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Condensation reaction of o-phthalaldehyde with primary amines is a classical method for the
synthesis of phthalimidines. Although the intermediacy of the corresponding monoimines has been
occasionally proposed, the mechanism of their transformation into phthalimidines remains to be
elucidated. We present here theoretical evidence supporting a three-step mechanistic pathway for
that transformation involving the [1,5]-H sigmatropic rearrangement of the aldehydic proton leading
to an intermediate (aminovinyl)ketene as the key step. Other alternative routes have been calculated
to be energetically less favorable. Similar transformations of related imino aldehydes enclosing a
5-aza-2,4-pentadienal skeleton via [1,5]-H shifts are also studied.

Introduction

During the last 90 years, a huge number of reactions
involving o-phthalaldehyde have been investigated. The
pioneering works of Thiele1 and others researchers2 have
demonstrated that this compound behaves as a normal
dialdehyde in some instances but more often reacts in
atypical ways. Recently, Zuman has reviewed the reac-
tions of o-phthalaldehyde with nucleophiles3 such as H2O,
ammonia, amines, amino acids, thiols, etc., showing that
the available information dealing with mechanisms and
kinetics of these reactions is rather limited.

Phthalimidines (2,3-dihydro-1H-isoindol-1-ones, 1) are
heterocyclic compounds of biological relevance that have
attracted considerable interest in recent years.4 Their
utilization as fluorescent markers for biochemical ap-
plications as well as precursors of electrically conductive
polymers is also known.5 The most widely used method
for the synthesis of phthalimidines is the condensation
of o-phthalaldehyde with primary amines, first reported
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by Thiele.1 The analogous reaction of cis-2-butene-1,4-
dial with several amines led to the corresponding N-alkyl-
pyrrolin-2-ones (2) (Scheme 1).6

The classical mechanistic proposal for explaining the
formation of phthalimidines 1 in these reactions involves
the participation of the corresponding 1H-2,3-dihydroiso-
indole-1,3-diols 3 as intermediates, arising from the
double addition of the amine to the two formyl groups of
o-phthalaldehyde, which then undergo dehydration to
yield 1-hydroxy-2H-isoindoles (4) that promptly trans-
form into phthalimidines by tautomerization (Scheme 2).7

Guilard8 reported that the reaction of o-phthalaldehyde
with iminophosphoranes yielded phthalimidines, sug-
gesting the mechanism outlined in Scheme 3. First, the
aza-Wittig reaction between the reactants should lead
to monoimine 5, which is proposed to convert into the
dipolar intermediate 6 by nucleophilic attack of the iminic
nitrogen onto the carbonylic carbon atom. A subsequent
[1,3]-hydride shift would finally lead to phthalimidine 1.

To our knowledge, this is the only report where
monoimines 5 are proposed as precursors of phthalim-

idines 1. Note that the reaction with amines (Scheme 2)
could be also formulated as initially forming 5. We agree
with Guilard that monoimines 5 are key intermediates
in the formation of phthalimidines, but we envisaged a
different mechanistic sequence for its conversion into 1
(see below). Our proposal is based on two main facts:
first, an exhaustive substructure search in chemical
databases (CAS Registry file, CCDC database) retrieved
no hits corresponding to the structure of monoimines 5
(where R ) alkyl or aryl).9 This would be quite surprising
unless they are unstable compounds involved in further
transformations. And second, we are aware of some
synthetic sequences (others than those in Schemes 2 and
3) leading to 1 where monoimines 5 seem to be the most
reasonable intermediates, such as the carbon monoxide
insertion into benzylideneanilines,10 and the reaction of
o-phthalaldehyde with aromatic isocyanates11 (Scheme
4).

To our knowledge, no computational studies dealing
with iminoaldehydes 5 have been reported so far. We here
consider a mechanistic proposal for explaining the trans-
formation of 5 into 1 alternative to that in Scheme 3. Our
approach is summarized in Scheme 5 and involves the
initial [1,5]-H migration of the formyl H atom to the
iminic nitrogen leading to (aminovinyl)ketene 7 and its
cyclization to the zwitterion 8 which, after acid-base
equilibrium, provides finally phthalimidine 1.

