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Regio-, Peri-, and Torquoselectivity in Hydroxy Heptatrienyl Cation
Electrocyclizations: The Iso/Homo-Nazarov Reaction

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

Abstract: The electrocyclizations of 1-  Houk’s model
and 3-hydroxyheptatrienyl cations have
been computationally studied at the
B3LYP/6-311G(d) level. The 1-hydroxy  4me™
system clearly favors a 4me™ over a
6me” process, while for the 3-hydroxy
isomer these mechanisms compete.
Substituents can either enhance or
invert this periselectivity through steric

or electronic effects, respectively.

tions

Introduction

The Nazarov reaction has recently enjoyed considerable at-
tention,'! and so have the possible formations of the cyclo-
pentenyl cation obtained from the 4me™ electrocyclization.
A considerable amount of work has been directed towards
the study of different ways of capturing this cationic inter-
mediate, resulting in a wealth of examples of “interrupted
Nazarov” processes,>*®l that have significantly expanded
the synthetic scope of this reaction. Most examples are inter-
molecular captures of the allyl cation with nucleophiles such
as water,’] amines,” azides,® halides™ or other groups like
allylsilanes,'” or alternate processes like cycloaddition reac-
tions,""! but there are also reports of intramolecular trapping
reactions, via Wagner—-Meerwein rearrangements''>%! or at-
tacks of vicinal nucleophilic groups (olefins, arenes).[*14

In the framework of our group’s experience in the synthe-
sis and reactivity of polyenes and following our work on the
electrocyclization of hydroxypentadienyl cations!™ we set
out to extend this last study to the ring-forming reaction of
isomeric hydroxyheptatrienyl cations. These vinylogous Naz-
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helps to explain the activation energy
differences between the alternative
electrocyclizations available for
each system. The cyclopentenyl cations
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torquoselectivity ~ thus obtained can evolve, either
through intramolecular trapping by the
vinyl group or by 1,3-proton migration,
along reaction coordinates which could
correspond to either very asynchronous
concerted mechanisms, or two-step re-
actions with very shallow or non-exis-
tent intermediates.

arov (3-hydroxy) and iso-Nazarov (1-hydroxy) systems
enrich the mechanistic possibilities and provide the structur-
al elements for a complex set of electrocyclizations. In these
systems, the presence of a further unsaturation along the
chain, ending on a vinyl substituent upon the cyclopentenyl
ring formation, makes the potential intramolecular capture
of the intermediates by the olefin a process on the line of
the novel class of “interrupted Nazarov” reactions
(Scheme 1) recently reported by West et al.'¥! where a non-
conjugated alkene held near the dienone nucleus undergoes
intramolecular trapping of the Nazarov 2-oxido cyclopenten-
yl intermediate. The structural consequences of these cas-
cade reactions are complex bicyclic or tricyclic products
with a controlled stereochemistry.
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Scheme 1. The “interrupted” Nazarov reaction.'”’ One of the first exam-
ples of deliberate trapping of the Nazarov oxyallyl intermediate.
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Also of interest in these longer polyenes is the periselec-
tivity of the cyclizations. While it is generally accepted that
when several geometrically accessible and symmetry-al-
lowed transition structures are available for a given system,
it will evolve through the path with a more extended conju-
gation, these assumptions are usually founded in data col-
lected about neutral species.

Examples of periselectivity favoring the process involving
the greater number of atoms have been reported for similar
anionic conjugated polyenes (conjugated pyridinium ylides,
isoelectronic with heptatrienyl anion) where the formation
of seven-membered rings (8me™) competes with five-mem-
bered rings (6re™)!'"! or for the cyclization of neutral substi-
tuted octatetraenes.'¥ Nevertheless there are systems, such
as conjugated azomethine ylides, where the difference in ac-
tivation barriers for the alternate processes (1,7- and 1,5-
electrocyclizations) is reduced and the product distribution
depends heavily on the substituents."”!

An explanation for the periselectivity is usually based on
the stabilization of the longer conjugated system in the tran-
sition structure (the alternative paths would imply breaking
the conjugation present in the reactant) or the maximum
overlap of the frontier molecular orbitals, whose coefficients
are the highest at the terminal carbons on a polyene
system,” the geometrical preference for helical- versus
boat-like conformations for the transition structures (conro-
tatory vs. disrotatory), or the substituent effects on the bal-
ance between orbital- or charge-controlled cyclizations
which would yield different products.'” We would like to
examine the periselectivity of these cationic cyclizations, in
which we anticipate that the stereoelectronic effects favor-
ing a helical transition structure for the transition state
(found in the conrotatory 4me™ cyclization) oppose the pref-
erence for extended conjugation (in the 6me™ cyclization).

Although no comprehensive study of these systems has
been published, there are examples of synthetic applications
for some of the reactions described in this paper. Of great
relevance is the work by Trauner et al. on the synthesis of
crispatene natural products (Scheme 2).*"*l The key step in
this approach can be defined as a 4me™ pentadienyl cation
electrocyclization followed by the capture of the resultant
cyclopentenyl cation by a neighboring enolate ester, which
leads to a complex bicyclo[3.1.0]hexene derivative of con-
trolled configuration.
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Scheme 2. Cyclization step in the synthesis of the crispatene core by Trauner et al.*-?!
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In this work, we will focus on three aspects of the electro-
cyclization of hydroxyheptatrienyl cations (Scheme 3):
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Scheme 3. Periselectivity in the 3-hydroxy- (a) and the 1-hydroxyhepta-
trienyl cation (b) cyclizations and unanticipated evolution of the cyclo-
pentenyl intermediates with potential involvement of the vinyl groups.

® A comparison of the 4me™ cyclizations with those report-
ed for their lower homologues hydroxypentadienyl cat-
ions, with special emphasis on the torquoselectivity.

e The competition between 4me™ and 6me™ electrocycliza-
tions (periselectivity).

@ The evolution of the pentadienyl cation products of the
4me” cyclizations, through cationic cascades resulting in
polycylic structures.

Results and Discussion

The complexity of the study is illustrated by the evolution of
the 1- and 3-hydroxyheptatrienyl cations selected as starting
materials. Two electrocyclic manifolds enter into competi-
tion for each delocalized cation: the 7-atom-6-electron and
the 5-atom-4-electron processes."?) We discarded the occur-
rence of the 3-atom-2-electron path, since the cyclopropyl
cation has been shown to spon-
taneously open due to the re-
lease of ring strain.

