane ring of the [3,3] sigmatropic rearrangement
reactants (cf. Figure 2)] turned out to be pericyclic.” However,
in this study, even rearrangement 5 — 6, which has the “worst”
combination of reacting substituents, an aldehyde group and a
keteniminyl (—CH=C=NH) group, is pseudopericyclic.
Thus, there must be at least one other factor that contributes
to the orbital disconnections observed in these pseudopericyclic
electrocyclizations. It is likely that the formation of an allyl
system over the cumulene group in the transition structures
stabilizes them and contributes to the reactions being
pseudopericyclic. An allyl system consisting of the internal 7-
bond of the cumulene system and the terminal lone-pair orbital
can be seen forming in all cases (a, d, g, and j of Figure 3).
(MOs showing the corresponding nonbonding and antibond-
ing allyl moieties for TS;_ 4, TSs_4 TS;_s and TSy ;4 can be
seen in the Supporting Information.)

The 13 — 14 and 15 — 16 rearrangements that have the
nitrogen at an internal position (Scheme 4) were studied as a
test of this hypothesis. In 13 and 15, the lone pair of electrons
in the N, orbital cannot participate in forming a stabilized allyl
system, as can the N, and O, lone pairs of electrons on the
terminal nitrogen atoms in § and 11 and the terminal oxygen
atoms in 3 and 7, respectively.

The active-space orbitals of the calculated transition
structures TS5_ 14 and TS;s_,4 (Figure 4), which clearly do

§ o ¥
3 - B

Figure 4. Selected molecular orbitals of the pericyclic reactions.
Orbitals Sa—c belong to TS,;_,,,. Orbitals Sd—f belong to TS5, .

not include an allyl system, show that the 13 — 14 and 15 —
16 rearrangements (Scheme 4) are pericyclic. The b and e
orbitals of Figure 4 depict the formation of the new o-bonds
and it can be seen that the lone-pair orbitals on the nitrogen
atom (TS;5_.14) and oxygen atom (TS;s_.6) are still over-
lapping slightly with the two 7-orbitals forming the bond. There
is a secondary orbital effect from the lone pair similar to the one
we proposed for the 1 — 2 rearrangement.6 However, it is
primarily the 7-orbitals forming the new bond, specifically the
N7—C6 and N3—C2 r-orbitals (TS;;_,,) and the O7—C6 and
N3—C2 z-orbitals (TS;s_,6) (see Figure 2 for atom-numbering
scheme). On the left-hand side of both b and e of Figure 4,
electron density from the inner m-orbitals (N3—C2) of the
cumulene systems can be inferred, which indicates that they
participate in formation of the new o-bonds. Conversely, in a
and d of Figure 4, the outer s-orbitals (C1—C2) of the
cumulene systems can be seen intact and not participating in
formation of the new o-bonds. It is a bit more difficult to
determine how the orbitals are forming on the right-hand side
of orbitals b and e of Figure 4, but there appear to be no orbital
disconnections involved. The lone pair is angled slightly
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downward, not pointing directly at the central carbon atom of
the cumulene system. This also suggests that the C—O and C—
N z-orbitals, not the lone-pair orbitals, are primarily responsible
for forming the new o-bonds. These results run counter to the
conclusion of Rodriguez-Otero et al. that the 15 — 16
rearrangement is pseudopericyclic;>’ for completeness, we
appear to be the first to study the corresponding 13 — 14
rearrangement computationally.

Comparisons of the geometry of the six transition structures
also supports the conclusion that TS;_,, TSs_¢ TS, g and
TSy_ 10 are pseudopericyclic, whereas TS;;_, ;4 and TS;5_, ¢ are
pericyclic. Pertinent dihedral angles of all six transition
structures are listed in Table 1. Structures TS;_, TSs_s

Table 1. Dihedral Angles (deg) for All Calculated Transition
Structures”

transition structure

dihedral angle

(deg) TS;.4 TS5 TS;8 TS0 TSiois  TSisoue
2—3—4-§ —0.03 7.78 0.00 6.66 —27.88 —21.58
3—4-5-6 —0.04 4.77 0.00 1.46 —3.55 —-3.32
4—-5—-6-7 0.03 -9.32 0.00 —8.85 18.02 13.23

“The numbers in the leftmost column correspond to the numbers
assigned to atoms in Figure 2.