Apparently, the key step of this pathway should be the
first one, i.e., the [1,5]-H sigmatropic shift furnishing the
(aminovinyl)ketene 7. The [1,5]-H shifts are a class of
sigmatropic rearrangements which were recognized by
Woodward and Hoffmann in their chief 1965 publication
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hydrogen across a pentadienyl π-system.12 They are
unimolecular isomerizations and, often, most difficult to
identify among the pericyclic reactions.13 Other [1,5]-H
shifts of the formyl proton in ortho-substituted benzal-
dehydes that have been previously reported, closely
related to that discussed herein, are as follows: the
transformation of o-phthalaldehyde into an enol-ketene
which further cyclizes into phthalide,14 the conversion of
o-nitroso- and o-nitrobenzaldehyde into the respective
oxime-ketene and acinitro ketene,15 and that of o-
vinylbenzaldehyde into a ketene-methide.16 To our
knowledge, no computational studies on these themes
have been disclosed.

Here, we report the study by computational methods
on the transformation of some imino-aldehydes by the
pathway proposed in the literature (Scheme 3) as well
as by our mechanistic proposal (Scheme 5). To this end,
we selected the prototypical systems 2-(iminomethyl)-
benzaldehyde (9) and (E)-4-imino-(Z)-2-butenal (10). In
addition, to test the influence of the structure of the
imino-aldehydes on the energy barrier corresponding to
the key [1,5]-H shift process, we included in our study
the following molecules: (Z)-3-(2-pyridyl)propenal (11),
2-(2-pyridyl)benzaldehyde (12), and the vinylogous o-
quinoneimine (13), all containing the 5-aza-2,4-pentadi-
enal skeleton (Chart 1).

Results and Discussion

All of the systems were studied computationally with
the B3LYP17 and RHF18 theories in Gaussian 9819 using
the 6-31+G* and the 6-31G* basis set, respectively.

Second-order perturbation analyses were achieved with
the NBO (natural bond orbital) method.20 NICS values
were obtained at the B3LYP/6-31+G*//B3LYP/6-31+G*
level with the GIAO (gauge-independent atomic orbital)
method.21 All energies discussed in the text are electronic
energies at the B3LYP/6-31+G*//B3LYP/6-31+G* level
unless otherwise noted. Zero-point vibrational energy
corrections have been applied, but not scaled. The
calculated energy barriers are gathered in Table 1.
Geometry-optimized structures at the B3LYP/6-31+G*
level for transition structures are shown in Figures 1-4.
CASSCF22(2,2)/6-31G*//B3LYP/6-31+G* calculations were
performed in order to assess the possible biradical
character of the transition states transforming the imino-
aldehydes 9-13 into the corresponding ketenes via the
[1,5]-H sigmatropic rearrangement. The results show
that the closed-shell S0 wave function is largely the
predominant one (91-96%). Therefore, we can conclude
that these TSs are described adequately with a single
reference wave function.

2-(Iminomethyl)benzaldehyde (9) was our initial start-
ing point. The intensive search along the potential energy
surface provided three different paths connecting 9 with
2H-phthtalimidine (16) and 2H-isoindol-1-ol (17) (Figure
1), which are fully discussed below. We could not locate
stationary points corresponding to the path converting
9 into 16 via a dipolar intermediate similar to 6 as
proposed by Guilard8 (Scheme 3).