As the main purpose of this
work is the study of the com-
peting electrocyclizations and
the factors affecting their rela-
tive energies or selectivities, we
will separate the study of the
reactions of the 1-hydroxyhep-
tatrienyl cation from those of
3-hydroxyheptatrienyl
cation. In addition, for each of
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these structures the reactions where the hydroxyl is located
on one of the cyclizing termini were separated from those
where it is elsewhere. In so doing, the complex configura-
tional/conformational equilibria involved are somehow ig-
nored. The first consideration involves the interconversions
of the different cis—trans isomers of these highly delocalized
polyenyl cations. The energy of these isomerizations are rel-
atively low compared with those common for non-conjugat-
ed alkenes, resulting in the possibility of conformational
scrambling of the initial heptatrienyl cation. Only some of
the possible transition structures for these interconversion
processes have been calculated and, where appropriate, they
appear in the Tables. If the linear system were used, activa-
tion barriers such as 7.83 kcalmol™' for the rotation of the
C,—C; bond (1F to 1G) or 11.15 kcalmol™! for the rotation
of the Cs—C, bond (1B to 1D), much lower than the cycliza-
tion activation barriers, would guarantee that only the cycli-
zation product of the most stable reactive conformer is ob-
tained. Nevertheless, since it is tethered (or conformational-
ly locked) versions of these systems that would be ideally
suited for synthetic applications, the less favorable cycliza-
tions are still described.

Cycloisomerizations of the 3-hydroxyheptatrienyl cation:
This system results in mechanisms similar to the more con-
ventional Nazarov and iso-Nazarov pentannelations de-
scribed in our previous paper.™ The different processes this
structure can undergo are displayed in Scheme 4, where the
following notation has been adopted: isomers 1 A through
1D and 1E through 1H are used to indicate the vinyl-Naza-

Nazarov

homo-Nazarov

27.90

7.06

27.90
homo-Nazarov

12.04

iso-Nazarov

Scheme 4. Cyclizations of the 3-hydroxyheptatrienyl cation. The free en-
ergies of the depicted stationary points are shown on the scheme in kcal
mol ..
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rov and vinyl-iso-Nazarov manifolds, respectively, which
differ in the position of the hydroxyl with respect to the cy-
clizing atoms. Along the mechanistic pathway, cascade cat-
ionic cyclizations are sometimes observed and the inter-
mediate products found along these sequences are indicated
with consecutive numbers (2 to 4). The competition between
the 4e™ and the 6e~ cyclizations (1G-2E vs. 1G-2C) will be
discussed in the next section, as the involved conformer is
present in the two mechanisms.

First step: Nazarov versus iso-Nazarov cyclization: In the
set of isomers (1A-1D), which most closely resembles a
Nazarov reaction, the cyclization takes place between C,
and C,. If the extended chain is chosen as the reference
from which free energies are calculated (thus setting a
common energy origin, the most stable conformer 1A, for
the iso-Nazarov and Nazarov manifolds), the electrocyclic
processes in which the vinyl group is located outwards are
favored with respect to those where it points inwards. As
stated elsewhere,'” this phenomenon can be easily ex-
plained resorting to both steric (less congestion in the transi-
tion structure and s-trans conformations of the alkenes more
favorable than the alternate s-cis) and electronic arguments
(the slightly electron-donor vinyl preferring outwards rota-
tion). However, if we consider the isomers in Scheme 4 as
the starting point for each cyclization, the lowest reaction
barrier is found for the most unstable, 1D.

For the set of conformers of the 3-hydroxyheptatrienyl
cation (1 E-1H), which would evolve through the alternative
iso-Nazarov cyclization, both a vinyl and a hydroxyl group
are located at one terminus of the cyclizing cationic penta-
dienyl system. The conformers where the hydroxyl group is
located inwards display much higher barriers (AAG™ be-
tween 8.76 and 11.89 kcalmol™") than their outwards coun-
terparts, another example of torquoselectivity due to the
classical closed-shell repulsion first described by Houk for
the ring opening of substituted cyclobutenes.” This stereo-
electronic effect is more marked when the substituent is a
better donor, hence the preference for an inwards vinyl,
even if it is an electron-donor substituent itself. As for the s-
cis/s-trans conformation of the vinyl group, the preferred
orientation is syn to the less bulky hydroxyl in the minima
(energies of 6.94 (1H) vs. 7.35 (1E) kcalmol ' and 7.77 (1F)
vs. 12.04 (1G) kcalmol™). This steric effect is in 1G en-
hanced by the tendency to planarity imposed by conjugation
in the minima, yielding a rather strained helical structure. In
the corresponding transition state, these planarity require-
ments are relaxed, since the conjugation with the terminal
vinyl group is lost as the reaction proceeds, resulting in the
lowest barrier for the four 4e™ processes in this group. How-
ever, if one considers the open chain as the reference for
calculating activation barriers (the correct choice for the
linear systems), 1F-2D would be the favored cyclization
among the vinyl-iso-Nazarov processes.

Another relevant aspect of these cyclizations is their re-
markable periselectivity. When comparing the reaction bar-
riers obtained with the same reference (e.g., AG values in
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Table 1), we observe that the activation energies are in gen-
eral smaller for the Nazarov cyclizations. However, this ten-
dency is reversed when dealing with transition structure en-
ergies relative to the nearest minimum. In this last case, the
barriers are lower for the iso-Nazarov processes, as would
be expected from the higher polarization of the system and
the instability of the reacting conformations involved. This
last result is fully consistent with the difference (about 5 kcal
mol™') in the barriers calculated for the analogous hydroxy-
pentadienyl electrocyclizations.!'”)

Table 1. Thermodynamic data for the reactions in Scheme 4. The units
are kcalmol ! and the reference for relative energies is 1A.