TS,_g and TSy_, are relatively planar, which is expected of
pseudopericyclic reactions. All dihedral angles for TS, ¢ are
0.00° so it is completely planar. The values are slightly higher
in TS;_,, but only by 0.03 or 0.04°, so TS;_, is also almost
completely planar. The dihedral angles are higher for TS ¢
and TSy_, 1, but still quite low. A planar geometry facilitates the
overlap of the orbitals orthogonal to bonding orbitals in the
reactant. If the m-orbitals between C2—C3 and C6—N7 were
used, twisting would be necessary for them to overlap, but no
such twisting is evident. No dihedral angle for the first four
transition structures is greater than 9.32°. On the other hand,
TS;3.14 and TS5, ¢ have dihedral angles as great as 27.88°.
These transition structures are much less planar, which is
congruent with them being pericyclic.

The optimized transition structures for all six rearrangements
studied here are shown in Figure 5. These representations are
useful for visualizing both the geometries and the vectors
depicting the normal mode of vibration for the imaginary
frequency for the calculated structures in each case. All six
transition structures clearly show the formation of the new o-
bond. In TS5, the vector indicating the motion of the
hydrogen atom on the imine moiety demonstrates a slight
upward motion, close to a twist. This likely indicates rotation of
the C—N z-orbitals to form the new o-bond, and is similar to
that of the imine hydrogen of TS, ,,, which Jwas previously
determined by us to be essentially pericyclic. Such rotation
cannot be seen in TSy_ , the corresponding pseudopericyclic
reaction. The vector on the hydrogen of the imine moiety in
TSy o demonstrates only an inward, in-plane motion,
indicating that the m-orbitals do not rotate and the lone-pair
orbital is likely involved in the formation of the new o-bond.
[See the Supporting Information for alternative three-dimen-
sional representations of transition structures and imaginary
frequency normal mode vectors.]

Calculated energies of activation for the 3 - 4,5 — 6,7 —
8, and 9 — 10 rearrangements also support their pseudoper-
icyclic character. As shown in Table 2 (first four data rows and
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TS3_.4

TSs-6

\,.q

TS13-14 TSi15-16

Figure S. Calculated transition structures including vectors (blue
arrows) illustrating the normal mode of vibration corresponding to the
single calculated imaginary frequencies for TS;_, TSs.s TS, g
TSo_10 TS13-14 and TS5 (cf. Schemes 2 and 4). Red = oxygen,
blue = nitrogen, gray = carbon, white = hydrogen. All forming o-bonds
can be inferred (opposing blue arrows). The pseudopericyclic
transition structures (top four) are much more planar than the
pericyclic ones (bottom two).

Table 2. Zero-Point Corrected Activation Energies at the
CASSCF/6-31G*//CASSCFE/6-31G* and CASPT2/6-
31G*//CASSCF/6-31G* Levels for the Six Calculated
Electrocyclic Rearrangements

electrocyclic CASSCF//CASSCE E, CASPT2//CASSCE E,
rearrangement (kcal/mol) (kcal/mol)
34 1.49 —-5.69
S5—>6 13.81 0.43
7—> 8 0.11 —8.56
9—-10 13.89 1.82
13 —» 14 20.50 8.00
15 —> 16 20.61 7.42