Path a: [1,5]-H Sigmatropic Rearrangement and
Further N-C Bond Formation. For the transforma-
tion of 9 into the (aminovinyl)ketene 14 via the transition
state TS1a the computed energy barrier at the B3LYP/
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SCHEME 5. New Mechanistic Proposal for the
Conversion of Iminoaldehydes 5 into
Phthalimidines

CHART 1. Prototypical Aldehydes Selected for the
Theoretical Study
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6-31+G* level is 37.8 kcal‚mol-1. As shown in Figure 1,
this process is endothermic by 27.0 kcal‚mol-1, probably
due to the interruption of the aromaticity of the original
benzene ring.23 The second step is the attack of the iminic
nitrogen onto the electrophilic sp-hybridized ketene
carbon, via the transition structure TS2a, leading to the
zwitterionic intermediate 15. After the zero-point cor-
rection, TS2a is 0.03 kcal‚mol-1 below (aminovinyl)ketene
14; there is no barrier for this transformation,24 as the
intermediate 15 is 5.0 kcal‚mol-1 lower in energy than
ketene 14. In the last step, an acid-base equilibrium
would furnish 2H-phthalimidine (16). This conversion is
exothermic by 51.1 kcal‚mol-1, and the global process is
exothermic by 29.1 kcal‚mol-1. An acid-base equilibrium

could also convert the zwitterion 15 into 2H-isoindol-1-
ol (17), 22.2 kcal‚mol-1 lower in energy.

Path b: [1,2]-H Sigmatropic Rearrangement with
Simultaneous N-CO Bond Formation. We also lo-
cated the stationary point TS3a, 53.0 kcal‚mol-1 higher
than 2-(iminomethyl)benzaldehyde (9). The analysis of
the animation of its imaginary vibration revealed that
the nuclear motion has no components associated with
the formation of the N-CO bond but corresponds exclu-
sively to the transfer of the hydrogen atom between the
carbonyl carbon and the oxygen atoms. IRC calculations
show that this transition state connects 2H-isoindol-1-ol
(17) with a polar intermediate whose structure could be
that of the molecule 6 (R ) H) represented in Scheme 3.
However, all attempts to optimize this structure without
constraints resulted in the reactant aldehyde 9. It is

(23) As supported by the magnetic properties of the six-membered
ring in 14; see the Supporting Information.

(24) As we will report in due course, our calculations support the
pseudopericyclic nature of this 5-center, 6π-electron cyclization.

TABLE 1. Energy Barriers and Reaction Energies (∆Ea and ∆Erxn in kcal‚mol-1) Computed at the B3LYP/6-31+G*
Theoretical Level with Zero-Point Vibrational Energy Correction Computed at the Same Level (the Marcus Barriers
(Parentheses) Are Also Included)

path a path b path c

via TS1 via TS2 via TS3 vi aTS4

∆Ea (∆EMarcus) 9 f 14 14 f 15 15 f 16 15 f 17 9 f 17 9 f 15

∆Erxn 37.79 (24.17) 0.0 52.96 48.64
+27.04 -5.03 -51.12 -22.25 -0.24 +22.01

∆Ea (∆EMarcus) 10 f 18 18 f 19 19 f 20 19 f 21 10 f 21 10 f 19

∆Erxn 28.64 (28.39) a 42.75 38.95
+0.37 b -29.85c -16.63d -16.26 +0.37e

∆Ea (∆EMarcus) 11 f 22 11 f 23 11 f 24

∆Erxn 40.70 (29.10) 53.16 52.96
+23.03 -0.13 +34.25

∆Ea (∆EMarcus) 12 f 25

∆Erxn 50.90 (26.71)
+48.14

∆Ea (∆EMarcus) 13 f 26

∆Erxn 16.85 (27.41)
-21.29

a TS2b could not be optimized at the B3LYP/6-31+G* level; see text for details. b 19 could not be optimized at the B3LYP/6-31+G*
level; see text for details. c Energy difference between 18 and 20. d Energy difference between 18 and 21. e Energy difference between 18
and 9.

