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Introduction

The acid-catalyzed cyclization reaction of a doubly a,b-unsa-
turated ketone, referred to as the Nazarov reaction, is cur-
rently one of the most versatile and powerful methods for
the synthesis of five-membered carbocycles.[1–7] Protonation
of the ketone gives a cationic 4p-electron system, which un-

dergoes a conrotatory (under thermal conditions), electrocy-
clic process to form a five-membered ring (Scheme 1). The
synthetic applications of the Nazarov reaction in its original

form have in the past been hampered by the harsh reaction
conditions required (usually strong acids and high tempera-
tures) and poor regioisomeric control. However, the abun-
dance of five-membered carbocycles among natural prod-
ucts has inspired much research into the Nazarov reaction
and these problems are nowadays solved by the use of
Lewis acids as cyclization initiators,[8–14] procedures called
“directed Nazarov cyclization”[15–19] and the “interrupted
Nazarov reaction”,[20–24] and the use of a variety of divinyl
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ketone equivalents or pentadienyl cation precursors which
undergo cyclization under milder conditions.[3–7,25]

The potential of the Nazarov reaction in organic synthesis
has grown enormously in the past few years as a conse-
quence of a series of studies on the electrocyclization reac-
tions of cyclic systems. Namely, systems in which one of the
double bonds participating in the cyclization process is em-
bedded in either a carbocycle or a heterocycle (O-heterocy-
cle derivatives being predominant) [Eqs. (1)–(4)]. Both di-
enones [Eqs. (1) and (3)][9–11,13,14,26,27] and dienone equiva-
lents [Eqs. (2) and (4)],[25,28–30] which generate in situ an in-
termediate suitable to undergo electrocyclization, have very
recently been used for this purpose. Moreover, strained pol-
ycyclic dienones have also been employed as substrates.[31]

In particular, O-heterocyclic derivatives [Eq. (3)] have suc-
cessfully been employed in the first asymmetric variants of
the Nazarov reaction carried out by chiral Lewis acid cataly-
sis.[13,14] Coordination of the metal center to the two oxygen
atoms is thought to be crucial for the electrocyclization reac-
tion[10] as well as in amplifying the stereodifferentiation of
the reaction.[14]

Further advances in the Nazarov reaction involving cyclic
systems have come from studies on the torquoselectivity[3,32]

of the process when alkyl substituents are present on the
heterocyclic ring [Eqs. (3) and (4)].[28,29] A surprisingly high
remote stereocontrol was in fact observed in the formation
of the new C5 stereocenter on the cyclopentenone moiety
with 2-alkyl-substituted O-heterocycles [Eq. (3), R1=R3=

H, and Eq. (4), R2=R3=H] as well as with the correspond-
ing 2- and 4-alkyl-N-heterocyclic derivatives [Eq. (4), R2=

R3=H).[28,29,33] Intriguingly, the exclusive formation of 2,5-
cis-disubstituted N-heterocyclic derivatives was observed
and plausibly imputed to steric interactions,[28] whereas the
reasons behind the prevailing formation of the 2,5-trans-dis-

ubstituted products in the hydrolysis of the corresponding
dihydropyran derivatives was less clear.[29]

A survey of the literature concerning theoretical studies
of the Nazarov reaction revealed some works aimed at the
theoretical prediction of torquoselectivity in the electrocycli-
zation process. However, these computational studies fo-
cused only on acyclic systems[34–37] and on the retro-Nazarov
reaction.[38] In particular, the electronic[34] and stereoelec-
tronic[35,36] effects exerted by b-substituents on simple penta-
dienyl cations were considered in the studies of Houk[34] and
Smith[35,36] and their co-workers. The recent increased inter-
est in the Nazarov reaction involving cyclic systems, as well
as the substantial lack of ab initio and density functional
theory (DFT) calculations on the torquoselectivity of the
Nazarov reaction involving cyclic substrates for which fur-
ther complications arise from the conformational mobility
of the ring in which one double bond is embedded, prompt-
ed us to embark on a quantum chemical study of the key
step of the Nazarov reaction, namely the electrocyclization,
depicted in Equations (1), (3), and (4). In particular, a DFT-
based study was carried out on the reaction in a vacuum
and in dichloromethane as solvent using the continuum sol-
vation model SM5.43R recently developed by Thompson
et al.[39] DFT calculations were first carried out to determine
the energy profiles associated with the electrocyclization re-
actions of both O-heterocyclic and carbocyclic systems.
Then, the torquoselectivity of the electrocyclization reaction
of a 2-alkyl-substituted O-heterocycle was explored to un-
derstand the factors that affect the remote stereochemical
control of the process that preferentially provides 2,5-trans-
disubstituted products. In this paper, the results of these
computations are presented and discussed in the light of
previous quantum chemical calculations and experimental
studies.