first data column), the CASSCF/6-31G*//CASSCF/6-31G*-
calculated zero-point corrected energies are rather low, which is
alleged to be typical of pseudopericyclic rearrangements.”* The
two lowest activation energies (1.49 and 0.11 kcal/mol) involve
the more electrophilic ketenyl cumulene moiety, whereas the
higher ones (13.81 and 13.89 kcal/mol) involve the less
electrophilic keteniminyl cumulene moiety, as one might
expect. One might also expect a preference for the more
nucleophilic iminyl group involved in the 3 — 4 rearrangement
vs the less nucleophilic carbonyl group involved in the 7 — 8
rearrangement; however, the CASSCF/6-31G*//CASSCEF/6-
31G* activation energies run counter to this. Likewise, one
might expect the 5 — 6 rearrangement to have a lower energy
of activation than the 9 — 10 rearrangement, and it does but
with a negligible activation energy difference of only 0.08 kcal/
mol (Table 2, data rows 2 and 4 and data column 1). However,
when dynamic electron correlation was included by performing
CASPT?2 single-point calculations, with the same basis set, on
the CASSCF wave functions (i.e., from CASPT2/6-31G*//
CASSCF/6-31G* calculations), the activation energy difference
is much greater (1.39 kcal/mol) and in favor of the § — 6
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rearrangement as expected (Table 2, data rows 2 and 4, data
column 2). Unfortunately, performing CASPT2 calculations on
both the 3 — 4 and 7 — 8 rearrangements yielded nonviable
negative activation energies (Table 2, data rows 1 and 3, data
column 2). It seems that the inaccuracy in calculated CASSCF/
6-31G* activation energy values is greater than the magnitude
of the CASPT2 “corrections” in these cases. [Table S1 in the
Supporting Information also gives the activation energies for
the CASPT2-corrected activation energies for the 3 = 4 and 7
— 8 rearrangements using alternative basis sets (6-31G**,
ANO-RCC-VDZP, and cc-pVDZ0). As can be seen, the choice
of basis set had insufficient influence on the activation energies
for these two rearrangements for them to be positive.]
Nonetheless, as shown in Table 2, the CASPT2/6-31G*//
CASSCF/6-31G* energies remain in the same relative order as
the CASSCF/6-31G*//CASSCF/6-31G* energy ones.

Finally, it can be seen that the calculated activation energies
for the 13 — 14 and 15 — 16 pericyclic rearrangements have
much higher relative activation energies than their pseudoper-
icyclic counterparts (Table 2, first and second data columns), as
expected, and with no discernible preference for the stonger
nucleophilicity of the iminyl nitrogen atom in TS;; ;4 vs the
weaker nucleophilicity of the carbonyl oxygen atom in TS5, 4
(Table 2, last two entries in the first and second data columns).
This later observation is consistent with it being primarily the
m-bond of the iminyl and carbonyl moieties, as opposed to the
nitrogen and oxygen atom lone pairs, being involved in these
transition structures. [Both CASPT2/6-31G*//CASSCF/6-
31G* and CASSCF/6-31G*//CASSCF/6-31G* calculations
also demonstrate that the § - 6,7 — 8,9 — 10, 13 — 14, and
15 — 16 rearrangements are all exothermic; the 3 — 4
rearrangement is almost certainly exothermic as well, though it
could not be calculated at this level since a (12,10)CASSCF/6-
31G* structure for 4 proved to be elusive.”']

The geometries of the transition structures also appear to
correlate well with the calculated energies of activation. The
most planar transition structure, TS,.s (cf. Table 1), is
associated with the lowest CASSCF/6-31G* activation energy
and pseudopericyclic behavior, while the least planar transition
structure, TS5, ;4 is associated with the highest activation
energy and pericyclic character. The other transition structures
also range from planar to less planar in the same order that
their associated activation energies range from lowest to
highest.

B SUMMARY AND CONCLUSIONS

This study examined six electrocyclic rearrangements (3 — 4, §
—6,7—>8,9— 10,13 - 14, and 15 — 16) at the CASSCF/
6-31G* level to determine whether any were pseudopericyclic,
and if so, whether degrees of pseudopericyclic character existed
among them. This was accomplished primarily by examining
the localized active space MOs to see which were used to form
the new o-bonds, as well as through an examination of
transition-state geometries (deviations from planarity) and
activation energies.