Structure AG AG™ Structure AG AG™
1A 0.00 1H 6.94

1B 5.98 1F 7.77

1C 3.46 1E 7.35

1D 12.04 1G 12.04

1A-2A 26.25 26.25 1H-2E 36.85 29.91
1B-2A 31.77 25.79 1F-2D 2891 21.15
1C-2B 27.51 24.05 1E-2D 37.51 30.16
1D-2B 35.88 23.84 1G-2E 30.31 18.27
1D-2C 27.90 15.86 2D 23.52

1D-2C 37.07 25.03 2E 23.77

2A 15.28 1F-1G 15.60 7.83

2B 16.64

2C 7.06

1B-1D 17.13 11.15

Analysis of geometric parameters (see Supporting Infor-
mation), reveals a pattern of m-bond “localization” in the
minima (all isomers of 1) consistent with “localized st-bonds
between C,—C,, C,—Cs and C;—C;, with the cation at C; sta-
bilized by the heteroatom. However, in the transition struc-
tures, the behaviour differs for the two groups 1A-1D and
1E-1H. The former can be best depicted as a completely
delocalized pentadienyl cation (the bond equalization is
much more important in these structures than in their iso-
Nazarov counterparts) substituted with a non-conjugated
vinyl group, while in the latter, the pattern of the minima is
conserved in the transition structures, which could be alter-
natively characterized as the attack of the C,—C; alkene to
the allyl cation C;-C,-Cs, leaving thus the new cation in the
product on C,. Analysis of NBO charges supports these ar-
guments. The resulting difference between the transition
structures corresponding to the cyclizations of the 1A-1D
and the 1E-1H isomers can be correlated with both, the
greater distances between the bonding atoms that indicate
an earlier transition structure and a less advanced electronic
rearrangement in the latter, and the fact that the electronic
distribution in the 1E-1H isomers and the corresponding
transition structures is conserved in the cyclopentenyl prod-
ucts (with the exception of the m—o transformation, inherent
to the electrocyclic process).

Worth of notice is the dihedral angle X ,34 in iso-Nazarov
and ¥, in Nazarov, which can be taken as a measure of
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the conjugation of the pendant “vinyl substituent” to the
main pentadienyl chain. This angle, nearly planar in the
minima (with the exception of 1G, where this would imply a
very strained structure) increases considerably in the transi-
tion structure. At this stage conjugation can be considered
almost completely interrupted and the system behaves as a
substituted pentadienyl cation instead of a conjugated hep-
tatrienyl cation where the six m electrons contribute to the
pericyclic transition state.

Since in iso-Nazarov reactions we are dealing with
doubly-substituted cyclizing systems where stereoelectronic
effects are complex, there is not a direct correlation between
the forming bond lengths in the transition structure, taken
as reaction advance indices, and the activation energies.

First step: 4we™ versus 6xe” reactions, Periselectivity of cat-
ionic versus neutral electrocyclizations: Extrapolation of
the results obtained for neutral systems,' led us to expect
6me” cyclizations as the preferred processes. The calculated
reaction barriers confirm this hypothesis if the most unstable
isomer 1D is chosen as the reactant, since the 18.27 or
23.84 kcalmol ™! barriers corresponding to the 4me™ cycliza-
tion transition structures 1G-2E and 1D-2B, respectively,
cannot compete with the 15.86 kcalmol™ required for the
formation of 2C. However, if we consider the possibility of
configurational interconversions, this preference is overcome
by the strict conformational requirements for an all-s-cis
conformation of the polyenyl cation, resulting in a complex
mix or products, being the most abundant the result of a
vinyl-Nazarov cyclization (84% 1A-2A, 10% 1C-2B, 5%
1D-2C and 1% 1F-2D if we consider a Maxwell-Boltz-
mann distribution at 25°C).

Nevertheless, it should not come as a surprise if by careful
modifications of the heptatrienyl cation substrate that desta-
bilize its all-s-cis conformation and, consequently, the transi-
tion structure leading to 1D-2C, improved selectivity in the
cyclopentenyl product was achieved. Other structural varia-
tion might alternatively favor the transition structure for the
cycloheptadienyl system 1D-2C, and revert the periselectiv-
ity.

To test this hypothesis, we located the transition structures
for the 6me™ and the most favorable 4me™ electrocyclizations
for some substituted 3-hydroxyheptatrienyl cations (the sub-
stitutions are displayed in Figure 1 and the energy values
are collected in Table 2).

As can be seen from the values in Table 2, substitution en-
hances in most cases the AG™ differences (1.65 kcalmol™
for the model system) without altering the previous order,
since the pentannelation is the preferred process in all sys-
tems with the exception of e.

The presence of bulky substituents on the cyclization ter-
mini clearly favors 4e~ cyclization with respect to the 6e~
process, as can be inferred from the AAG; , values obtained
for a and f. This steric effect albeit less dramatic, is still im-
portant in the b and c series, where the steric demands of
the Bu group force a closing of the C;-C4-Cs angle (a35=
119.9° for 1D-2C (b) and a,5,=121.7°, compared with the
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Figure 1. Substituted 3-hydroxyheptatrienyl cations (a—f) for the study of
the periselectivity.

Table 2. Relative thermodynamic data for the transition structures for
the electrocyclic ring closure of the substituted 3-hydroxyheptatrienyl cat-
ions shown in Figure 1. As the target is assessing the effect of substituents
on the preference between four and six-electron processes, only compet-
ing transition states (with the structures depicted in Scheme 4) were com-
puted, and the energies noted (in kcalmol™') are referred to the lowest
energy transition structure.

Structure AG Structure AG
1D-2C 3.67 1D-2C 5.38
a 1A2A 0.00 b 1A2A 1.16
1G-2E 1.37 1G-2E 0.00
1D-2C 2.98 1D-2C 2.54
c 1A-2A 15.42 d 1A-2A 0.00
1B-2A 12.99 1G-2E 2.94

1G-2E 0.00
1D-2C 0.00 1D-2C 9.54
e 1B-2A 3.10 f 1A-2A 0.00
1G-2E 3.57 1G-2E 3.59

128.7 and 129.5° values for the equivalent angles in the non-
substituted transition structure), thus destabilizing the
seven-membered ring structure needed for the 6e” cycliza-
tion. Important is the slight increase in AAG; ,, which re-
sults from donor groups on C,, noticeable in d and b, rein-
forcing in the latter the steric effect of the /Bu substituent.