Results and Discussion

Energy profiles of the reaction mechanisms : The first issue
we wanted to address was the reason behind the different
reaction rates of the Nazarov reaction of divinyl ketones
[Eqs. (1) and (3)] and the electrocyclization reaction carried
out on the 6-(1-alkoxy-1,3-butadienyl)dihydropyrans shown
in Equation (4) under mild acidic conditions.[28,29] In this
context, the role of the ring oxygen atom in the heterocycle
was also evaluated.

Referring to Scheme 2, 6-(1-ethoxy-1,3-butadienyl)dihy-
dropyran derivatives 1 are thought to undergo protonation
on the distal carbon atom of the ethoxydienyl moiety to pro-
duce a 3-ethoxypentadienylic cation with the requisite 4p-
electronic arrangement that undergoes the electrocyclization
process. Cyclopenta[b]pyranones 2 are obtained in good
yields when the reaction is carried out under mild acidic
conditions (Amberlyst-15 resin in dichloromethane at room
temperature).[29]

The isolated divinyl ketones 3, which are formed as minor
products (less than 10%) in the hydrolysis of 1, do not cy-
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clize under the same conditions, but require stronger miner-
al acids to cyclopentannulate.[40] Interestingly, the analogous
carbocyclic derivative 4 (Scheme 2) simply hydrolyzes to the
open-chain ketone 5 upon treatment with Amberlyst-15 and
the latter cyclizes only upon treatment with stronger acids.
To gain insights into the Nazarov reaction of these cyclic
systems, we therefore considered the electrocyclization reac-
tions of pentadienyl cations I, III, V, and VII [Eqs. (5)–(8)]
as this is the rate-determining step of the whole cyclization
process.[3,7] Pentadienyl cations I, III, V, and VII are ob-
tained by the protonation of substrates 3a, 5, 1a, and 4
(Scheme 2), respectively. Cyclization then affords bicyclic
oxyallyl intermediates [Eqs. (5)–(8)], which, after loss of a
proton, give the final Nazarov products.

The energy profiles of the reaction coordinates of Equa-
tions (5)–(8) were calculated at the B3LYP/6-311G(d,p)
level of theory, as were both the thermal correction and the
solvent contribution (CH2Cl2; see the Computational Meth-
ods for details).

Figure 1 shows the DFT energy profiles and the structures
of all the stationary points along the reaction coordinates,
while in Table 1 the DFT-calculated electronic and free en-
ergies are reported. In particular, the energy profiles of the
“conventional” Nazarov reaction [Eqs. (5) and (6)] are
shown in Figure 1A and B, while the profiles of Equa-
tions (7) and (8), in which an alkyl group replaces the hy-
drogen atom on the oxygen of the pentadienyl cation, are
reported in Figure 1C and D.

An important issue that had to be addressed in evaluating
the reaction kinetics of the Nazarov reaction involving
cyclic systems was the determination of the conformation of
the six-membered ring in the lowest free-energy transition
state (TS). Starting from a pentadienyl cation conformation
as reported in Figure 2, a counterclockwise conrotation
mode formally generates a boat-like TS. Conversely, a clock-
wise conrotation leads to a chair-like six-membered ring in
the TS. However, the same TS conformation is also obtained
starting from a pentadienyl cation in an inverted half-chair
conformation by a counterclockwise conrotation (as done in
the present work, see Figure 1).

In fact, the DFT calculations showed that the counter-
clockwise conrotation slightly distorts the initial half-chair
conformation of the six-membered ring towards a twist-boat
conformation in the TS. After bond formation, this conrota-
tion mode eventually gave an oxyallyl cationic intermediate
with the six-membered ring in a twist-boat conformation
(see the profiles on the right side of Figure 1A–D). In the
case of the clockwise conrotation (see the profiles on the
left side of Figure 1A–D), the calculations showed that the
formation of a chair-like TS (followed in the reaction profile
by an oxyallyl intermediate with the six-membered ring in a
chair-like conformation) is particularly evident with the car-
bocyclic systems (Figure 1 B and D, left).

In the case of the oxygenated derivatives (Figure 1A and
C, left) the chair was reasonably distorted (flattened) by the
conjugation of the oxygen atom with the p system as dem-
onstrated by the C2-O1-C6-C5 dihedral angle value of �3.88
(in the case of the carbocyclic system, the corresponding
C2-C1-C6-C5 torsion angle was 21.78, see Table 2 for further
details).

