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ABSTRACT: A computational examination of the tandem
Nazarov/cycloaddition process involving an allenyl vinyl
ketone with a diene has been carried out using the wB97X-
D/6-311++G(d,p)//@B97X-D/6-31+G(d,p) method with
solvation modeled by SMD-PCM. The barrier for the initial
Lewis acid mediated Nazarov reaction, which provided the
intermediate cyclic oxylallyl cation, was higher than that for
any subsequent cycloaddition. The barrier for the first step of a
subsequent stepwise reaction did not vary much with the
diene, and the lowest barrier was with the diene in its s-trans
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conformation. Stepwise formation of a (4 + 3) cycloaddition product was not energetically feasible, but (3 + 2) cycloaddition
products could have been produced through low energy pathways. The barrier for a concerted (4 + 3) cycloaddition did depend
upon the diene, which was always in an s-cis geometry. The barriers for the compact and the extended geometries for the
transition states of (4 + 3) cycloadditions were not much different.

B INTRODUCTION

Allenyl vinyl ketones (AVKs) are especially reactive substrates
for Nazarov reactions." Tius has thoroughly explored the
Nazarov reactions of ether-substituted AVKs,” but alkyl-
substituted AVKs have received less attention. The Nazarov
reactions of alkyl-substituted AVKs were first reported by
Hashmi,> and we showed that alkyl-substituted AVKs are well
suited for “interrupted” Nazarov reactions.”” Of special note
was the tandem process in which the cyclic delocalized cation
that was the intermediate of the Nazarov reaction underwent
cycloaddition with an acyclic 1,3-diene or an electron-rich
alkene. These dienes could react by (4 + 3) or (3 + 2)
cyclization,® or both.”'® As the products of (4 + 3)
cycloaddition, which have seven-membered rings, are the
more synthetically attractive,'"'* efforts have been made to
identify the structural and electronic factors that promote (4 +
3) versus (3 + 2) cycloadditions involving oxyallyl cations
generated by the Nazarov reactions of AVKs. The (4 + 3)
versus (3 + 2) selectivity was dependent on the substitution on
both the diene”™” and the AVK.”"? Less steric hindrance led to
more (4 + 3) cycloaddition. For instance, diene 3 intercepted
the cation 2, which was generated by the BF;-mediated
Nazarov reaction of AVK 1, providing the (4 + 3) cycloaddition
product 4 exclusively (Scheme 1). However, cation 2 cyclized
with diene § only by (3 + 2) cycloaddition to give 6.”
Increasing the electron density of the diene also enhanced the
(4 + 3) mode of cyclization.” Cyclic dienes, such as furan and
1,3-cyclohexadiene 7, did not undergo cycloaddition with
cation 2. Their products had only one new carbon—carbon
bond between the AVK and diene moieties, such as in 8.”
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Scheme 1. Interrupted Nazarov Reactions of AVK 1 in the
Presence of Dienes 3, S, and 7

The mechanisms of cycloadditions onto cationic intermedi-
ates such as 2 are not well understood. It is accepted that the (3
+ 2) cycloadditions take place by a stepwise mechanism
because a concerted pathway would require an antarafacial
transition state geometry. However, the (4 + 3) cycloadditions
could be either stepwise or suprafacial-concerted. Evidence for
a stepwise mechanism in the case of (4 + 3) cycloadditions of
oxyallyl cation 2 is that the products of (4 + 3) cycloaddition
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are not infrequently accompanied by (3 + 2) cycloaddition
products and compounds with a single new carbon—carbon
bond."" The implication is that an initial carbon—carbon bond
forms, and then the allylic cation intermediate 9 could cyclize
to the (4 + 3) product 4 or the (3 + 2) product 10 (Scheme 2),

