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ABSTRACT

Ab initio and DFT calculations indicate that the anionic cyclization of vinyl- and phenyl-carboxamides and phosphinamides metalated at the
Cr-N carbon fits better to a Michael-type ionic addition than to an electrocyclic ring closure. The lithium atom has no influence on the type
of reaction mechanism.

Anionic cyclization reactions represent an efficient synthetic
tool for the preparation of carbocyclic and heterocyclic
systems. The sequence of reactions involves the metalation
of an acyclic precursor followed by an intramolecular
carbon-carbon bond formation step through addition to a
suitable functional group and subsequent quench of the
resulting anion with a variety of electrophiles. The process
affords substituted ring systems, generally, with high regio-
and stereocontrol.1

Clayden and co-workers reported the cyclization of lithi-
ated N-benzylacrylamides1 and N-benzylbenzamides2
(Scheme 1).2,3 On the other hand, we have recently reported
a new route to conformationally restrictedγ-aminophosphinic
acids7 and8 through dearomatizing anionic cyclization of
N-benzyldiphenyl-5 and dinaphthylphosphinamides6, re-
spectively (Scheme 1).4

Two different mechanisms can be envisaged to explain
the anionic cyclization reaction, as illustrated with model
system 9 (Figure 1): (i) a 5-endo-trig intramolecular,5

Michael-type nucleophilic attack of the carbanionic center
to the ortho position of the electron-deficient aromatic ring
or to theâ-carbon atom of the double C-C bond in anions
9, and (ii) a disrotatory electrocyclic ring-closure of the
2-azapentadienyl-like dipolar resonant structure10, as first
proposed by Clayden and co-workers (Figure 1).3 Consider-
ing the similarity between the carboxamide and phosphina-
mide linkages, we wondered if similar mechanisms would
be operative in the anionic cyclization of both types of
substrates.
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According to the predictions of the Baldwin rules,5 the
intramolecular nucleophilic addition could, in principle, be
ruled out, at least in the case of the anions derived from
acrylamide derivatives, but recent experiments reported by
Clayden and co-workers,2 and our own results on the case
of phosphinamides, throw some doubts over the mechanism
of these reactions.

In this communication, theoretical evidences obtained with
high level ab initio and density functional theory electronic
structure methods, about the nature of the transition states
of the cyclization reactions of anions derived from carboxa-
mides and phosphinamides, are reported.6 The geometry of
each stationary point located was fully optimized at the
Becke3LYP/6-31+G* level of theory, and the nature of the
stationary points was verified by frequency calculations. In
some cases, MP2/6-31+G* optimizations were also carried
out. All calculations were performed with the Gaussian 98
program.7

The potential energy surface for the cyclization of the
anion 11 (Scheme 2), as a model of the reaction of
acrylamide derivatives, was explored at the MP2/6-31+G*
and Becke3LYP/6-31+G* levels of theory.

Also, the prototypical six-electron disrotatory ring closure
reactions of anions12 and13 were studied, thus allowing
the comparison between the transition structure for the

cyclization of 11 and those corresponding to true electro-
cyclic transition structures.

The transition structures located at the MP2/6-31+G* and
Becke3LYP/6-31+G* levels of theory are shown in Figure
2.

TS11 shows a forming C-C bond of 2.419 Å, with the
hydrogens at bonding termini rotated in a disrotatory mode.
The geometrical features ofTS11 are quite close to those
found for the transition structuresTS12 and TS13, corre-
sponding to the electrocyclic closure of pentadienyl and
2-azapentadienyl anions, respectively; in these transition
structures, the forming C-C bond is shortened as compared
with the case ofTS11. Also, the terminal methylene groups
show the expected disrotatory rotation. The imaginary
vibrational normal mode of transition structuresTS11-TS13
corresponds to the simultaneous C-C bond formation and
disrotatory movement of the terminal methylene groups.8

It is interesting to note that the calculated reaction barriers
for the nitrogen-containing transition structures are signifi-
cantly reduced when compared with the parent pentadienyl
system. In addition, it should be noted that the description
of the reaction mechanism is quite similar with the two
theoretical methods employed.
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Figure 1. Michael-type cyclization of anion9, and six-electron,
disrotatory electrocyclic ring-closure of dipolar structure10.

Scheme 2

Figure 2. MP2 and Becke3LYP/6-31+G* transition structures for
the cyclization of11,12,13. Relevant bond lengths (Å) and relative
energies (kcal mol-1). Becke3LYP/6-31+G* values in parentheses.
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From these data, it can be concluded that the transition
structure for the cyclization of the acrylamide anions shows
some pericyclic character, as proposed by Clayden.3 How-
ever, it should be noted that, according to the experimental
results,2 the presence of an electron-withdrawing group in
the double bond of the acrylamide system changes the cycli-
zation pathway, leading to the formation of a four-membered
ring. Thus, the cyclization of the anion of dicarboxamides
derived from fumaric or maleic acids leads to aâ-lactam
derivative, which can be formed not in an electrocyclic
reaction but in an ionic 4-exo-trig cyclization, favored by
the Baldwin rules.5 This reaction offers a nice opportunity
for testing the energetic difference between the electrocyclic
and ionic cyclization modes, shown in Scheme 3.

We explored the potential energy surface corresponding
to the cyclization reaction of the model dicarboxamide14
(Scheme 3), at the Becke3LYP/6-31+G* level of theory.