As for the energies of these transition states, it turned out
that the activation free energy (DG�) of the reaction that
occurs through the distorted twist-boat TS was in all exam-
ined cases slightly lower than the DG� associated with the
clockwise conrotation mode (see Figure 1). In particular, the
value of DDG� between the two conformations of the TS
range from 1.3 kcalmol�1 for the reaction of Equation (6) to
2.2 kcalmol�1 for that of Equation (7). Angle and torsional
strains, as well as stereoelectronic effects, could be the rea-
sons for the generally higher stability of the distorted twist-
boat transition states. Actually, differences in bond angles

Scheme 2.
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could be important in the case
of pyran-containing transition
states. In particular, taking
into consideration Equa-
tion (5) as an example, in the
chair-like TS the C2-O1-C6
bond angle was 120.08, a value
that differs greatly from the
corresponding bond angle
(114.68) calculated for a DFT-
optimized dihydropyran struc-
ture (the same C2-O1-C6 bond
angle was 116.78 in the twist-
boat TS). Also, in the chair-
like TS the C2-O1-C6-C5 dihe-
dral angle (�3.88) was almost
half that in the twist-boat
structure (�6.68), leading to
greater eclipsing of the C2�O1
and C6�C5 bonds (in this case
the shorter O1�C6 bond
should emphasize this torsion-
al strain). This was also true
for the C3-C2-O1-C6 torsional
angle, which was much smaller
(�15.48) than that in the twist-

Figure 1. The free-energy profiles [kcalmol�1] of A) Equation (5), B) Equation (6), C) Equation (7), and D) Equation (8). The free-energy profiles were
drawn using the DGtot values, computed as described in the Computational Methods.

Table 1. Relative electronic and free energies [kcalmol�1] of the stationary points reported in Figure 1.[a]

Equation DEelec D(Eelec+ZPVE) DGgas-phase DGtot

5 (Figure 1A) react. 0.0 0.0 0.0 0.0
TStwist-boat 18.2� 17.6� 18.6� 16.9�

prod. �3.1 �1.9 �1.4 �3.5
5 (Figure 1A) react. 0.6 0.5 0.4 0.6

TSchair 19.8� 19.4� 20.3� 18.9�

prod. �3.7 �2.5 �1.5 �3.5
6 (Figure 1B) react. 0.0 0.0 0.0 0.0

TStwist-boat 19.6� 18.8� 19.8� 19.7�

prod. 6.7 6.9 7.2 7.3
6 (Figure 1B) react. 0.0 0.0 0.0 0.1

TSchair 20.6� 20.0� 20.9� 21.0�

prod. 3.1 3.8 4.6 4.9
7 (Figure 1C) react. 0.0 0.0 0.0 0.0

TStwist-boat 13.9� 13.7� 14.6� 13.7�

prod. �8.6 �6.8 �6.1 �7.2
7 (Figure 1C) react. 0.5 0.5 0.4 0.4

TSchair 15.0� 15.4� 16.3� 15.9�

prod. �9.2 �7.5 �6.3 �7.2
8 (Figure 1D) react. 0.0 0.1 0.0 0.0

TStwist-boat 19.8� 19.2� 20.1� 18.9�

prod. 6.9 7.4 7.9 6.7
8 (Figure 1D) react. 0.2 0.0 0.0 0.0

TSchair 20.8� 20.4� 21.3� 20.5�

prod 3.4 4.4 5.3 4.2

[a] � indicates the activation free energies. DGtot equals DG determined in the gas phase plus the solvent cor-
rection (see the Computational Methods). The part of Figure 1 the energy values refer to is reported in paren-
theses in the first column.

Chem. Eur. J. 2006, 12, 2836 – 2845 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2839

FULL PAPERDFT Studies on the Nazarov Reaction

www.chemeurj.org


boat transition structure (43.98). The same considerations
were less easily applied to the carbocyclic systems [Eqs. (6)
and (8)] in which no significant differences, in terms of
angle and torsion strains, were identified. However, it was
also possible that in all cases the differences in the activa-
tion free energies could be due to stereoelectronic reasons,
in particular, to a slightly different superimposition of the
orbitals of the atoms involved in the cyclization reaction, as
previously suggested.[29] As an example, the molecular orbi-
tal describing the newly forming bond in Equation (7) is
shown in Figure 3. At the same isocontour level, such a mo-
lecular orbital seems to show a higher degree of complete-
ness in the distorted twist-boat TS (Figure 3A) than in the

chair-like one (Figure 3B). Accordingly, as can be seen from
the geometrical parameters of the stationary points (see
Table 2), the distance between the cyclization termini in the
twist-boat TS is in all cases slightly shorter than that in the
chair-like TS.