Scheme 2. Hypothetical Stepwise Formation of the (4 + 3)
Product 4 from the Oxyallyl Cation 2 with Diene 3
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or 9 might simply deprotonate to yield a compound with a
single new carbon—carbon bond. Some (3 + 2) products have
been rearranged to thermodynamically favored (4 + 3)
products in the presence of the Lewis acid, but the rate of
such rearrangement seems to be too slow to account for the
proportion of the (4 + 3) products in the product mixtures

from the tandem Nazarov/cycloaddition reactions.”~” Compu-
tational studies by Cramer and Barrows'® supported a stepwise
mechanism for (4 + 3) cycloadditions involving butadiene and
cyclic dienes.””> Two additional computational studies con-
cluded that (4 + 3) cycloadditions involving furan are
stepwise.' ¥ Calculations also indicated that an intermediate
such as 9 could cyclize onto the oxygen, giving an alternative (3
+ 2) product 11, which in turn could undergo Claisen
rearrangement to give the (4 + 3) product 4."> Experimental
evidence for a similar (3 + 2) cycloaddition/Claisen rearrange-
ment process leading to a seven-membered ring had been
reported two decades before the computational study.'® In the
particular instance of the formation of 4, the Claisen
rearrangement would be feasible only for the diastereomer 11
shown in Scheme 2.

(4 + 3) Cycloadditions involving 2 and dienes may be
considered to be [47 + 27] cycloadditions, just like classical
Diels—Alder reactions, which are concerted. However, the
reactions of allyl cations with dienes, which Gassman'” termed
ionic Diels—Alder reactions, were deemed “so asynchronous as
to be stepwise” based on experimental results.'® A stepwise
mechanism for the ionic Diels—Alder reaction has been
supported by a computational study,'” but more recent
experiments have indicated that minor variations in the
substrates can tip the reaction pathway toward a mechanism
that was more clearly described as concerted."’

We have suggested that (4 + 3) cycloadditions involving 2
and acyclic dienes are concerted.”™” A (4 + 3) cycloaddition
like the one that produced 4 in S min at —78 °C, whether it is
stepwise or concerted, must take place with the diene in its s-cis
conformation. Dienes for which the s-cis conformations are
highly disfavored give (3 + 2) products, which can form when
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Figure 1. Gibbs energy profile for the tandem BF;-mediated Nazarov/cycloaddition reactions of AVK 12 with 1,3-butadiene. Gibbs energies in kcal/
mol (wB97X-D/6-311++G(d,p)//wB97X-D/6-31+G(d,p) using SMD-PCM: CH,CL,) are in italics with the enthalpies in gas phase in parentheses.
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dienes react in their s-trans conformations.”® Thus, there are
alternative pathways available for oxyallyl cations to react with
dienes in the more accessible s-trans conformations, but,
nevertheless, (4 + 3) cycloaddition products predominate in
many instances. The s-cis conformer of a diene must react more
quickly with 2 than an s-trans conformer in order to produce
mainly a (4 + 3) product in either a stepwise or a concerted
mechanism. There is computational support for some
concerted (4 + 3) cycloadditions. Whereas the intramolecular
cycloaddition of furan was stepwise, Fernandez and co-
workers'* found that the cycloaddition of the corresponding
acyclic diene was concerted and fairly synchronous. Similarly,
Cramer and Harmata® found an intramolecular (4 + 3)
cycloaddition of a cyclic oxyallyl cation with an acyclic diene to
be concerted. Thus, the mechanism for the (4 + 3)
cycloaddition to the cation derived by the Nazarov reaction
of an AVK is unclear. The motivation for the present
contribution was to explore both the (4 + 3) and the (3 +
2) cycloaddition mechanisms through a computational study
that compared a number of possible reaction pathways
involving dienes and a cyclic oxyallyl cation derived from the
Nazarov reaction of an AVK.

B COMPUTATIONAL METHODS

All quantum mechanical calculations were performed with the
Gaussian 09 software package.”” For computational studies of (4 +
3) reactions of allyl cations with various dienes, Cramer and co-
workers'>*' had employed MP2/6-31(d)//RHF/6-31(d) and MP2/
6-31(d). They deemed the second-order perturbation method to be
more reliable than the B3LYP density functional, which they also used.
Nevertheless, much more recently Fernindez and co-workers'* used
the B3LYP/def2-SVP level for calculations, and West and co-workers'®
optimized their geometries with B3LYP/6-311+G(d,p).