The most remarkable effect, however, is that observed in
e, where the general preference for five-membered ring for-
mation is reversed, favoring the 6e” cyclization. The resul-
tant AAG] , value of —3.10 kcalmol™ can be readily ex-
plained by using torquoelectronics arguments. When a
donor substituent is located on Cs, a donor group is forced
to rotate inwards upon any conceivable 4e” electrocycliza-
tion: either the hydroxyl group on C;, the new substituent
on Cs, or one of the vinyl groups on any of these two posi-
tions will incur in the usual two-orbital-four-electron desta-
bilizing interaction in the transition structure. The
4.5 kcalmol™! difference from the AAG;F_4 with and without
the OH on C; agrees well with the values observed for the
torquoselectivity preferences in the in and out rotations of
vinyl groups upon the non-substituted cyclizations of 3-hy-
droxy heptatrienyl cations discussed above.

Besides the disrotatory transition structure (1D-2C) for
the hydroxy cycloheptadienyl formation, another saddle
point (1D-2C’), which is 9.17 kcalmol™' higher in energy
than the former (Table 1), was found that would correspond
to the Woodward-Hoffmann forbidden conrotatory 6me~
electrocyclic reaction (see Scheme 5).
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In fact, this “conrotatory” (it displays the helical geometry
characteristic of conrotations) seven-atom 6e~ cyclization
features a transition structure with little resemblance to an
ordinary electrocyclization: the termini of the polyene chain
are barely rotating (it is difficult to define it either as a con-
rotatory or a disrotatory process), only changing their hy-
bridization and it looks as if a C,—C,; bond were being
formed, instead of the expected C,—C,. Examination of the
IRC for this mechanism (Figure 2), leads to the incipient

0.05

0

Figure 2. Representation of the structural changes along the IRC corre-
sponding to the transition structures 1D-2C (—, disrotatory) and 1D-
2C’ (-----, conrotatory). The energy values are relative to the lower
energy point in the graph and noted in Hartrees.

formation of a geometrically favored six-membered ring,
which evolves before completion (there are no intermedi-
ates) to the expected seven-membered cyclic product (2C),
which has a much more favorable charge distribution, with
the cation delocalized along the hydroxy pentadienyl back-
bone instead of sitting on a terminal methylene with no sta-
bilization whatsoever. In Figure 3, the evolution of the NBO
atomic charges along the reaction coordinate can be com-
pared to the progress of r;4 and r,; distances, supporting this
argumentation. This kind of complex reaction coordinate,
will be also found for the evolution of the products of the
pentannelations.

The much lower AAG™ forbidden-allowed found for this
cationic 6me” system relative to the neutral 8ne™ cyclization
of (2Z,47)-octatetraene (9.17 vs. 27.4 kcalmol!),® can be
explained by the rare occurrence of this seemingly indirect
mechanism, together with the high-energy boat conforma-
tion (see Scheme 5) of the disrotatory transition structure
for the octatetraene 8me™ cyclization.

A representation (see Figure 4) of the NICS values along
a line normal to the molecular plane traversing the incipient
ring center for the competing transition structures 1G-2E
and 1G-2C also points towards a preferred non-pericyclic
(the transition structure shows a slight antiaromaticity)
mechanism for the conrotatory seven-atom cyclization (1G-
2C).

Chem. Eur. J. 2009, 15, 1944 -1956
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Figure 3. Evolution of the r and r; distances and the NBO atomic
charges on the carbon chain along the IRC corresponding to 1D-2C’
(conrotatory, top panels) and 1D-2C (disrotatory, bottom panels). The
transition state location is shown by means of a vertical line in the plots.
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Scheme 5. “Forbidden” electrocyclizations for neutral and cationic conju-
gated systems, with a representation of the geometry requirements, to-
gether with the values of the preference for the allowed processes (con-
rotatory for the 8me™ and disrotatory for the 6me™ system).

Second Step: Evolution of the cyclopentenyl cation: The in-
troduction of the terminal vinyl group, which allows the in-
tramolecular trapping of the cyclopentenyl cations 2A and
2D, adds a layer of complexity to the studied systems, as a
new set of cationic processes can take place before the con-
ventional termination step (the evolution to a cyclopente-
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Isotropic shielding [ppm]

Distance along the z axis [A)

Figure 4. Representation of the NICS versus the distance along an axis
normal to the molecular plane that contains the center of the ring for
1G-2C (the transition structure corresponding to the heptannelation),
deemed to be aromatic, and 1G-2C’, which shows no aromatic features.
The representation of the competing 4me” pentannelations (1G-2E and
1D-2B) are also shown for comparison.

none ring, the usual product of a Nazarov reaction). We
have explored the generation of diversity in these cationic
cascades and estimated their activation energies and reac-
tion paths. Although for the parent system 1, some mecha-
nistic choices are shown not to be competitive in the usual
reaction conditions, new experimental settings or design
substrates could be devised to promote them and explore
these synthetically appealing possibilities. Therefore, for
each of these vinyl-hydroxycyclopentenyl cations 2A and
2D, we set out to describe four possible scenarios for the
vinyl trapping of the cation which correspond to the differ-
ent combinations arising from the two extrema of the
alkene trapping the endocyclic allyl cation at the two termi-
nal carbons. The newly generated carbocation can experi-
ence further rearrangements. In some cases, the comparative
ease of the carbocation migrations in these systems can lead
to reaction paths formally corresponding to two-step trans-
formations, where no intermediate could be found. There-
fore, to aid in the interpretation of the skeletal transforma-
tion, the newly formed bonds are represented in gray in
Schemes 6 and 7 and the atom numbering is preserved along
the cascade, regardless of the compounds’ nomenclature.

Although IRC calculations carried out on these transition
structures verified that they connected the proposed minima
and a search for minima along the reaction coordinates
yielded no results, the existence of intermediates cannot be
precluded. However, they would likely correspond to shal-
low minima in the potential energy surface, connected to
the stationary points already described through very low
barriers. We could be dealing then with either very asyn-
chronous concerted reactions or two step processes with
either very shallow or non existent intermediates.”"

Despite the complex reaction paths, which not always cor-
respond to the original mechanistic propositions, we still
keep the first proposed classification in order to better com-
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pare and display the changes in
bonding that are taking place.
Schemes 6 and 7 depict the cat-
ionic cascades arising from in-
tramolecular trapping by the
vinyl group of the (hydroxy)cy-
clopentenyl cations that origi-
nate in the Nazarov (iso-Naza-
rov) electrocyclic reaction of
(Z)-3-hydroxyheptatrienyl cat-
ions 1.

