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Abstract

The study of tautomerism has gained relevance in the scientific community

because several cellular processes occur through different tautomeric forms of

certain compounds. The percentage of each tautomer in compounds with tau-

tomerism capability depends on numerous factors, such as temperature and

solvent polarity, among others; and, by changing the external conditions,

equilibrium displacement can be established very quickly. This manuscript

deals with nitrile–ketenimine tautomerism in some unsaturated malononi-

triles. This kind of compounds with two nitrile groups conjugated to a double

bound is able to rearrange accessible hydrogens and provide new and com-

plex structures of different functionalities. The authors' motivation for investi-

gating these compounds lies in understanding their tautomeric behavior in

solution and gas phases and to predict reaction deportment to then account

for the final products obtained. Four unsaturated malononitriles were synthe-

sized to study the substituent effect on equilibrium displacement.

Characterization was performed using nuclear magnetic resonance (NMR)

and tautomeric equilibrium in gas phase was evaluated by mass spectrometry.

Correlation with theoretical calculations was carried out in order to compre-

hend the system behavior.
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1 | INTRODUCTION

Numerous cellular processes occur through tautomeric
forms of compounds that potentially have tautomerizable
groups, and a variety of reactions can be controlled
through the displacement of this type of equilibrium.1–5

Singh et al.6 described that tautomeric nucleoside
analogs can act as antiviral drugs due to their ability to
induce lethal mutagenesis. After many viruses, such as
human immunodeficiency virus (HIV) and COVID-19,

infect a cell, they rapidly begin making copies of their
genetic material. Lethal mutagenesis is a novel therapeu-
tic strategy that exploits the high mutation rates of cer-
tain viruses by intentionally increasing the viral mutation
rate, causing excessive error accumulation and causing
the viral population to collapse.7

From a chemical viewpoint, the study of the tauto-
meric equilibrium in compounds with the ability to
tautomerize is determined by the stability of the differ-
ent tautomers.8,9 Several works in the literature use
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mass spectrometry to elucidate structural aspects of
functional groups, but few deal with how this
technique can be applied to different types of
tautomerism.10,11

Of the many functional groups useful in organic syn-
thesis, the cyano group is one of the most versatile.12,13

The literature on the biochemistry of the cyano group
has revealed the central role of nitriles in plant biochem-
istry.14 For instance, cyanogenesis (HCN formation) is
one of the simplest forms of plant taxonomy. In fact,
many species have been classified based on their HCN
production.15,16 Cyano compounds with one or more
hydrogens bonded to the alpha carbon are potentially
capable of exhibiting nitrile–ketenimine tautomerism
(Scheme 1A). If two hydrogens are contained on the
alpha carbon, the presence of an inamine structure can
be also expected (Scheme 1B).

Strongly electron-attracting substituents on the alpha
carbon were noticed to shift the equilibrium toward the
ketenimine form.17 Few works have reported the occur-
rence of nitriles in equilibrium with their corresponding
ketenimine tautomer. Nonetheless, some of them have
concluded that, to a certain extent, equilibrium
occurs.18–20 Using ab initio calculations, Sung et al.21 con-
cluded that the amination of cetenimines proceeds via
addition to the C=N double bond rather than to the C=C
double bond and this results to a variety of reactions that
can be controlled through the displacement of this type
of equilibrium.

Because malononitrile are acid compounds that can
be used as a nucleophile in a wide variety of reactions in
organic chemistry,22–24 the aim of this work was to study
experimentally the tautomerism in gas phase of some
unsaturated malononitriles by mass spectrometry and to
correlate the results with a theoretical model. The analy-
sis of these simple structures further allowed to correlate
their reactivity with the chemical behavior of complex
systems, such as biomolecules.

2 | EXPERIMENTAL

2.1 | Materials

Malononitrile (99%), 4-phenylbutan-2-one (99%),
1-phenylpropan-2-one (99%), phenylmethyl ketone
(99%), benzaldehyde (99%), ammonium acetate (99%),
acetic acid (99%), benzene (99%), sodium bicarbonate
(99%), and sodium sulfate (99%) were obtained from
Sigma-Aldrich.

2.2 | Synthesis

Four malononitriles with different substituents were
obtained through an adaptation of a method previously
described.12 The general synthesis reaction is described
below (Scheme 2), along with the procedure for each
compound.