We chose the dispersion-corrected @B97X-D density functional® at
the 6-31+G(d,p) level of theory for geometry optimizations in the gas
phase. This density functional had served well in a related study.®
Minima and first-order saddle points were characterized by their
number of imaginary frequencies following normal-mode vibrational
analysis, i.e., 0 and 1, respectively. The intrinsic reaction coordinate
(IRC) method** was used when the geometry of the transition state
was very different from the starting material and the product, and the
vibrational mode of the negative frequency did not show a clear
connection. Single point energies were calculated at wB97X-D/6-311+
+G(d,p). All geometries and thermodynamic data were obtained from
calculations done in the gas phase at 298.15 K and 1.0 atm. The
tandem Nazarov/cycloaddition processes that this computational
study was seeking to model involved charged species. Even though
the solvent used experimentally was dry CH,Cl,,”® an organic solvent
of modest polarity, the solvation Gibbs energies were calculated using
the SMD continuum solvation method*® with CH,Cl, as the solvent at
the ®B97X-D/6-31+G(d,p) level.

Bl RESULTS AND DISCUSSION

Model System: AVK 12 with 1,3-Butadiene. In order to
explore the mechanistic possibilities of this reaction with less
computational cost, a model reaction of the simplest AVK 12
with 1,3-butadiene was investigated first. Experimentally, in the
presence of BF;-Et,0, AVK 12 reacted more rapidly by a
Diels—Alder reaction with diene 3 than it did by the tandem
Nazarov/cycloaddition process.'” The BF;-mediated Nazarov
reaction of 12 took place via transition state TS;,_;; with a
barrier of +22.1 kcal/mol to produce the oxyallyl cation 13
(Figure 1). The enthalpic change on going to transition state
TS, ;3 was about the same. The geometry of TS, |3 was very

similar to the computed transition states in a recent
computational study of Nazarov reactions of AVKs.*

The cycloaddition of 13 and 1,3-butadiene could be either
concerted or stepwise. Along a concerted pathway, a reaction
complex 13a of 13 with the diene was found that led to the
transition state TS,3,.4 with an extended (exo) geometry. The
counterpart complex leading to the transition state TS;3_;, with
compact (endo) geometry was not located. The Gibbs energy
of 13a was 7.5 kcal/mol higher than that of 13, but the enthalpy
was lower than that of 13 by 7.8 kcal/mol. The enthalpy of
transition state TS3, 1, was only 0.1 kcal/mol higher than that
of 13a, indicating that the potential energy surface was flat
around the transition state, and therefore it was not surprising
that the geometries of 13a and TS,;, ;4 were similar, also. The
lengths of the two incipient carbon—carbon bonds in TS;, 14
were only slightly shorter than the corresponding distances in
13a. The Gibbs energy barrier of the extended transition state
TS 3,14 wWas 10.4 kcal/mol while the Gibbs energy of the
compact transition state TS;;_;, was 8.6 kcal/mol. In terms of
enthalpic change the transition states were much lower in
energy than the oxyallyl cation 13 plus the s-cis diene, which
reflected the considerable stabilization attendant upon the
formation of new carbon bonds. The incipient carbon—carbon
bonds in TS;;_;, were much longer than the incipient bonds in
TS13..14 (Figure 2), and the incipient bonds that were much
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Figure 2. Geometries of three transition states for the tandem BF;-

mediated Nazarov/cycloaddition reactions of AVK 12 with 1,3-
butadiene. Distances are in angstroms.

longer than in transition states with other dienes (see below).
IRC analysis of TS,;_;, pointed to a potential energy surface
about the transition state that was very flat.”” The geometry
optimization of the product from TS;; ;, converged to the
same (4 + 3) product 14 as the product from TS5, 4 The
change in Gibbs energy for the cycloaddition was —35.5 kcal/
mol, and the change in enthalpy was —61.6 kcal/mol.