The most favored processes
for the evolution of 2A and 2D
are those characterized by the
transition structures 2A-3B
and 2D-3E with activation bar-
riers of 20.93 and 18.54 kcal
mol™!, respectively. Increasing
activation energies are comput-
ed for other alternatives in the
manifold: 2A-3A and 2D-3D
and 2A-3C and 2D-3F; no
transition structure could be
found for the C,—C, trapping
from either intermediate (2A
or 2D) due to the high energy
of the primary carbenium ion
this process would generate and
the availability of low-energy
mechanisms with similar geo-
metric features.

In the iso-Nazarov manifold,
the two higher energy paths are
very close in energy, with acti-
vation barriers of 31.32 and
31.69 kcalmol™! (2D-3D and
2D-3F, Table 3). The first one
corresponds to the C; capture
of the carbocation at C,, fol-
lowed by a C,—C, semipinacol
rearrangement, that results in
the more stable protonated
bicyclo[3.1.1]hept-2-en-6-one
(3D). The alternate C, capture
of the allyl cation at the distal
position (Cy) gives rise to a sim-
ilar process where the initial
C,—Cs bond formation is fol-
lowed by a C,—C, semipinacol
rearrangement that yields pro-
tonated bicyclo[2.2.1]hept-2-en-
5-one (3E). The similar charge
stabilization in the two transi-
tion structures helps explain the
similarity in the reaction barri-
ers.
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Scheme 6. Intramolecular trapping and further evolution in cationic cascade reactions following the initial
Nazarov process of the 3-hydroxyheptatrienyl cation.

Scheme 7. Intramolecular trapping and further evolution in cationic cascade reactions following the initial iso-
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Table 3. Thermodynamic data for the mechanistic paths of cationic cas-
cades following the original electrocyclic ring closure of the 3-hydroxy-
heptatrienyl cation 1.

Structure E,. E e AG AG*
2A-3A 38.91 39.15 41.13 25.85
2A-3B 33.42 34.51 36.21 20.93
2A-3C 43.38 43.36 45.18 29.90
3C4A 45.79 45.18 47.24 3.79
3C-4B 47.20 47.61 49.53 6.07
3A —1.66 1.64 3.75
3B 17.86 18.39 19.70
3C 42.18 42.00 43.46
4B —5.69 —3.28 —1.84
2D-3D 54.89 53.38 54.84 31.32
2D-3F 53.76 53.27 55.22 31.69
2D-3E 40.18 40.33 42.07 18.54
3D 13.83 16.12 17.75
3F 1.23 3.98 6.05
3E —1.74 0.25 1.76

The situation is somehow different for the Nazarov mani-
fold, where the “C,—C,” capture' is clearly favored with re-
spect to the alternate C,~C, bond-forming process (AG™
value of 25.85 vs. 29.90 kcalmol™"). The former (2A-3A)
comprises two concerted events: the formation of a C,—C,
bond, and the C;,—C, enol capture. Only one bond is formed
before a minimum is found in the other two alternatives.
The lower barrier for the formation of the distal bridge,
which evolves through a concerted transition state to the tri-
cyclic structure 3A could be attributed to both lower strain
in the transition structure and the stabilization that arises of
a charge rearrangement that leaves the cation mostly local-
ized as a protonated ketone on the product. The almost si-
multaneous bond formation could explain the differences
between this path and that observed for 2D-3F, where the
normal vibrational mode associated with the imaginary fre-
quency in the transition structure clearly corresponds to the
formation of a C,—C, bond.

The third option for the evolution of cyclopentenyl cation
2 A affords bicyclo[3.2.0] 3C through a transition state cor-
responding with a single-bond formation step (C,—C, cap-
ture). However, this structure can isomerize to the more
stable bicyclo[3.2.0] 4A with a very small activation barrier
(3.79 kcalmol ). From the two processes available and ther-
modynamically feasible: migration of C; to C, (the observed
evolution of this system in the iso-Nazarov manifold, pro-
cess 2D-3D, see Scheme 7) and C,—H migration, it is the
last one which has a lower barrier (3.79 vs. 6.07 kcalmol ™).
This unusual 1,3-hydrogen migration is favored before other
more conventional processes, such as 1,2-hydrogen or alkyl
migration, due to the special geometric disposition of the
neighboring atoms in the intermediate, which already has a
C,-Cs-C; angle close to that needed in the transition struc-

This is an example of a reaction path that does not conform to the orig-
inal mechanistic definition. We continue referring to this path as “C,—
C,” capture, even if what is really happening is the sequential (without
intermediates) closing of a C,—C4 bond, and formation of the expected
C,—C, bond.
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ture (94 vs. 82°) and leaves the syn hydrogen on C; at a very
favorable orientation (74° C,-H-C, angle) and distance from
the migration terminus Cg (2.31 vs. 1.61 A in the transition
structure).

A somewhat similar cascade reaction is reported in the
description by West et al. of the “unexpected participation
of an unconjugated olefin during Nazarov cyclization of
bridged bicyclic dienones”,™ where the product of the reac-
tion can be rationalized as the result of a Nazarov electro-
cyclization followed by intramolecular trapping of the oxy-
allyl cation intermediate by a non-conjugated vinyl group
and a 1,5-hydride migration.

The favored 2D-3E reaction path in the iso-Nazarov
manifold (see Scheme 7 and Figure 5) is characterized by
the tandem formation of the C,—C, and C,—C, and the
cleavage of the C;—C, bonds. Although it is a one-step pro-
cess, the changes in bonding take place rather asynchronous-
ly, with the initial formation of a C,—C, bond with some pos-
itive charge buildup on C, and C,, followed by migration of
the C;—C, bond to C,, that would formally correspond to a
cyclopropylmethyl to cyclopropylmethylene rearrangement
also facilitated by the charge stabilization as an oxocarbeni-
um ion. The dramatic increase in the positive charge on C;,
together with the loss of cationic character of C, after the
transition structure agree with this description.

-347.08

-347.09

-347.1

-347.11

E [Hartree]

-347.12

-347.13

347.14 ! | ) \ \ 1 \ I
IRC [amu'?2 Bohr]

Figure 5. Representation of the evolution of 2D upon the intramolecular
trapping of the cation. Several snapshots of the structure are shown over-
lying the energy versus reaction coordinate plot.