Note here that the length of the newly forming bond in
the Nazarov reaction of the carbocyclic systems [Eqs. (6)
and (8)] (dC5�C3’=2.05 and 2.04 O, respectively) was very
similar to that previously predicted by calculations at the
HF/6-31G* level of theory for an open-chain substrate (d=
2.09 O).[35] In contrast, the bond lengths in the O-heterocy-
clic systems were always longer (2.18–2.23 O), suggesting
that the TS of the Nazarov reaction involving O-heterocyclic
systems might commonly be defined as an early TS, while
the TS found for the carbocyclic compounds might be con-
sidered as a late TS. Accordingly, the reactions involving O-
heterocyclic and carbocyclic systems are exothermic (Fig-

ure 1A and C) and endother-
mic (Figure 1B and D), respec-
tively. This is also in good
agreement with the results of
previous quantum mechanical
calculations carried out to in-
vestigate the electrocyclic ring-
closure of hydroxypentadienyl
cations for which, generally, in
the presence of an a-oxygen
atom, the TS of the Nazarov
reaction was found to be
early.[37]

Comparison of the kinetic pro-
files : In the light of the above
considerations, in the following
analysis we take into account
only the electrocyclization re-
actions that occur through the
distorted twist-boat TSs as
these turned out to be energet-
ically more favored than those
involving a TS with a chair-
like conformation. Looking at
the energy profiles of Equa-
tions (5)–(8) reported in

Figure 1, it is clear that the reactions with the O-heterocyclic
systems are both thermodynamically and kinetically more
favored than the processes involving carbocyclic structures.
Both the reactions involving the O-heterocyclic systems
were in fact exothermic (see also Table 1), consistent with
the early nature of their TSs, with the modified version of
the Nazarov reaction in Equation (7) (Figure 1C) thermody-
namically more favored than Equation (5) (Figure 1A) (the
DG values being equal to �7.2 (Figure 1C) and
�3.5 kcalmol�1 (Figure 1A), respectively). Furthermore, by
analyzing the energy profiles, it turns out that while the
“classic” Nazarov reaction had a DG� value of 16.9 kcal
mol�1 (Figure 1A), the DG� value for the cyclization process

Figure 2. Transition states for the Nazarov reaction involving a cyclic
system derived from a counterclockwise (above) and clockwise conrota-
tion mode (below).

Table 2. Geometrical parameters of the stationary points reported in Figure 1.[a]

Equation C5�C3’ [O] C2-X1-C6 [8] C2-X1-C6-C5 [8] C3-C2-X1-C6 [8]

5 (Figure 1A) X=O react. 3.23 116.1 �12.8 44.8
TStwist-boat 2.18 116.7 �6.6 43.9
prod. 1.55 115.6 3.5 46.8

5 (Figure 1A) X=O react. 3.25 116.7 14.8 �42.9
TSchair 2.21 120.0 �3.8 �15.4
prod. 1.55 120.6 10.8 �15.1

6 (Figure 1B) X=CH2 react. 3.14 112.4 �13.4 45.5
TStwist-boat 2.05 113.1 �0.2 39.1
prod. 1.55 111.8 6.6 45.7

6 (Figure 1B) X=CH2 react. 3.17 111.5 21.0 �48.9
TSchair 2.08 113.1 21.7 �41.3
prod. 1.55 109.2 40.1 �48.3

7 (Figure 1C) X=O react. 3.13 116.0 �13.9 45.3
TStwist-boat 2.21 117.0 �8.8 44.7
prod. 1.55 115.7 2.7 47.7

7 (Figure 1C) X=O react. 3.16 116.3 12.6 �42.6
TSchair 2.23 120.3 �6.6 �14.4
prod. 1.55 121.0 8.9 �14.0

8 (Figure 1D) X=CH2 react. 3.11 112.6 �12.9 45.0
TStwist-boat 2.04 113.3 0.0 38.8
prod. 1.55 111.9 5.6 46.3

8 (Figure 1D) X=CH2 react. 3.14 111.7 20.5 �48.7
TSchair 2.07 113.1 22.0 �41.8
prod. 1.54 109.5 47.5 �48.2