A stepwise attack by 1,3-butadiene might take place at any
one of three carbons of the oxyallyl cation 13 (a, b, and ¢), but
only attack at the most electrophilic site (a)'® was considered
here. The attack by the diene in its s-trans conformation had a
lower barrier than the attack by the diene in its s-cis
conformation of the diene (Figure S1 in the Supporting
Information). This was consistent with the HOMO energy of
the s-trans diene being higher than that of the s-cis diene (—8.45
eV versus —8.68 eV). Thus, TS,5_;s had the lowest barrier,
+11.9 kecal/mol, of the stepwise transition states. However, this
barrier was still higher than that for either concerted transition
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state, and so a stepwise pathway would not be followed to a
significant extent. The difference in the calculated barriers was
larger in the gas phase than in CH,CI, solution because of
greater stabilization of TS;3 ;s than of either concerted
transition state. The incipient carbon—carbon bond in
TS;3_14 was 0.5 A shorter than the corresponding incipient
bond in either concerted transition state (Figure 2), which
indicated that the stepwise transition state was later than the
concerted ones. TS;3_;5 led to the allylic cation 15 for which
the Gibbs energy was higher than that for the oxyallyl cation 13
with 1,3-butadiene, although the enthalpy was almost the same.
Isomerization of an allylic cation such as 15 into the geometry
necessary for further cyclization to a (4 + 3) product would not
be feasible because the barrier for the carbon—carbon bond
rotation has been estimated to be over 30 kcal/mol.”® The (3 +
2) product 16 that could arise from 15 was much higher in
Gibbs energy and enthalpy than the (4 + 3) product 14. The
procedure to reveal the subsequent steps of the stepwise
reaction pathway were as follows. A relaxed potential energy
scan was made by rotating the diene moiety along the newly
formed carbon—carbon bond of 15 to 180° in both directions
at a step size of 5°. At each point of the scan, the geometry was
optimized at wB97X-D/6-31+G(d) with the fixed dihedral
angle of the diene moiety. This led to the identification of the
cyclized structures 17 and 18, of which the former represented
the type of (3 + 2) product predicted by Cramer and
Barrows.'> However, the relative stereochemistry of 17
precluded Claisen rearrangement to 14. Compound 18,
which the calculations indicated was lower in Gibbs energy
and enthalpy than 17 in spite of having a nonplanar allylic
cation, arose from cyclization of 15 from the end of the
exocyclic double bond of 15 onto the allyl cation.

In order for the stepwise Claisen rearrangement route'” to
the (4 + 3) product 14 to be possible, the oxygen-included (3 +
2) product would have to be 19, the epimer of 17. An extensive
search for transition states leading from the oxyallyl cation 13
and 1,3-butadiene to 19 was carried out, but the only transition
state located was for a concerted cyclization TS;;_;o with the
diene in its s-trans conformation (Figure 3). The barrier was
+14.3 kcal/mol, which was higher than the barriers of both of
the concerted (4 + 3) and the stepwise transition states shown
in Figure 1. The product derived from TS;;_;, was 19, which
was lower in Gibbs energy than 17. Then, 19 had to undergo
rotation about a carbon—carbon bond to 19a before the Claisen
rearrangement, via transition state TSio, 4 to the (4 + 3)
product 14 could take place. The barrier for the Claisen
rearrangement was +12.6 kcal/mol, which was lower than that
for the (3 + 2) step.

AVK 1 with 2,3-Dimethyl-1,3-butadiene (3). Attention
was directed next toward tandem reactions for which
experimental results were available. The barrier for the Nazarov
reaction of AVK 1 was 14.0 kcal/mol, which was 8.1 kcal/mol
lower than that of AVK 12, and the formation of oxyallyl cation
2 was more exothermic than the formation of 13 (Figure 4).
This was consistent with the slower Nazarov reactions observed
experimentally with AVK 12 relative to AVK 1."° However, the
barrier for the formation of 2 was still higher than subsequent
cycloaddition steps by both the stepwise and the concerted
mechanisms. The barriers of the concerted (4 + 3) transition
states, which proceeded from the reaction complexes 2a and
2b, were +10.1 and +11.3 kcal/mol for the extended and
compact transition states TS,, 4, and TSy, 4, respectively.
Thus, in this instance, the extended transition state had the
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Figure 3. Gibbs energy profile in kcal/mol (wB97X-D/6-311+
+G(d,p)//®wB97X-D/6-31+G(d,p) using SMD-PCM: CH,Cl,) for
the oxygen-included (3 + 2) cyclization of oxyallyl cation 13 with 1,3-
butadiene and then Claisen rearrangement to 14. Enthalpies are in
parentheses.