2.2.1 | 2-(4-Phenylbutan-2-ylidene)
malononitrile (FBIM)

In a 250-mL round-bottom flask, 15.4 g of
4-phenylbutan-2-one, 7.05 g of malononitrile, 1.4 g of
ammonium acetate, 3.5 mL of acetic acid, and 52.5 mL of
benzene were mixed. A Dean Stark trap and a condenser
were coupled, and the reaction was carried out for 2.5 h
at reflux with magnetic stirring. The end point of the
reaction was determined by thin layer chromatography
(TLC) at which time the trap contained 1.55 mL of water.

The reaction product was washed with sodium bicar-
bonate solution (15%wt) and distilled water. The organic
extract was dried with sodium sulfate and filtered off.
The mixture was concentrated in a rotary evaporator
until constant weight. The product was purified by distil-
lation under vacuum (5 Torr) at 169–170�C. The reaction

SCHEME 1 (A) Nitrile–ketenimine tautomerism and (B) nitrile–ketenimine–inamine tautomeric equilibrium.

SCHEME 2 General synthetic method for selected unsaturated malononitriles. R1 and R2 substituents are specified below. (1) Carbonyl

reagent, (2) malononitrile, and (3) unsaturated malononitrile.
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yield was 68.3%. The product was identified by 1H-NMR,
13C-NMR, and gas chromatography–mass spectrometry
(GC-MS). Spectra did not show impurity signals.

2.2.2 | 2-(1-Phenylpropan-2-ylidene)
malononitrile (FPIM)

In a 250-mL round-bottom flask, 8.6 g of 1-phenylpropan-
2-one, 4.3 g of malononitrile, 0.86 g of ammonium acetate,
2.15 mL of acetic acid, and 50 mL of benzene (recovered)
were mixed. The mixture was reacted for 2 h under reflux
with magnetic stirring. The end point of the reaction was
terminated by TLC at which point the Dean Stark trap
contained 1 mL of water.

The reaction product was washed with sodium bicar-
bonate solution (15%wt) and distilled water. The organic
extract was dried with sodium sulfate and filtered off.
The mixture was concentrated in a rotary evaporator
until constant weight.

The concentrated product was purified by distillation
under vacuum (5 Torr), obtaining a small fraction at
80�C (discarded) and a main fraction at 110�C as a color-
less liquid. The reaction yield was 77%. The product was
identified by 1H-NMR, 13C-NMR, and GC-MS. Spectra
did not show impurity signals.

2.2.3 | 2-1(Phenylidene) malononitrile (FIM)

In a 250-mL round-bottom flask, 18 g of phenylmethyl
ketone, 10 g of malononitrile, 5 mL of acetic acid, 2 g of
ammonium acetate, and 75 mL of recovered benzene were
mixed. The mixture was reacted for 2 h under reflux with
magnetic stirring. The end point of the reaction was deter-
mined with TLC at which point the Dean Stark trap con-
tained 2.2 mL of water and a homogeneous yellow
solution was obtained. The reaction product was washed
with sodium bicarbonate (15%wt) solution and water. The
organic extract was dried with sodium sulfate and filtered
off. The mixture was concentrated in a rotary evaporator
to constant weight. The product was purified by distilla-
tion under vacuum (5 Torr), obtaining a small fraction at
65�C and a main fraction at 87�C as a colorless liquid that
crystallized in the fridge. The reaction yield was 58%. The
product was identified by 1H-NMR, 13C-NMR, and GC-
MS. Spectra did not show impurity signals.

2.2.4 | 2-Benzylidenemalononitrile (BIM)

In a 250-mL round-bottom flask, 15.5 mL of benzalde-
hyde, 10 g of malononitrile, 5 mL of acetic acid, 2 g of

ammonium acetate, and 75 mL of recovered benzene
were mixed. The mixture was reacted under reflux with
magnetic stirring for 2 h. The end point of the reaction
was determined with TLC at which point the Dean Stark
trap contained 2 mL of water. A heterogeneous mixture
containing two phases was obtained, a solid (brown) and
a liquid (grayish yellow) one. The solid product, isolated
by filtration, was purified by distillation under vacuum
(5 Torr), obtaining a small first fraction at 60�C and a
main fraction at 77�C as a colorless liquid. The reaction
yield was 69%. The product was identified by 1H-NMR,
13C-NMR, and GC-MS. Spectra did not show impurity
signals.