[a] The numbers refer to the reactant structure.
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reported in Equation (7) was equal to 13.7 kcalmol�1 (Fig-
ure 1C). This latter result, in particular, is in striking agree-
ment with experimental observations. Indeed, while com-
pounds 1 (Scheme 2) cyclize to give the Nazarov products
under mild acidic conditions at room temperature, com-
pounds 3 do not under the same experimental conditions.[29]

Since the TSs of Equations (5) and (7) (i.e. , II and VI) were
found to be quite similar in terms of geometrical parameters
(see Table 2 and the Supporting information) and in our
opinion unable to explain a DDG� value of 3.2 kcalmol�1,
we reasoned that the origin of the different reaction rate
was to be found in a greater stabilization of the protonated
intermediate I [Eq. (5)] than of V [Eq. (7)]. After DFT-
based optimization of I in dichloromethane, the conforma-
tion bearing an intramolecular hydrogen-bond interaction
between the protonated carbonyl and the ring oxygen atom
was found to be energetically far more stable (DDG=

6.3 kcalmol�1) than the one with the hydrogen atom point-
ing in the opposite direction. The lack of such a hydrogen-
bond interaction in V could account for its higher energy
relative to I and consequently for the lower activation free
energy (DG�) for Equation (7). The DFT-optimized geome-
tries of two low-energy conformations of the intermediate
with and without the above-mentioned hydrogen bond are
shown in Figure 4A and B, respectively.

Our finding that a hydrogen atom is shared by the two
oxygen atoms in a structure such as I is consistent with the
observation that transition metals are presumably bound in
a bidentate fashion to very similar substrates in efficient
Lewis acid catalyzed Nazarov reactions, while such an effi-
cient catalysis has been reported not to occur with the corre-
sponding carbocyclic systems.[10,13,14] On the basis of these
results, we can conclude that the main difference between
the rates of the “classic” Nazarov reaction [Eq. (5)] and the

“modified” version [Eq. (7)] is due to a greater stabilization
of the starting charged intermediate and to a lesser extent
to the different geometrical and electronic parameters of
the reactionQs transition states.

The effect of the heterocyclic oxygen atom : As we have al-
ready mentioned, the electrocyclization reaction of carbocy-
clic systems such as 4 (Scheme 2) does not take place under
the same mild acidic conditions under which the electrocyc-
lization reaction of the oxygenated derivatives 1 occurs.[29]

This somehow has to be related to the presence of the a-
oxygen atom within the six-membered ring. In the light of
the experimental observations, we focused on the effect of
the heterocyclic oxygen atom on the reaction rate by com-
paring the kinetics of Equations (5)–(8). Again, here, we dis-
cuss only the reactions that occur through the distorted
twist-boat TS as these were energetically most favored. In
agreement with the experimental observations, it turned out
that the values of DG� for Equations (6) and (8) (i.e., for
the reactants lacking the oxygen heterocyclic atom) were
too high to allow the reaction to occur under mild condi-
tions. In fact, the DFT-computed DG� values were 19.7 and
18.9 kcalmol�1 for the “classic” Nazarov (Figure 1B) and
the “modified” Nazarov reactions (Figure 1D), respectively.
Interestingly enough, for the Nazarov reaction of Equa-
tion (6), the increase in free energy of the protonated inter-
mediate III, due to the lack of the intramolecular hydrogen-
bond that is present in the O-heterocyclic system [I of Equa-
tion (5), see also Figure 3A], was counterbalanced by the
lack of the stabilizing effect on the positive charge of the TS
exerted by the heterocyclic oxygen atom.[37] This stabilizing
effect has been previously invoked by us[28,29] to explain why
the reaction of Equation (7) could occur under mild acidic
conditions (DG�=13.7 kcalmol�1) at room temperature,

Figure 3. The molecular orbitals describing the newly forming bond plot-
ted at the isocontour level of 0.095 a.u. for the reaction occurring through
A) a distorted twist-boat TS and B) a chair-like TS.