The variation of the represented C—C distances correlates
well with the evolution of the charges along the reaction
path (IRC). The formation of C,—C, and breaking of C;—C,
correspond to an increased electron density on C4 (due to
localization of the st electrons) and the stabilization of the
cation on C; by the heteroatom (Figure 6).

The 2 A-3B reaction path is very similar. The main differ-
ences in energy and extent of evolution arise from the loca-
tion of the hydroxyl substituent with respect to the forming
and breaking bonds, which strongly affects the charge distri-
bution along the IRC and the energy of both the transition
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Figure 6. Bond length and NBO atomic charge evolution versus reaction
coordinate along the IRC corresponding to 2D-3E.

structure and the minima it connects. Protonated ketone in
3E is much more stable than the secondary carbenium ion
in 3B, but the starting cyclopentenyl cation 2A stabilizes
better its charge than its counterpart 2D, which results in
both a lower energy starting point and a lower energy tran-
sition structure for the evolution of the Nazarov hydroxycy-
clopentyl cation 2 A (expected from a structure closer to the
cyclopentenyl than to the bicyclic product). The shape of
the g, curve with decreasing positive charge that reaches a
minimum near the transition state to increase again after-
wards reflects well the forming and breaking of bonds in
both processes (Figure 7). Although the variations in q; and
gs in 2D-3E and g5 and q; in 2A-3B (for the comparison
we use the geometric equivalent positions, instead of the
actual atom numbers on the original structures) display the
same overall trend (increasing positive charge buildup), the
charge range for q; (iso-Nazarov) is much smaller than that
corresponding to gs (Nazarov). The opposite is true when
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Figure 7. Bond length and NBO atomic charge evolution versus reaction
coordinate along the IRC corresponding to 2A-3B.
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comparing qs (iso-Nazarov) with q; (Nazarov), due to the
ability of the hydroxyl groups to stabilize positive charge.
The main discrepancy between the two plots, the pro-
nounced maximum in g, in 2A-3B that finds no counterpart
in g6 in 2D-3E, can be ascribed to a resonant form of the
enol in the vicinity of 2 A-3B, which locates negative charge
on C,.

Cycloisomerization of the 1-hydroxyheptatrienyl cation: As
for the previous molecule, we split the study of 1-hydroxy-
heptatrienyl cation cyclizations in two sets of starting iso-
mers: that where the hydroxy group is located at one of the
termini of the cyclizing system (5E to 5L) (it could be con-
sidered a 1-hydroxy-5-vinylpentadienyl cation) and that cor-
responding to a pentadienyl cation with a putative enol sub-
stituent, which could be named as a hydroxyvinylpentadie-
nylcation (5A to 5D and 5M to 5P).

Iso-Nazarov reaction: A picture similar to that correspond-
ing to the previous system can be drawn for this set of pen-
tannelations. The main difference between them is the con-
trolled relative configuration of the two sp® centers formed
upon the conrotation. Depending on the initial isomer of 5,
the cyclization yields stereoselectively the cis or trans pen-
tenyl cation. In the system studied, this chiral information is
lost in the second step of the reaction, upon proton migra-
tion (see Scheme 8). However, if the 1-hydroxyheptatrienyl
chain is substituted on C,, the stereoselective syn 1,2-H mi-
gration will translate this chiral information into the relative
configuration of the Cs and C, centers.

As described for the 4me™ reactions of the 3-hydroxyhep-
tatrienyl cation, the most remarkable effect is the high
energy of the transition structures involving inwards rotation
of donor groups upon cyclization (Table 4). This preference
can be quantified comparing SF-6C with 5§G-6D for data
on the effect of a vinyl group, a mild donor (4.82 kcalmol ™)
and SE-6C and 5G-6D for the effect of the hydroxyl sub-
stituent. The value of AAG;, . obtained for these last pro-
cesses, 11.74 kcalmol ', agrees well with the 11.36 kcalmol ™!
calculated for the electrocyclization of 1,3-dihydroxy-5-
methyl-pentadienyl cation.™ Since the vinyl and hydroxyl
substituents are now in opposing extrema of the reacting
chain (for the 3-hydroxyheptatrienyl cation, the vinyl and
the hydroxyl groups are on the same atom so there is always
a donor group rotating inwards at the cyclization), the con-
tributions of these two effects can be modulated and a wider
range of activation energies is found.

Examination of the geometry of these structures yields a
description of the charge distribution similar to that of the
isomers of 3-hydroxyheptatrienyl cation: the m bonds are
“localized” over C,—C,, C,—Cs and C¢—C, and the positive
charge is concentrated on C; stabilized by the hydroxyl
group. In the transition structures, however, the electronic
redistribution appears to be more advanced than in the pre-
vious systems (the Nazarov mode of the 3-hydroxyhepta-
trienyl cation electrocyclic manifold), with an important pos-
itive charge buildup on C, and bond-length patterns that
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Scheme 8. Iso-Nazarov cyclizations of the 1-hydroxyheptatrienyl cation. The free energies of the depicted sta-

tionary points are shown on the scheme in kcalmol™'.

Table 4. Thermodynamic data for the reactions in Scheme 8. The units
are kcalmol™' and the reference for relative energies is SA (Scheme 9).

Structure AG AG* Structure AG AG*
5] 13.37 6E 23.84

51 5.45 6F 25.20

5K 5.48 6C 23.59

L 13.52 6D 22.89

SE 1.68 6F-7A 36.55 11.35
SF 7.34 6C-7B 34.36 10.77
SH 7.95 TA 10.68

5G 2.09 7B 8.32

S5J-6E 45.75 32.38 5L-6G’ 37.07 23.55
SI-6E 24.98 19.53 5L-6G 25.58 12.07
5K-6F 35.33 29.86 5J-6G 33.69 20.32
SL-6F 31.72 18.20 6G 11.52

5E-6C 35.42 33.74 SF-5L 17.25 9.91
5F-6C 28.50 21.16 5J-5L 33.68 20.31
SH-6D 41.94 33.98

5G-6D 23.68 21.60

suggest instead the pattern of an allyl cation and a non con-
jugated vinyl group.