FIGURE 1. B3LYP/6-31+G*-optimized geometries and energetics for the transformation of 2-(iminomethyl)benzaldehyde (9)
into 2H-phthalimidine (16) and 2H-isoindol-1-ol (17). In this and the following figures that include ball-and-stick representations,
atoms are represented by increasing depth of shading in the order H, C, O and N.
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worth recognizing that 2H-isoindol-1-ol (17) should exist
predominantly in the tautomeric form 2H-phthalimidine
(16).25

Path c: [1,3]-H Sigmatropic Rearrangement with
Simultaneous N-CO Bond Formation. The conver-
sion of 9 into the zwitterionic intermediate 15 may also
occur via transition structure TS4a involving the forma-
tion of the N-CO bond with simultaneous migration of
the formyl hydrogen to the nitrogen atom, the calculated
energy barrier being 48.6 kcal‚mol-1. Again, the anima-
tion of the imaginary vibration calculated for TS4a only
shows the movement of the hydrogen atom between the
carbonylic carbon and the nitrogen atoms but does not
exhibit components corresponding to the N-CO bond
formation. IRC calculations show the connection of TS4a
with the dipolar structure 6 (R ) H) and the zwitterionic
intermediate 15 (R ) H).

According to the heights of the computed energy
barriers for these three pathways (see Table 1), the
transformation of 9 into 16 is predicted to be easier via
the pathway a, the mechanism represented in Scheme
5, the step involving the highest energy barrier being the
first one, the [1,5]-H shift leading to 14. The two other
pathways (b and c) are energetically disfavored in
relation to path a. On the other hand, 2H-isoindol-1-ol
(17) is 28.9 kcal‚mol-1 higher in energy than 2H-phthali-
midine (16), and therefore, this latter compound should
be both the thermodynamically and kinetically controlled
product.

Next, we explored the potential energy surface associ-
ated with the transformation of (E)-4-imino-(Z)-2-butenal
(10) into pyrrolin-2-one (20) and 1H-pyrrol-2-ol (21). Here
also the three-step pathway (path a) is the energetically
most favorable (see Figure 2 and Table 1). The energy
barrier associated with the first step leading to the ketene
(18), i.e., the [1,5]-H sigmatropic rearrangement, is 28.6
kcal‚mol-1, considerably lower than that calculated above
for the conversion of 9 into 14. We failed to locate TS2b
and to optimize the zwitterionic intermediate 19 at
correlated theory levels. All attempts for optimizing
intermediate 19 without constraints resulted in the
(aminovinyl)ketene 18. Probably, this later compound
easily transforms into the zwitterion,24 which is converted
by acid-base equilibrium into the pyrrolin-2-one (20),

(25) Katritzky, A. R.; Taylor, P. J. In Physical Methods in Hetero-
cyclic Chemistry; Katritzky, A. R., Ed.; Academic Press: New York,
1971; Vol. 4, p 265.

FIGURE 2. B3LYP/6-31+G*-optimized geometries and energetics for the transformation of (E)-4-imino-(Z)-2-butenal (10) into
pyrrolin-2-one (20) and 1H-pyrrol-2-ol (21). aHF/6-31G*-optimized geometry.

FIGURE 3. B3LYP/6-31+G*-optimized geometries and en-
ergetics for the three reaction paths found for the evolution of
(Z)-3-(2-pyridyl)propenal (11).

FIGURE 4. B3LYP/6-31+G*-optimized geometries and en-
ergetics for the [1,5]-H shift in (A) 2-(2-pyridyl)benzaldehyde
(12) and (B) vinylogous o-quinonimine 13.

Mechanism of Phthalimidine Formation
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this compound being 29.8 kcal‚mol-1 lower in energy than
the ketene 18.

The transformation of the iminoaldehyde 10 into 1H-
pyrrol-2-ol (21) (path b) takes place via TS3b, the energy
barrier being 39.0 kcal‚mol-1 and the process exothermic
by 16.3 kcal‚mol-1. Therefore, as in the preceding trans-
formation, that of 9 into 16 and 17, pyrrolin-2-one (20)
is the thermodynamically and kinetically favored product.

Concerning to path c, the transition structure TS4b
is 42.7 kcal‚mol-1 higher in energy than the iminoalde-
hyde 10. IRC calculations show that this transition state
connects with a polar intermediate similar to 6 in Scheme
3 and with the zwitterionic intermediate 19. Again, all
attempts to optimize these two structures without con-
straints resulted in the reactant aldehyde 10 and the
(aminovinyl)ketene 18, respectively.