Figure 4. Low-energy conformations of the protonated intermediate I. A)
The global minimum conformer (optimized at the DFT level in CH2Cl2)
possesses a greatly stabilizing intramolecular hydrogen-bond, whereas if
the hydrogen-bond interaction was not established as in B), the confor-
mation turned out to be less stable by as much as 6.3 kcalmol�1.
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while the reaction of Equation (8) (DG�=18.9 kcalmol�1)
requires more drastic conditions. Here, to demonstrate such
an effect, we calculated the atomic partial charges on the
oxygen atom of the positively charged intermediate V and
the TS VI of Equation (7) by the RESP-fitting procedure
(see the Computational Methods). It turned out that the
heterocyclic oxygen atom had a partial atomic charge of
�0.32 in V, but of only �0.26 in VI. The significant decrease
in the partial negative charge on the oxygen atom found in
VI demonstrates that the heteroatom effectively conjugates
with the p orbitals of the TS, thus providing a greater stabili-
zation effect on the positive charge of the TS relative to that
of the starting intermediate, in good agreement with the re-
sults previously reported by de Lera and co-workers on
smaller molecular systems.[37] Furthermore, we also carried
out single-point calculations in which the positive charge on
the system was neutralized by the addition of one electron
to both the starting intermediate V and the TS VI (see the
Computational Methods). It turned out that the electronic
energy barrier to the electrocyclization reaction was
~36 kcalmol�1 (vs. 13.9 kcalmol�1, see Table 1), this increase
being mainly due to a much greater stabilization of the start-
ing intermediate V (Delectronic energy=�118.4 kcalmol�1)
with respect to the TS VI (Delectronic energy=�96.0 kcal
mol�1).

The torquoselectivity : The last issue investigated in this
study concerned the effect of a 2-alkyl substituent on the
six-membered cycle on the torquoselectivity of the electro-
cyclization reaction. This is a very intriguing and synthetical-
ly important[33] aspect of the Nazarov reaction involving
cyclic systems: in the case of pyran derivative 1b,
(Scheme 2), but also in dienones such as 3b bearing a 2-
methyl group on the heterocycle, the electrocyclization reac-
tion leads to the preferential formation of the trans-2,5-dis-
ubstituted compound 2b (Scheme 2) (trans/cis ratio=
16:1).[29] The product distribution in the electrocyclization
reaction of pyran derivative 1b might be the result of a com-
plex combination of thermodynamic (conformer popula-
tions) and kinetic factors (activation free energies).

The reaction intermediate IX can exist in two equilibrat-
ing conformations [Eqs. (9)–(12)] in which the 2-methyl
group is axially or equatorially oriented (IXeq and IXax). The
computation of the free-energy difference between the two
conformers IXeq and IXax revealed the equatorial conforma-
tion to be more stable than the axial one by 1.9 kcalmol�1,
which corresponds to a population ratio of 20:1 for the two
conformers. The equatorial conformer IXeq gives the trans
product through a distorted twist-boat TS [Eq. (9)], that is,
through a counterclockwise conrotation, and the cis product
through a clockwise conrotation [Eq. (10)] through a chair-
like TS. The reverse applies to the axial conformer IXax

[Eqs. (11) and (12)]. Again, in these cases, the TSs deriving
from a clockwise conrotation were obtained by inverting the
half-chair in the starting pentadienyl cations and imposing a
counterclockwise conrotation. The DFT energy profiles and
the structures of all the stationary points along the reaction

coordinates of Equations (9)–(12) are shown in Figure 5 and
the DFT-calculated electronic and free energies are reported
in Table 3. From these calculations, it clearly emerges that
the electrocyclization reaction of the equatorial conformer
through a distorted twist-boat TS is the kinetically preferred
process [DG�=13.8 kcalmol�1, Eq. (9), and Figure 5A], as
in the case of the unsubstituted substrates previously treat-
ed, whereas all the other pathways [Eqs. (10)–(12) and Fig-
ure 5B–D] exhibited higher barriers in the narrow range of
14.8–15.3 kcalmol�1. Interestingly, with the axially oriented
methyl group the clockwise conrotation, which gives the
trans product, was slightly favored above the counterclock-
wise one, which provides the cis product. Taking into ac-
count the calculated population ratio of 20:1 for the two
conformers, the counterclockwise cyclization of the equato-
rial conformer IXeq is the one that principally contributed to
the formation of the product possessing a relative 2,5-trans
stereochemistry, which actually is the major diastereomer
experimentally found in the final reaction mixture. The ob-
served 16:1 product ratio for the trans and cis isomers even-
tually results from the minor contribution of the less favored
pathways of Equations (10) and (11) by which the two dif-
ferently populated conformers reacted. We are confident
that the present description could be useful in driving future
experiments aimed at preferentially obtaining one diaster-
eomer by the Nazarov reaction of cyclic systems.