Two reaction pathways, leading to the five- and four-
membered rings,P14AandP14B, respectively, were found.
The transition structureTS14A (Figure 3), corresponding
to the cyclization leading to the five-membered ring, is quite
similar toTS11and shows the characteristics of a disrotatory
ring closure. However,TS14Bcorresponds to the formation
of the â-lactam ring, in an ionic 4-exo-trigcyclization
reaction.

In good agreement with the experimental results shown
in Scheme 3, the 4-exo-trig ionic cyclization pathway is
strongly favored over the pericyclic-type one, withTS14B
being 11.3 kcal mol-1 more stable thanTS14A. For this case,
the precedent results indicate that, while electrocyclic transi-
tion structures are present on the potential energy surface
for the anionic cyclizations of acrylamide anions, the ionic
Michael-type reaction pathway, favored by the Baldwin rules,
is clearly preferred.

The participation of aromatic rings has been observed in
the anionic cyclization reactions of anions such as2, 5, and
6 (Scheme 1).3,4 We have studied the cyclization reactions
of anions15 and16 (Figure 4), derived fromN,N-dimeth-
ylbenzamide andN,N-dimethyl phosphinamide, respectively,
at the Becke3LYP/6-31+G* level of theory.

The results obtained for the cyclization reaction of the
aromatic systems15and16significantly differ from the case
of the analogue11. The main difference is that inTS15and
TS16 the hydrogens at bonding termini do not rotate in a
disrotatory mode. In addition, the normal mode correspond-
ing to the imaginary frequency shows only the stretching
movement of the two carbon atoms involved on the bond
formation, while in the pericyclic transition structuresTS11,
TS12, andTS13, in addition to the stretching normal mode,
the movement corresponding to the disrotatory rotation is
observed. On the basis of the geometrical characteristics of
TS15 and TS16, the reaction can be considered to have a
mechanism that clearly resembles a Michael-type ionic
reaction.

To obtain additional evidence regarding the characteristics
of the transition structures for intramolecular nucleophilic
additions, we studied the cyclization reaction of anions17-
19 (Figure 5), which lack any pericyclic character.9

As can be seen, the geometrical features of the transition
structures for the ionic cyclization of anions17-19are quite
similar to those found in the case of benzamide and
phosphinamide anions. The bond-forming lengths and py-
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Scheme 3

Figure 3. Becke3LYP/6-31+G*-optimized transition structures for
the cyclization of dicarboxamide anion14. Relevant bond lengths
(Å) and relative energies (kcal mol-1).

Figure 4. Becke3LYP/6-31+G*-optimized transition structures for
the cyclization of benzamide and phosphinamide anions15 and
16. Relevant bond lengths (Å) and relative energies (kcal mol-1).
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ramidalization of the carbon atoms involved in the formation
of the new bond are very close to the values reported before
for the transition structures found in the cyclization reactions
of 15 and16.

As an additional criterion for assessing the pericyclic
nature of the reactions considered, we computed the magnetic
properties for the cyclization of anions11, 12, 13, 15, and
17 (see Supporting Information).10,11 According to these
results, no pericyclic character can be ascribed to the
cyclization reactions of anions derived from the amide or
phosphinamide derivatives considered in this work.

It is interesting to note that several of the anionic
cyclizations studied present very low activation barriers and
are very exothermic reactions (see Figure 6 and Table S2 of
Supporting Information). The formation of the cyclization
products is strongly favored both kinetically and thermody-
namically. The thermodynamic stability of the products may
be attributed to the greater charge delocalization as compared
with the starting anions.

Though anionic cyclization reactions are usually carried
out in strongly coordinating solvents, and it can be argued

that the species participating have the structure ofseparated
ion pairs proposed by Reich and co-workers, it cannot be
excluded that the presence of the metal could play some role
in the reaction mechanism.12

To test the possible influence of the metal atom in both
the geometry and/or energy of the transition structures, we
carried out calculations at the Becke3LYP/6-31+G* level
of theory, on the potential energy surface of several orga-
nolithium derivatives 20 and 21 (Figures S1 and S2,
Supporting Information). It can be seen that the reaction
mechanism does not change, but the activation barriers
increase significantly. The sharp increase of the activation
barriers caused by the presence of the lithium counter ion
can be explained assuming that the metal stabilizes the
starting anions more than the transition structures. When the
reactions are carried out in the presence of solvents that
strongly coordinate the lithium (such as HMPA or DMPU),13

the species participating can be considered to have an almost
purely anionic character.

In summary, on the basis of density functional and ab initio
calculations, we propose that the anionic cyclization of anions
derived from acrylamides, benzamides, and phosphinamides
takes place through a Michael-type nucleophilic addition of
the carbanionic center to the electron-deactivated carbon-
carbon double bond and not through an electrocyclic mech-
anism. The presence of the lithium counterion appears to
strongly influence the relative energies of the stationary
points located but does not change the reaction pathway.
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Figure 5. Becke3LYP/6-31+G*-optimized transition structures for
the ionic cyclization of anions17-19. Relevant bond lengths (Å)
and relative energies (kcal mol-1).

Figure 6. Energy diagram for the cyclization reactions of anions
11, 14, 15, and19, at the Becke3LYP/6-31+G* level of theory.
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