lower barrier. (The immediate products of these concerted
reactions were different conformations of 4: 4a and 4b.) As for
the simpler system, there was considerable enthalpic stabiliza-
tion from the cycloaddition that was evident even at the
transition states. The incipient bond lengths indicated that the
degree of synchronicity was approximately the same as in the
case of the (4 + 3) cycloadditions of the model system. The
incipient carbon—carbon bonds at position a of the oxyallyl
cation 2 were shorter than those at position b, and the distances
of the corresponding incipient carbon—carbon bonds were very
similar in TS,,_4, and TS,,_4, (Figure S). The geometry of the
extended transition state TS,, ,, was remarkably similar in
terms of barrier and geometry to the corresponding transition
state with 1,3-butadiene, TS, 14

The HOMO energy for diene 3 in its s-trans conformation
was —8.38 eV, and for the s-cis conformer the HOMO energy
was —8.46 eV. In the stepwise mechanism, the transition states
with s-cis conformations of 3 were not favored. (See Figure S2
in the Supporting Information.) The stepwise transition state
with the lowest energy was TS,_ ;o with a barrier of +12.4 kcal/
mol, and the incipient carbon—carbon bond length was 2.16 A.
This transition state led to the allyl cation 19, the epimer of
allyl cation 9 in Scheme 2 (Figure 4). This barrier was higher
than that for either concerted pathway. Thus, the (4 + 3)
product 4 was predicted for the tandem Nazarov/cycloaddition,
which was in agreement with the experimental result.” Efforts
to locate a transition state for the cyclization of 19 to the (3 +
2) product 20 were unsuccessful. (Neither 20 nor its epimer
was detected experimentally.”) Instead, the attempts to locate
the elusive transition state were repeatedly diverted to TSy_,,,
with a barrier of +6.3 kcal/mol, that led to compound 21, which
was much lower in Gibbs energy than 20. The incipient
carbon—carbon bond length in TS;s_,; was 2.70 A. It was
interesting that 21 had the same ring system as products of
Lewis acid mediated rearrangement of some (3 + 2) products.
For instance, the BF;-mediated Nazarov reaction of AVK 1
with diene 22 at —78 °C had quickly given epimeric (3 + 2)
cycloaddition products 23, but in the presence of BF; some 23
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Figure 4. Gibbs energy profile for the tandem BF;-mediated Nazarov/cycloaddition reactions of AVK 1 with diene 3. Gibbs energies in kcal/mol
(wB97X-D/6-311++G(d,p)//@B97X-D/6-31+G(d,p) using SMD-PCM: CH,Cl,) are in italics; the enthalpies are in parentheses.
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Figure S. Geometries of the transition states of the (4 + 3)
cycloadditions of oxyallyl cation 2 with diene 3. Distances are in
angstroms.

rearranged at rt to the more stable compound 24 (Scheme
3)'7,8

In a recent study of torquoselectivity in the Nazarov
reactions of AVKs, differences between the computed and
experimentally determined torquoselectivites led to the
hypothesis that the tandem (4 + 3) cycloaddition reaction
was exaggerating the apparent torquoselectivies of the Nazarov
reactions.”® The torquoselectivity study employed AVKs with a