As a last observation, with the axial methyl group the two
competitive pathways of Equations (11) and (12) are kineti-
cally almost equally favored. At least with these oxygenated
systems, therefore, it seems that there are no particularly un-
favorable interactions between the axial group and the C5�
C3’ forming bond in the TS that could prevent a clockwise
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conrotation, as has been suggested for the analogous N-het-
erocyclic systems (which exclusively give the cis product).[28]

Conclusion

In this paper, we report the first DFT-based study of the
Nazarov reaction involving cyclic systems. We have investi-
gated the reaction coordinates of the “classic” Nazarov elec-
trocyclization reaction of divinyl ketones starting from the

appropriate cationic intermedi-
ates. The reactions of both O-
heterocyclic and carbocyclic
derivatives have been studied.
It turned out that in all cases
the value of DG� is sufficiently
high to prevent the reaction
occurring under mild acidic
conditions at room tempera-
ture, as experimentally ob-
served. In the case of the O-
heterocyclic derivatives, in par-
ticular, the high DG� value is
caused by the stabilization of
the pentadienyl cation inter-
mediate by an intramolecular

hydrogen-bond which compensates for the stabilization of
the positive charge in the TS by the heterocyclic a-oxygen
atom. The Nazarov reaction of the closely related 3-ethoxy-
pentadienylic cations, experimentally obtained by protona-
tion of the distal double bond of 6-(1-ethoxy-1,3-butadie-
nyl)dihydropyran and the corresponding carbocyclic deriva-
tives, has also been computationally studied. By inspection
of the reaction coordinates, it is clear that the only process
that these substrates could undergo at room temperature
under mild acidic conditions was that involving the O-heter-

Figure 5. The free-energy profiles [kcalmol�1] of A) Equation (9), B) Equation (10), C) Equation (11), and D) Equation (12). The free-energy profiles
were drawn using the DGtot values, computed as described in the Computational Methods.

Table 3. Relative electronic and free energies [kcalmol�1] of the stationary points reported in Figure 5.[a]

Equation DEelec D(Eelec+ZPVE) DGgas-phase DGtot

9 (Figure 5A) react. 0.0 0.0 0.0 0.0
TStwist-boat 13.5� 13.2� 14.2� 13.8�

prod. �9.6 �8.6 �6.9 �7.6
10 (Figure 5B) react. 0.0 0.0 0.0 0.0

TSchair 14.8� 14.6� 15.5� 15.3�

prod. �10.8 �9.0 �7.9 �8.1
11 (Figure 5C) react. 0.0 0.0 0.0 0.0

TStwist-boat 13.5� 15.2� 15.6� 15.1�

prod. �9.2 �7.6 �6.8 �7.2
12 (Figure 5D) react. 0.0 0.0 0.0 0.0

TSchair 14.2� 14.0� 14.9� 14.8�

prod. �11.2 �9.6 �8.6 �8.9

[a] � indicates the activation free energies. DGtot equals DG determined in the gas phase plus the solvent cor-
rection (see the Computational Methods). The part of Figure 5 the energy values refer to is reported in paren-
theses in the first column.
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ocyclic system (DG�=13.7 kcalmol�1), whose lower activa-
tion barrier (relative to other profiles) was mainly due to
the stabilization of the positive charge in the TS through
conjugation with the heterocyclic oxygen atom. This reac-
tion was also shown to be strongly exothermic (DG=

�7.2 kcalmol�1), further confirming the experimental obser-
vations. As a general rule, a conrotation mode leading to
the formation of a TS with a six-membered ring in a twist-
boat-like conformation was preferred owing to better orbital
overlap at the level of the newly forming C5�C3’ bond.

As for the torquoselectivity of the electrocyclization pro-
cess that these systems experience when an alkyl substituent
is present in the 2-position, the experimental observation is
that the trans/cis ratio in the reaction products is 16:1. We
were able to explain this ratio through the observation that
the equatorial conformer is the most populated (20:1) and
that it preferentially provides the 2,5-trans-disubstituted
product through a process involving a twist-boat-like TS.
The experimentally observed 16:1 product ratio of trans and
cis products is an eventual result of the minor contributions
of less favored competitive pathways by which the two dif-
ferently populated conformers react.

The present DFT-based results were able to rationally ex-
plain most of the experimental observations related to the
Nazarov reaction of the examined substrates and should
prove helpful in the interpretation, and possibly in the pre-
diction, of the results of Nazarov reactions involving other
cyclic systems. Studies on Nazarov reactions involving N-
heterocyclic compounds are currently underway.