When comparing the forming bond lengths with those cor-
responding to their 3-hydroxyheptatrienyl counterparts, we
find a higher variability than that of the two sets above dis-
cussed, variability that can be accounted for resorting to ste-
reoelectronic effects and the associated consequences in the
reaction barriers.

The favored cyclizations for this system, 5G-6D or 5I-
6E are those leading to the trans-hydroxycyclopentenyl
product. The energy differences between the three lowest
energy transition structures for pentannelation 5G-6D and
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5I-6E and the transition struc-
ture for heptannelation SL-6G
being low, a mixture of prod-
ucts is expected. From a Max-
well-Boltzmann distribution at
25° a ratio of 87:10:3 can be
predicted for these carbenium
ions. Since both pentannelation
mechanisms yield the same
product, the product ratio
would be 97:3, thus ensuring a
very high periselectivity for the
conrotatory 4e -5 atom electro-
cyclic reaction. As explained
for the 3-hydroxy analogues, a
careful choice of substituents
can be expected to modulate
the periselectivity of the elec-
trocyclization. The AAG; , dif-
ference, slightly more important
than for the isomeric 3-hydroxy-
heptatrienyl cation cyclizations
(1.9 vs. 1.65 kcalmol™) can be
viewed as a compromise be-
tween two opposite effects.
First, the 4e~ transition struc-
tures in the 1-hydroxy system
are destabilized, since the more favorable four electron cyc-
lizations of hydroxypentadienyl cations (when the hydroxyl
group is located in position C, instead of C;™!) imply in the
transition structures of the 3-hydroxyheptatrienyl system a
donor vinyl group rotating inwards. Second, there is loss of
cation stabilization when the hydroxyl group is located on a
carbon with increasing sp® character on the 6e” transition
structure for the 3-hydroxyheptatrienyl cation.

The most interesting feature about these cyclizations is
the evolution of the hydroxycyclopentenyl products. The lo-
cation of the hydroxy group in an sp’ carbon, with a geminal
hydrogen atom, makes available a path that the geminal
vinyl group prevented the system from following in the
products of the pentannelation of the isomeric 3-hydroxy-
heptatrienyl cation. With activation barriers of 11.35 and
10.77 kcalmol ' for the syn and anti products, respectively, a
hydrogen atom geminal to the hydroxyl can migrate to the
proximal allylic carbon to yield stable protonated 2-vinylcy-
clopent-3-en-1-ones. When compared to the barriers for the
processes available to the hydroxyvinylcyclopentenyl cations
2A and 2D, these proton shifts are much more favorable,
eliminating rearrangements by other group migrations from
the competition.

OH

homo
iso-Nazarov

Cyclization of pentadienyl cations: The favored processes
for the electrocyclization of 1-hydroxyheptatrienyl cation
however, are those corresponding to the C;—C; ring closure,
with barriers of 18.79 and 20.25 kcalmol™! for 5C-6B and
SA-6A, respectively. From the comparison between activa-
tion barriers calculated™’ for the pentadienyl cation cycliza-
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tion and the Nazarov reaction
(the cyclization of protonated
divinyl ketone), 7.94 and
15.94 kcalmol ™ respectively
and for the pentannelation of 1-
hydroxypentadienyl cation
14.18 kcalmol ™' (calculated at
the same level, MP2/6-31G*//
HF/6-31G*), the lower barrier
for the C;—C; cyclization is ex-
pected, since the stabilizing
effect of the hydroxyl group on
the cyclizing system in the reac-
tant is removed and the enol

16.66
HO™ H
@

can, in the transition structure, A

both stabilize the delocalized
positive charge and polarize the
7t system resulting in a certain
ionic contribution to the mech-
anism that lowers the energy of
the electrocyclization.? Howev-
er, the most remarkable feature
of the electrocyclic reactivity of
this system is the uncommon
products 6 A and 6B.

The structure of 6 A is that of
a cyclopentenyl cation whose charge deficiency is attenuated
by assistance of the m electron density of its enol substituent,
resulting in a non-classical carbocation (see Figure 8). Not
only the distorted, cyclopropane-like structure suggests a
non-classical carbenium ion, but the putative allyl cation is
heavily localized due to the anchimeric assistance of the
enol, as indicated by its bond lengths (1.35 and 1.46 A for
the non assisted Cs—C,4 and assisted C,—Cs bonds, respective-
ly). APT partial charges also reinforce this interpretation,
the charge deficiency being largely supported by C, and C,
with partial charges of 0.64 and 1.12 a.c.u., respectively. De-
spite the strong evidences pointing towards the existence of
a chemical bond between C, and C,, further analysis led to
contradictory results. Analysis of the topology of the elec-
tron density showed no bond critical point between nuclei
C; and C,, but the Wiberg bond index matrix obtained in
the course of natural bond orbital analysis showed a moder-
ate bond order (0.59). Thus, we came to the conclusion that
whereas a considerably strong electrostatic interaction and a
certain amount of charge transfer between the allyl cation
and the enol moieties exists, the existence of a chemical
bond, strictly speaking, could not be ascertained. Similar
structures are found for 6B, 6J and 6K, with longer C,~C,
distances for 6B (1.84 A) and 6J (2.10 A), the structures
with a Z enol (compared to the 1.75 A of 6A and 6K).
These longer C,~C, distances could be attributed to a elec-
trostatic interaction between the hydroxyl oxygen and a hy-
drogen on C, (for 6J) or on C4 (for 6B), marked by O-H

‘r@‘ﬁ' OH
ol

3.27
5M

2 This polarization also exists in the C,—C; cyclizations, induced by the
hydroxyl group on one of the terminal carbons.
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Scheme 9. Pentadienyl cation cyclizations of the 1-hydroxyheptatrienyl cation. The free energies of the depict-
ed stationary points are shown on the scheme in kcalmol .

distances of 2.4 and 2.6 A, re-
spectively. The inverse correla-
tion between the C,—C, and O-
H distances seems to support
this assumption.

In a recent study on the cycli-
zation of activated (2E,4Z)-hep-
tatrienoate,?!! we found that the
pon-classmal carbenium ion 6 A um ion 6A. The non-classical
is stable and doesn’t evolve to- charge transfer interaction
wards a cyclopropane ring (even  (----.) and bond length provid-
if in the presence of a softer edin Angstroms.