Scheme 3. Formation of the (3 + 2) Cycloaddition Product
23 and Its Rearrangement to 24

o] o]
/3 Ph
; 22 ~ BFyEt,0 Ph
BF,Et,0 H T X \
-78°C (23%)
z 24

substituent on the terminus of the allene. The alternative
products from the Nazarov reaction were oxyallyl cations that
differed in the geometry of their exocyclic double bond. The
computational work with diene 3 was extended to the (4 + 3)
cycloadditions with oxyallyl cations 25 and 26, which represent
the “inward-rotation” and “outward-rotation” alternatives,
respectively, of a torquoselective Nazarov reaction (Scheme
4). The extended (TS,s_»7, and TS, ,5,) and the compact
(TS;5_27, and TS,4_,g,) transition states were located. The
geometries of the extended transition states were very similar to
that of TS,, 4, in Figure S, and likewise the compact transition
states were very similar to TS,,_4. A methyl group on the
exocyclic double bond of the oxyallyl cation had a detrimental
effect on the (4 + 3) cycloaddition with diene 3 because all four
barriers in Scheme 4 were higher than those with the
unmethylated oxyallyl cation, ie., TS,, 4, and TS, 4.
Nevertheless, one of the transition states shown in Scheme 4,
TS,6 28, had a significantly lower barrier than the other three.
The “outward-rotation” isomer 26 should react more readily,
via TS,4_,s5,, than the “inward-rotation” isomer 25 with diene 3,
and so the proportion of a mixture of the isomers should be
enhanced in favor of the “outward-rotation” product by
subsequent cycloaddition. Experimentally, the “outward-
rotation” products, e.g. 28, were preponderant over the
“inward-turn” products, e.g. 27.%¢

AVK 1 with 4-Methyl-1,3-pentadiene (5). The formation
of the oxyallyl cation 2 was the same as in Figure 4. Both the
concerted and stepwise mechanisms of the cycloaddition of 2
with diene § were examined. In contrast with 1,3-butadiene and
with diene 3, the barriers of the concerted transition states
TS,c20 and TS, 4,9 that led from the reaction complexes 2¢ and
2d were approximately 3 kcal/mol higher than the barrier for
the stepwise transition state TS, j, involving diene S in its s-
trans conformation (Figure 6). (The HOMO energy for t-trans
5 was —7.95 eV. The HOMO energy for s-cis S was —8.16 eV.)
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Scheme 4. (4 + 3) Cycloaddition of Diene 3 to Isomeric
Oxyallyl Cations 25 and 26 with the Activation Energy for
Each Concerted Reaction Pathway Computed Using
®wB97X-D/6-311++G(d,p)//wB97X-D/6-31+G(d,p)
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As in the case of the other systems, all interactions of the
oxyallyl cation 2 with diene S reduced the enthalpy.

The concerted transition states were more asynchronous
than in the previous systems. The new carbon—carbon bond at
position a in 2 was shorter than in the previous examples, and
the new carbon—carbon bond at position b was about 3.3 A
(Figure 7), which was much longer. This was very likely the

TSZd-29

Figure 7. Geometries of the transition states TS, and TS,q.,9 for
the (4 + 3) cycloadditions of oxyallyl cation 2 with diene S. Distances
are in dngstroms.

result of the steric repulsion caused by the two methyl
substituents on the terminus of diene 5. In light of this
hindrance it was not surprising that the barriers for both
concerted cycloaddition pathways were higher than the
concerted pathways with diene 3. In the stepwise pathway,
the barrier for transition state TS, 3, was 11.4 kcal/mol, and
the incipient bond length was 2.30 A. The allyl cation 30 was
slightly lower in Gibbs energy relative to 2, in contrast with
similar intermediates in the model reaction (Figure 1) and in
the reaction of 2 with diene 3 (Figure 4). Ring closure of 30
gave the (3 + 2) product 6 via TS;_¢ with a barrier of only
+1.7 kcal/mol.”” A relatively long incipient carbon—carbon
bond of 3.10 A of TS;o_¢ was consistent with an early transition
state. Thus, with diene S the stepwise (3 + 2) cycloaddition
pathway was kinetically favored over the concerted (4 + 3)
cycloaddition pathway, even though the (4 + 3) product was
more stable.