2.3 | Structural determinations

2.3.1 | 1H NMR spectrometry

The 1H NMR spectra of the studied compound were regis-
tered with a Varian Mercury Plus Spectrometer, 200 MHz.
Chloroform-d1 was used as solvent. The typical spectral
conditions were as follows: spectral width 3201 Hz, acqui-
sition time 4.09 s, and 8–16 scans per spectrum. Digital
resolution was 0.39 Hz per point. Deuterated solvents were
used, and tetramethylsilane was the internal standard. The
sample concentration was 0.41 wt%, and the spectra were
recorded at room temperature.

2.3.2 | Mass spectrometry

GC-MS of the compounds was performed by injecting
methanol solutions (1 μL) in an HP 5890 Chromatograph
(column HP5-MS, 30 m � 0.25 mm � 5 μm and helium
as carrier gas at 0.6 mL/min) coupled to an HP 5972 A
mass selective detector. Temperature set points as fol-
lows: injector: 250�C; oven: 40�C during the first 5 min
and 20�C/min to 290�C; interface: 300�C; ion source:
185�C; and quadrupole: 150�C. Electron energy was set
to 70 eV. Pressure in the mass spectrometer was set to
10�5 Torr.

2.3.3 | Computational methods

With the aim of correlating the experimental results and
supporting the trends and observations found, geometry
optimization calculations were performed using a DFT
theory with the hybrid functional B3LYP and the set of
bases 6-311 ++ g (d, p), as implemented in the ORCA
package, all geometry optimizations were performed
without restrictions.

GARÓFALO ET AL. 3 of 11
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2.4 | Isotopic exchange experiments

For each isotopic exchange experiment, 10 mg of each
compound was mixed with 1 mL of deuterated methanol
and 5 μL of triethylamine. After 1 h at room temperature,
the solutions were injected in a GC-MS.

3 | RESULTS AND DISCUSSION

The condensation between selected carbonyl compounds
and malononitrile produced α–β unsaturated malononi-
trile whose structure and 1H NMR assignments are pro-
vided in Table 1.

The isotopic exchange experiments were carried out
as described in the experimental part and analyzed using
GC-MS.

Regarding the undeuterated compounds, after purifi-
cation, a single peak was observed in the chromatogram
in all cases, and the mass spectra of the mentioned peaks
confirmed the compounds in question: BIM, FIM, FPIM,
and FBIM (Figures 1, 2A, 3A, and 4A, respectively).

After deuteration, in the case of BIM and FIM, only
one peak was observed in the chromatograms. The MS of
the BIM peak was the same as that of the starting com-
pound (Figure 1), and the MS of the FIM peak was that
corresponding to the deuterated product (Figure 2B).
Interestingly, regarding FPIM and FBIM, two peaks were
observed in the chromatogram spectrum, one corre-
sponding to the deuterated products (Figures 3B and 4B,
respectively) and the other to the dimeric ones
(Figures 3C and 4C).

Figure 1 depicts the mass spectrum of BIM. Figure S1
shows the corresponding chromatogram, and Scheme 1

TABLE 1 Unsaturated malononitrile obtained with H NMR assignments.

Compound Structure H NMR signals in chloroform-d1

2-(4-Phenylbutan-2-ilidene) malononitrile (FBIM) (a) 1.81 ppm (s), 3H
(b + c) 2.76 ppm (m), 4H
(d + e + f) 7.1–7.4 ppm (m), 5H

2-(1-Phenylpropan-2-ilidene) malononitrile (FPIM) (a) 1.85 ppm (s), 3H
(b) 2.85 ppm (s), 2H
(d + e + f) 7.0–7.4 ppm (m), 5H

2-1(Phenylidene) malononitrile (FIM) (a) 2.03 ppm (s), 3H
(b + c + d) 6.9–7.3 ppm (m), 5H

2-Benzylidenemalononitrile (BIM) (a) 7.88 ppm (s), 1H
(b + c + d) 6.8–7.4 ppm (m), 5H

FIGURE 1 Mass spectrum of 2-benzylidenemalononitrile.
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shows the fragmentation paths that lead to the most
important peaks of the BIM MS: m/z 154 (molecular
ion), m/z 127, m/z 103, and m/z 76.