Lewis acid such as BF;, the cy-

clopropanation step follows the

formation of the C;—C; bond in 5A without an intermedi-
ate). In this context, the high energy of this intermediate
(9.47 kcalmol ' over the parent 5A, Table 5) makes the
5A-6A cyclization endothermic and reversible. The same
reasoning applies to the SB-6A, SB-6A, 5C-6B, 5D-6B,
SM-6J, 50-6J 5N-6K, and SP-6K. As a result, the ex-
pected products are those resulting from the iso-Nazarov
paths, despite their higher activation energies.

Figure 8. Non-classical carbeni-

Periselectivity: In addition to the description as a hydroxyvi-
nylpentadienyl cation, the terminal hydroxyl group allows
an alternate picture of this system as protonated heptatrie-
nal or protonated 1-formylhexatriene. This flexibility in the
conjugated m system results in the availability of three, in-
stead of two possible electrocyclic mechanisms: 4e™—5 atom
and 6e -7 atom, common with the 3-hydroxy system, and a
new 6e -6 atom process. This last reaction, not possible in
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Table 5. Thermodynamic data for the reactions in Scheme 9.

Structure AG AG* Structure AG AG*
5A 0.00 6H 16.66
5B 5.99 61 14.15
5C 0.63 5A-5B 19.40 19.40
5D 7.35 SM 3.27
S5A-6A 20.25 20.25 SN 3.86
5D-6B 26.20 18.85 50 13.37
5C-6B 18.79 18.16 5P 13.51
SB-6A 27.66 21.67 SM-6J 19.52 16.25
6A 9.47 SN-6K 22.36 18.51
6B 7.13 50-6J 28.49 15.12
5B-6H 33.25 27.25 5P-6K 31.98 18.47
SD-61 28.99 21.64 6J 8.93

6K 12.25

the 3-hydroxy system due to the lack of stability of a posi-
tive charge on C,, would be described as the disrotatory
electrocyclization of hexatriene resulting in protonated 5-
formyl-1,3-cyclohexadiene conformers 6 H and 61. This reac-
tion, however, needs to overcome a higher barrier than the
alternate 4e” processes, where the carbenium ion can be de-
localized over an allyl or dienyl frame, or even the alternate
6 e~ SL-6G cyclization.

Conclusions

Model 1- and 3-hydroxy heptatrienyl cations can undergo
4me” or 6me” electrocyclizations. The preferred path is a
pentannelation for the 1-hydroxy isomer, while for the 3-hy-
droxy structure there can be competition between the two
alternatives. Houk’s model of torquoselectivity, imparted by
the electronic effects of the substituents helps explain the
activation energy differences between the alternative 4me™
electrocyclizations available for each system.

The effect of substituents can either enhance the perise-
lectivity (through steric destabilization of the s-cis confor-
mation needed for the cycloheptadienyl cation formation)
or reverse it (through the electronic effects of the substitu-
ents in the transition structure in the framework of Houk’s
model).

For the 6me™ reaction, the favored path is disrotatory, the
alternative conrotatory transition structure laying 9.17 kcal
mol ™' higher in energy. This relatively low AAG® is ex-
plained with a detailed study of the IRC and the magnetic
properties of the “forbidden” transition state. The computa-
tions confirm that the antiaromatic character (as proven by
NICS calculations) of the forbidden transition state is avoid-
ed by selecting instead a complex reaction path (with no in-
termediates) which involves the incipient formation of a six-
membered ring and its evolution (before bond-forming com-
pletion) to the expected cycloheptadienyl product.

Two mechanistic alternatives are available for the cyclo-
pentenyl cations obtained from the -electrocyclizations:
either intramolecular trapping by the non-conjugated vinyl
group or 1,3-proton migration, yielding in some cases bicy-
clic structures of potential synthetic interest. The reaction

Chem. Eur. J. 2009, 15, 1944 -1956

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

coordinates of these processes, which in most cases involve
complex atomic motions, could correspond to either very
asynchronous concerted mechanisms, or two-step reactions
with very shallow or non-existent intermediates.

Non-classical carbenium ions and two-step reactions with
non-existent intermediates can be found in the 1-hydroxy
heptatrienyl cation rearrangement manifold. For this system
there is also a new mechanism that competes in the perise-
lectivity contest, but the transition states for the disrotatory
6me” cyclization of a protonated formylhexatriene to yield
protonated 5-formyl-cyclohexa-1,3-diene are more energetic
than those corresponding to the 4me™ pentannelation pro-
cesses.

Methods

All computations in this study have been performed using the Gaussi-
an 03 suite of programs.* Density functional theory” " (for a descrip-
tion of density functionals as implemented in the Gaussian series of pro-
grams, see: ref. [32]) was used with Becke’s three-parameter exchange
functional® and the nonlocal correlation functional of Lee, Yang and
Parr®'! (B3LYP) and the 6-311G* basis set. This method was chosen in
view of the previous successful application of this approach to describe
the transition structures of other pericyclic reactions,® and previous
DFT calculations for the Nazarov cyclization and its allene variant.*"
The stationary points were characterized by means of harmonic analysis,
and for all the transition structures, the vibration related to the imaginary
frequency corresponds to the nuclear motion along the reaction coordi-
nate under study. In several significant cases intrinsic reaction coordinate
(IRC)P¥ calculations were performed to unambiguously connect transi-
tion structures with reactants and products. Bond orders and atomic
charges were calculated with the natural bond orbital (NBO)*! method.

For the characterization of aromaticity of some transition structures,
Schleyer’s nucleus independent chemical shift (NICS)*) values were
computed using gauge-independent atomic orbitals (GIAO method).!*!!

For the transition structures corresponding to the 6me™ conrotatory and
disrotatory electrocyclizations of the 3-hydroxyheptatrienyl cation, and to
the evolution of the Nazarov and iso-Nazarov products of its 4me™ elec-
trocyclization, points were sampled at constant intervals. The NBO
charges and geometric parameters represented in the plots in Figures 3, 6
and 7, origin in single point calculations over these geometries.

In the study of the non-classical carbenium ion 6A, the bond critical
points?! were calculated from the B3LYP/6-31++G(d,p)//B3LYP/6-
3114+ G(3df,2p) wavefunction and APT charges!*! were obtained at the
B3LYP/6-31++G(d,p) level.
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