Based on the active-space MOs of the optimized transition
structures shown in Figure 3, it is concluded that rearrange-
ments 3 - 4,5 — 6,7 — 8, and 9 — 10 are pseudopericyclic.
The lone pair on the nitrogen or oxygen atom at site 7 (Figure
2, structure a) participates in forming the new o-bond in every
case, as does the outer z-orbital of the cumulene system. So,
each is pseudopericyclic with two orbital disconnections. On
the other hand, rearrangements 13 — 14 and 15 — 16 are
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pericyclic. This conclusion is supported by the nearly planar
ring geometries for TS;_,, TSs_ s TS, and TSy o vs the
decidedly nonplanar geometries for TS5, and TS5 ¢
(Table 1) and the relatively low activation energies for the 3
— 4,5 > 6,7 — 8, and 9 — 10 rearrangements vs the much
higher activation energies for the 13 — 14 and 15 — 16
rearrangements (Table 2).

These results confirmed those of others in the 3 — 4°° and 7
- g7 rearrangements, but in the case of the 5§ — 6
rearrangement our finding that it is pseudopericyclic clashes
with the earlier conclusion, based on DFT calculations, that it
was pericyclic.”” Likewise, our finding that the 15 — 16
rearrangement is pericyclic clashes with the previous conclusion
that it “can definitely be classified as pseudopericyclic”.”*

As mentioned above, the 1 — 2 electrocyclization was
previously found by us to be essentially pericyclic with the
nitrogen lone-pair orbital playing only a secondary role.’ Yet
the similar 3 - 4, 5 = 6, 7 — 8, and 9 — 10 rearrangements
have now all been shown to be pseudopericyclic. It is likely that
this is at least partially a consequence of the presence in the 3,
S, 7, and 9 reactants of not only a nucleophilic heteroatom at
position 7 (Figure 2, structure a) but also an electronegative
heteroatom in position 1 that increases the electrophilicity of
carbon 2 (Figure 2, structure a). This should strengthen the
bond that can be formed at the orbital disconnection sites (2
and 7 of Figure 2, structure a) in the case of a pseudopericyclic
transition structure.

However, if the presence of heteroatoms in the 1,2,4,6-
heptatetraene moiety (cf. Figure 2a) was reason enough for the
3—>4,5—6,7— 8 and 9 — 10 electrocyclizations to be
pseudopericyclic, then the 13 — 14, and 15 — 16
electrocyclizations should likewise be pseudopericyclic. The
fact that they turn out to be pericyclic instead, with the role of
the nitrogen lone pair of electrons restricted to a secondary role
at best, is apparently due to lack of their ability to form a
stabilizing allyl system in the transition structures, an ability
afforded the other rearrangements by the presence of a lone
pair of electrons on the cumulene terminal nitrogen or oxygen
atoms. Thus, the presence of heteroatoms is a necessary but not
sufficient condition for pseudopericyclicity in these cases.

Finally, we conclude that the reason that the 3 - 4,5 — 6,7
— 8, and 9 — 10 electrocyclizations all appear to be
pseudopericyclic whereas the 11 — 12 [3,3] sigmatropic
rearrangement is the only member of its heteroatom class to be
pseudopericyclic” is due to the fact that electrocyclic transition
structures are inherently more planar than [3,3] sigmatropic
ones, which, of course, prefer chair or boat conformations.
Indeed, the geometry of the only pseudopericyclic [3,3]
sigmatropic transition structure (TSy;-12) was unusual for a
Cope-type rearrangement in having a substantially planar six-
membered ring conformation, whereas all the other heteroatom
combinations (cf. ref 7) have boat-shaped conformations. Thus,
only the most advantageous nucleophilic/electrophilic combi-
nation of reacting centers is apparently adequate for
pseudopericyclicity in that case.

B ASSOCIATED CONTENT
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Complete ref 27. (12,10)CASSCF/6-31G* optimized

geometries for all stationary points found, including
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imaginary frequency normal mode vectors for the
transition structures. All active-space MOs for 3, 5—10,
13-16, TSy, TSe.e TSr.e TSo 10 TSis.14 and
TS5 Table of CASPT2//CASSCF activation en-
ergies using other basis sets (PDF)
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