Next, we explored the PES of (Z)-3-(2-pyridyl)propenal
11. We located the transition structure TS1c correspond-
ing to the [1,5]-H sigmatropic shift leading to the ketene
22; the computed energy barrier was 40.7 kcal‚mol-1 and
the process was calculated to be endoergonic by 23.0
kcal‚mol-1. We assumed that the transformation of
ketene 22 into the final 7H-indolizin-3-one should occur
by the same pathway described for the two previous
conversions 9 f 16 and 10 f 20 along path a. The
calculations predict that the alternative paths b and c
for the evolution of the aldehyde 11 are, as in the
preceding cases, energetically disfavored. Thus, the
energetic cost for the cyclization of 11 into pyrido[2,1-a]-
isoindol-6-ol (23) via TS3c was calculated to be 53.2
kcal‚mol-1, and the computed energy barrier associated
to its conversion into the zwitterion 24, through the
transition structure TS4c, was 53.0 kcal‚mol-1 (Figure
3).

Once we verified that the pathways b and c cannot
compete with the reaction path a for the three previous
conversions, for aldehydes 12 and 13 we investigated only
the [1,5]-H sigmatropic shift for converting into the
corresponding ketenes 25 and 26. As expected, the value
of the computed energy barrier for the [1,5]-H shift in
2-(2-pyridyl)benzaldehyde (12) was the largest one among
all studied herein (50.9 kcal‚mol-1), whereas that corre-
sponding to the conversion of vinylogous o-quinometha-
neimine 13 into the ketene 26 was the lowest, only 16.8
kcal‚mol-1 (Figure 4). The conversion of 12 into 25
implies the aromaticity loss in two rings, benzene and
pyridine and that of 13 into 26 the formation of an
aromatic benzene ring. These are the reasons that
explain their respective energy barriers and why these
two transformations were chosen for the present study.

There is an obvious correlation between the height of
the energy barriers associated with the [1,5]-H sigmat-
ropic rearrangement and the endo- or exothermicity of
that process, which in turn depends largely on the gain
or loss of aromaticity along the reaction coordinate. Thus,
the lowest energy barrier is that corresponding to the
transformation of 13 into 26, the computed reaction
energy being of -21.18 kcal‚mol-1. In contrast, the largest
barrier is that associated with the conversion of 2-(2-
pyridyl)benzaldehyde (12) into the ketene 25, which is
endothermic by 48.14 kcal‚mol-1. With the aim of exclud-
ing the effects of the different thermodynamic contribu-
tions to the energy barriers in these [1,5]-H shifts, we
have used the Marcus theory.26 Accordingly, the activa-

tion energy of a reaction (∆Ea) is the sum of the intrinsic
barrier and the thermodynamic contributions. The in-
trinsic barrier (∆EMarcus) represents the barrier of a
thermoneutral process (∆Erxn ) 0), and can be calculated
by applying the Marcus equation: ∆Ea ) ∆EMarcus + 1/2
∆Erxn + (∆Erxn)2/16(∆EMarcus). The values shown in Table
1 suggest that the presence of a benzene ring connecting
the formyl and the imino-methyl functions by two ortho
positions lowers the intrinsic barrier (∆EMarcus ) 24.4
kcal‚mol-1 for 9 f 14 vs 28.3 kcal‚mol-1 for 10 f 18,
and 29.1 kcal‚mol-1 for 11 f 22 vs 26.7 kcal‚mol-1 for
12 f 25). When the carbons 3 and 4 of the 5-aza-2,4-
pentadienal skeleton form part of a benzene ring a
modest decrease of the intrinsic barrier takes place
(∆EMarcus ) 27.4 kcal‚mol-1 for 13 f 26 vs 28.3 kcal‚mol-1

for 10 f 18). By contrast, when the imino function
belongs to a pyridine ring an increase in the intrinsic
barrier is observed (∆EMarcus ) 24.4 kcal‚mol-1 for 9 f
14 vs 26.7 kcal‚mol-1 for 12 f 25 and ∆EMarcus ) 28.3
kcal‚mol-1 for 10 f 18 vs 29.1 kcal‚mol-1 for 11 f 22).