Computational Methods

The gas-phase quantum-chemical calculations were performed using the
Gaussian 03 (G03)[41] suite of programs. For all stationary points, both ge-
ometry and analytical frequency calculations were carried out at the
DFT level of theory by using the restricted B3LYP hybrid functional[42]

which has already been successfully employed in the description of analo-
gous pericyclic reactions.[37,43] PopleQs 6-311G(d,p) basis set, which pro-
vides a single set of polarization functions for both the heavy and the hy-
drogen atoms, was employed. Geometry optimizations were carried out
in the gas-phase using the G03 default convergence criteria with the
Berny algorithm[44] and the synchronous transit-guided quasi-Newton
(STQN) method[45] (QST2 routine implemented in G03) for the local
minima and saddle points, respectively. Frequency calculations at the ref-
erence temperature of 298.15 K were performed both to characterize sta-
tionary points and to calculate their thermodynamic properties. Since this
study focused on the free-energy differences (relative free-energy values)
between reactants and products and between reactants and saddle points,
no scaling factors were applied to the computed zero-point vibrational
energies. For all the reaction transition states reported hereafter, the dia-
gonalized mass-weighted Hessian matrix exhibited only one negative ei-
genvalue, revealing a first-order saddle point. Moreover, for each identi-
fied saddle point, the corresponding normal mode (related to the nega-
tive eigenvalue) involved nuclear displacements along the investigated
reaction coordinate. In addition, as further evidence for the proper reac-
tion path, some intrinsic reaction calculations (IRC)[46,47] were also car-
ried out on selected systems at the B3LYP/6-311G(d,p) level of theory
(data not shown). Finally, the solvent contribution for all stationary
points was assessed by means of the SMxGAUSS 2.0.1 program.[39]

SMxGAUSS is a new quantum mechanics package that performs liquid-
phase calculations by using the SMx suite of universal solvation models

developed by Truhlar and co-workers.[48] The latter is a set of continuum
solvation models based on the generalized Born approximation in which
first-solvation effects are modeled with atomic surface tension functionals
that are proportional to the solvent-accessible surface area (SASAs) of
the atoms in the solute.[48] These functionals are parametrized to properly
reproduce a wide set of free energies of solvation in water and in organic
solvents. Notably, the SM5.43R universal model predicts both the aque-
ous and organic free energies of solvation[48] more accurately than the po-
larizable continuum model (PCM) methods.[49] Here, single-point self-
consistent reaction-field (SCRF) calculations on the previously converged
geometries were carried out in an implicit dichloromethane (CH2Cl2)
continuum by using the SM5.43R solvation model. The mPW1K hybrid
functional was chosen to describe the solute, as it has been suggested for
calculating kinetics,[48] along with the 6–31G(d) basis set. Owing to the
differences in the level of theory used for the gas-phase calculations and
the evaluation of the solvent contributions, the solvent correction to the
free-energy differences must definitely be intended as an independent ad-
ditive term. In short the relative molar free energies were calculated
using Equation (13).

DGtot ¼ ðDGgas-phaseÞB3LYP=6-311G** þ ðDGsolvationÞmPW1K=6-31G* ð13Þ

The gas-phase free energy is defined by Equation (14), where DEelec,
DZPE, DHvibr-rot(T), and DS(T) are the electronic energy, the zero-point
energy, the vibrational-rotational enthalpy, and the total entropy calculat-
ed at 298.15 K, respectively.

DGgas-phase ¼ DEelec þ DZPEþ DHvibr-rotðTÞ�TDSðTÞ ð14Þ

The solvation free energy was calculated with Equation (15),[48] where
DEelec and DGvir-rot are the changes in electronic energy and vibrational-
rotational free energy, respectively, following solvation, Gp is the elec-
tronic polarization energy, and GCDS is a semiempirical term (see the
report by Thompson et al. for details[39]).

DGsolvation ¼ DEelec þGp þGCDS þ DGvibr-rot ð15Þ

Some calculations were carried out by adding one electron to the systems
in order to estimate the effects of positive charge on both the reactants
and the transition states (see Results and Discussion). These calculations
were carried out by using the restricted open-shell ROB3LYP functional
(employing the same basis set as reported above) as the spin multiplicity
passed from 1 to 2.

The partial charges were computed following the standard two-stage
RESP fitting procedure,[50,51] fitting first the polar areas by using weak
hyperbolic restraints (0.0005 a.u.) and then by fitting the remaining areas
by imposing equivalencies and by imposing a stronger restraint
(0.001 a.u.). The quantum electrostatic potential used was sampled by
adapting the Merz–Kollman–Singh (MKS) scheme,[52,53] namely by using
10 concentric layers at the default level of spacing, a surface density of
6 pointsO�2, and the default MKS van der Waals radii (as suggested else-
where[54]).

For the intermediates of Equations (9)–(12) (see below), one of the two
enantiomers was arbitrarily chosen for the study.

All calculations were performed on a Linux cluster by employing an
open Mosix architecture.
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