AVK 1 with 1,3-Cyclohexadiene (7). 1,3-Cyclohexadiene
(7), with its diene moiety fixed in an s-cis arrangement and with
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reaction progress

Figure 6. Gibbs energy profile for the tandem BF;-mediated Nazarov/cycloaddition reactions of oxyallyl cation 2 with diene S. Gibbs energies in
keal/mol (wB97X-D/6-311++G(d,p)//wB97X-D/6-31+G(d,p) using SMD-PCM: CH,Cl,) are in italics; the enthalpies are in parentheses.
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Figure 8. Gibbs energy profile for the tandem BF;-mediated Nazarov/cycloaddition reactions of oxyallyl cation 2 with diene 7. Gibbs energies in
keal/mol (wB97X-D/6-311++G(d,p)//wB97X-D/6-31+G(d,p) using SMD-PCM: CH,Cl,) are in italics; the enthalpies are in parentheses.

a HOMO energy of —7.89 eV, was found experimentally to
react with the oxyallyl cation 2 to form a single new carbon—
carbon bond to give 8 (Scheme 1).” This reaction can be
viewed as the initial carbon—carbon bond-forming step at
position a of 2, which had been seen in the previous three
systems to be the result of reaction of the diene in its s-trans
conformation. In their DFT computational research, West and
co-workers were unable to locate any concerted (4 + 3)
transition state for the reaction of the oxyallyl cation derived
from a divinyl ketone and another cyclic diene, furan.'®
Concerted transition states for both the compact (TSy;;)
and extended (TS,.3,) (4 + 3) cycloadditions were located for
2 with 1,3-cyclohexadiene (7) (Figure 8). (In the process,
reactant complexes 2e and 2f were identified.) The barriers for
TS,¢3; and TS, 5, were 14 kcal/mol above the energy of 2, and
these two barriers were essentially the same. Thus, if any (4 +
3) product could be detected, the expectation would be for a
1:1 mixture of the isomeric products 31 and 32. These
transition states were highly nonsynchronous (Figure 9). This
was especially the case for TS,¢;;, where the incipient bond at
position b of the oxyallyl cation was 4.25 A, and the reactants
were twisted relative to each other such that the terminus of the
diene could barely be considered to be subtending position b of
2. In fact, the shorter incipient bond in TS,¢3; was similar in
length to the length of the incipient bond in TS, ;3 for the
stepwise reaction, but the IRC for TS,¢;; showed a smooth
reduction of energy to the product 31. The barrier of the initial
carbon—carbon bond forming reaction for TS, 33 was +11.5
kcal/mol, which was similar to what it had been for TS;5_;s,
TS,_15, and TS, 3, for 1,3-butadiene and for dienes 3 and §.
This was 2.6 kcal/mol lower in Gibbs energy than for a
concerted transition state. TS,_ ;3 had the same orientation as
the concerted, extended transition state TS, 3,, and TS, 3; led
to the allyl cation 33, but the Gibbs energy of 33 was higher
than that for 2. (The stepwise transition state that resembled
the compact transition state TS, 3, is not shown in Figure 8

Figure 9. Geometries of the transition states TS,. 3, TS,e3;, and
TS, 33 for the cycloadditions of oxyallyl cation 2 with diene 7.
Distances are in dngstroms.

because its barrier was 2.6 kcal/mol higher than that of TS,_33.)
A search for transition states for the cyclization of 33 was
unsuccessful. The expected (3 + 2) product 34 was much lower
in Gibbs energy than 33. The oxygen-included (3 + 2) product
35 had a higher Gibbs energy than 34, but the Gibbs energy of
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Figure 10. Deformation and interaction energies (kcal/mol) of transition states in (4 + 3) concerted cycloaddition and stepwise carbon—carbon
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energies are black. The energies of the concerted transition states are in solid colors, and those of stepwise transition states are in diagonal lines. The
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35 was still much lower than that of 33. A transition state
connecting 33 to 35 could not be found either, but a relaxed
potential energy scan along the forming carbon—oxygen bond
showed a smooth decrease in energy (Figure SS in the
Supporting Information). This indicated that the formation of
35 from 33 had a low barrier. An intramolecular prototropy
reaction of 33 produced 36 that would yield 8 after workup.
The transition state was located as TS;;_;4 with barriers of +9.0
kcal/mol relative to 2. If 35 was formed, it might undergo
reversible ring opening to 33 and then produce 36 via TS;; 3.
That 34 was not observed experimentally implied that 8, which
was the actual product of this reaction,” arose by prototropy in
33.