In relation to the geometry of these [1,5]-H shifts, it is
worth pointing out that in the prototypical transition
structure of the suprafacial [1,5]-H in 1,3-pentadiene,
which has been studied extensively, the migrating hy-
drogen projects out of the plane, the HCCC dihedral angle
being 30°.27 The geometrical analyses of transition states
TS1a-e show that all these [1,5] hydrogen shifts are also
suprafacial. However, the value of the dihedral angle
CCC(dO)H is notably lower (2°-11°) than the value of
the dihedral angle CCNH (18°-26°). The nature of the
atomic centers directly involved in the hydrogen shift in
TS1a-e could affect the orbital topology of these transi-
tion states. Thus, the direct intervention of the nitrogen
lone pair abstracting the hydrogen, or the transformation
of the native formyl H-C bond in part of the LUMO
ketene orbital, could make these transitions states
pseudopericyclic28 in nature. The results of the second-
order perturbation analysis in TS1a,b, which shows the
delocalization energies of electrons from filled NBOs into
empty NBOs, as well their magnetic behavior, which has
been obtained by calculating the NICS values along the
z-axis perpendicular to the molecular plane, the intersec-
tion point being the (3,+1) ring critical point of the
electron density (RCP) defined by Bader,29 both show that
these sigmatropic [1,5]-H shifts might be borderline cases
in the continuum which must exist between pericyclic
and pseudopericyclic [1,5]-H shifts (see the Supporting
Information). Further studies on the orbital topology of
a number of other [1,5]-H processes are currently in
progress in our group.
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Despite our mechanistic proposal has not been previ-
ously considered in the literature, we have found several
works,30,31,32 besides those mentioned above, in which the
results of some synthetic sequences can be easily ex-
plained by a mechanism including as key step a [1,5]-H
shift analogous to that here proposed in mechanistic
pathways a. We will only emphasize the work of Gui-
lard32 describing that thiophene-2,3-dicarbaldehyde (27a)
reacts with arylamines yielding thieno[2,3-c]pyrrol-4-ones
(28a) (Scheme 6A), whereas similar reactions of thiophen-
3,4-dicarbaldehyde (27b) did not lead to the expected
bicycles 28b (Scheme 6B).

If the transformation of dialdehydes 27 into bicycles
28 is assumed to occur either by a mechanism similar to
that in Scheme 2 or by the intermediacy of imino-

aldehydes 29 by a reaction path analogous to that
represented in Scheme 3, it is difficult to explain the
reluctance of the dialdehyde 27b for transforming into
28b. On the contrary, within the frame of our mechanistic
proposal (Scheme 5) these results can be rationalized: the
first step consisting of the concerted [1,5]-H shift may
occur in 29a but not in 29b as this last compound lacks
of the 5-aza-2,4-pentadienal skeleton (Scheme 6).

Conclusions

In summary, these computational studies demonstrate
that the three-step mechanism beginning with the [1,5]
sigmatropic rearrangement of the formyl hydrogen atom
(path a) is a viable reaction pathway for the conversion
of imino-aldehydes 9-13 into products enclosing a pyrrol-
2-one moiety. These transformations can alternatively
occur by two other reaction paths involving the simul-
taneous N-CO bond formation and an hydrogen shift
(paths b and c), but they cannot compete energetically
with pathway a. There is a noticeable influence of the
electronic structure of the 5-aza-2,4-pentadienal skeleton
of the imino-aldehydes 9-13 in the energy barrier of the
[1,5]-H shift process leading to their corresponding (ami-
novinyl)ketenes. The gain or the loss of aromaticity in
the aromatic rings on going from the imino-aldehydes to
the respective ketenes causes either a decrease or an
increase, respectively, of the computed energy barrier.
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SCHEME 6. Reactions of Thiophene
Dicarbaldehydes 27a (A) and 27b (B) with
Arylamines

Mechanism of Phthalimidine Formation
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