Selectivity. The activation energies (AG*) for the four
stepwise transition states (TS,_;g, TS_17, TS, 54 and TS,_5,)
were within 1 kcal/mol of each other, whereas the activation
energies for the concerted reactions ranged from 8.6 to 15.2
kcal/mol. The concerted reactions had lower barriers via
extended geometries except for the reaction of 13 with 1,3-
butadiene.

In an effort to identify what controls extended versus
compact (4 + 3) cycloadditions and (4 + 3) versus (3 + 2)
cycloaddition selectivities, an examination of the deformation
energies for the reactants and the interaction energies at the
various transition states was undertaken. Applications of such
analyses by ourselves’® and by others®' have been successful in
clarifying the origins of selectivity in Diels—Alder and other
cycloaddition reactions. The difference in energy (AE) between
the diene in its lowest-energy conformation and the isolated
diene in its transition state geometry is the “diene deformation
energy.” The corresponding energy for the oxyallyl cation is the
“oxyallyl cation deformation energy.” Subtraction of the two

deformation energies from the activation energy (AEY) gives
the “interaction energy.” The deformation and interaction
energies of the transition states in the concerted (4 + 3)
cycloaddition and stepwise pathways studied above are
provided in Figure 10. In the concerted reactions, the diene
and the oxyallyl cation deformation energies tend to be similar
whereas the oxyallyl cation deformation energy was consistently
larger than the diene deformation energy for the stepwise
transition states.

Overall, however, Figure 10 reveals no clear correlation
between any component of the transition state energies and
selectivity. One of the partners in these cycloadditions, the
oxyallyl cation, is very reactive relative to the addends in
previously examined reactions. This means that the reaction
between the oxyallyl cation and a diene, whether the reaction is
concerted or stepwise, is associated with a large reduction in the
enthalpy, which translates into large, negative interaction
energies at the transition states. Thus, the interaction energies,
which could include both the strong attractive as well as some
repulsive interactions, overwhelm the contributions of
deformation. This is in contrast with analyses of Diels—Alder
reactions”’ in which the interaction energies were smaller and
fairly constant, but the deformation of the diene correlated
strongly with the selectivity.

B CONCLUSIONS

The mechanism of the tandem Nazarov/cycloaddition reaction
of allenyl vinyl ketones has been examined in detail
computationally. The Nazarov reaction has a significantly
higher barrier than the subsequent cycloaddition. The
interaction of the immediate product of the Nazarov reaction,
a cyclic oxyallyl cation, leads to a considerable reduction in the
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enthalpy. Stepwise reactions of the oxyallyl cation with dienes
have lower barriers with s-trans dienes than with s-cis dienes,
whereas (4 + 3) cycloadditions of dienes with the oxyallyl
cation are concerted and therefore involve s-cis dienes. The
simplest system of oxyallyl cation 13 with 1,3-butadiene
underwent (4 + 3) cycloaddition preferentially via a compact
transition state geometry, whereas the (4 + 3) cycloadditions of
oxyallyl cation 2 with dienes 3, §, and 7 all favored extended
transition state geometries. When the transition states for the
concerted (4 + 3) cycloadditions were very nonsynchronous, as
described by the differences in the lengths of the incipient
carbon—carbon bonds, then a stepwise reaction of the oxyallyl
cation had a lower barrier. After the initial step in the stepwise
process had taken place, there were very low barriers to
different modes of cyclization. The resulting products included
the (3 + 2) cycloaddition product and the oxygen-included (3 +
2) cycloaddition product first proposed by Cramer and
Barrows, but the latter product would have had the wrong
relative stereochemistry for sigmatropic rearrangement into the
(4 + 3) cycloaddition product. The (4 + 3) versus (3 + 2)
cycloaddition selectivity could not be correlated with the
energy to deform either the diene or the oxyallyl cation (or
both) due to a dominance of strongly attractive interactions
between the diene and the oxyallyl cation at the transition state.
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