Figure 2 illustrates the mass spectrum of FIM.
Figure S2 shows the corresponding chromatogram, and
Scheme 3 shows the fragmentation paths that lead to the

most important peaks of the MS of FIM: m/z 168 (molecu-
lar ion), m/z 153, m/z 141, m/z 140, m/z 77, m/z 63, and
m/z 51. Interestingly, the peak at m/z 65 could only be
justified by a direct cleavage from the tautomeric ceteni-
mine form from the ionized molecular ion in the keteni-
mino double bond. This inductive cleavage would be

FIGURE 2 Mass spectra of (A) 2-1(phenylidene) malononitrile and (B) 2-1(phenylidene) malononitrile-d.

FIGURE 3 Mass spectra of (A) 2-(1-phenylpropan-2-ilidene) malononitrile, (B) 2-(1-phenylpropan-2-ilidene) malononitrile-d and

(C) dimeric form.

GARÓFALO ET AL. 5 of 11
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explained by the resonance stabilization of the benzyl
type radical (Scheme 3).

If the mass spectrum of the nondeuterated FIM is
compared with the corresponding deuterated FIM spec-
trum, the shift to higher masses of certain characteristic
peaks can be observed. First, the molecular ion (base
peak of both spectra) moves to m/z 171, suggesting an
exchange of 3H for D. The peak at m/z 141 moves to m/z
144, indicating that it may have exchanged 3H. On the
other hand, the peak at m/z 153, as expected, maintains
the m/z value because it results from the loss of methyl
from the molecular ion by alpha cleavage (Scheme 3).
When analyzing the original peak of the ketenimine
form, the abundance ratio of m/z 65 and m/z 66 is
reversed from the spectrum of the nondeuterated form to
the deuterated form, being m/z 65 more abundant in the
undeuterated FIM spectrum and m/z 66 more abundant
in the deuterated one.

Figure 3A depicts the mass spectrum of FPIM,
Figure S3 shows the corresponding chromatogram, and
Scheme 4 shows the fragmentation paths that result in
the most important peaks: m/z 182 (molecular ion), m/z
167, m/z 154, m/z 140, m/z 126, m/z 91, m/z 77, and m/z
63. Just like for FIM and as described in Scheme 4, the
peak at m/z 65 could only be explained by the tautomeric
ketenimine form (form A or B) from the ionized molecu-
lar ion in either ketenimino double bond. In this case,
unlike in FIM, the fragmentation path begins with an
alpha cleavage and then an inductive one.

In the deuterated FPIM spectrum (Figure 3B), peaks
shift to higher masses, and peak bands generated around
each characteristic m/z can be observed. As expected,
unlike FIM, the molecular ion of FPIM (base peak of
both spectra) reaches up to m/z 187, suggesting an
exchange of up to 5H for D. The ratio m/z 167 moves to
m/z 169, m/z 154 to m/z 159, m/z 140 to m/z 141, m/z

FIGURE 4 Mass spectra of (A) 2-(4-phenylbutan-2-ilidene) malononitrile, (B) 2-(4-phenylbutan-2-ilidene) malononitrile-d and

(C) dimeric form.

SCHEME 3 Fragmentation path

that produces the peak at m/z 65 from

the ketenimine tautomer (ketenimine

form). (1) Nitrile form and

(2) ketenimine form.
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126 to m/z 131, and m/z 91 to m/z 93 (Scheme 4 displays
the fragmentation paths). As in the case of FIM, when
the original peak of the ketenimine form is analyzed, the
abundance ratio of m/z 65 and m/z 66 is reversed from
the spectrum of the nondeuterated form to the deuterated
one, 65 being more abundant in the undeuterated FPIM
spectrum and 66 in the deuterated one.

The FPIM chromatogram, unlike FIM, showed two
peaks: One corresponds to the deuterated spice and the
other shows a mass spectrum suggesting a dimeric
structure. Based on experimental evidence of nitrile–
ketenimine tautomerism, Cisneros et al.25,26 studied some
organic chemistry reactions involving the ketenimine
tautomer as a specific reagent. The authors evidenced the
dimer formation of unsaturated malononitriles catalyzed
by diethylamine, postulating a mechanism which exclu-
sively occurs via the ketenimine tautomer. The proposed
mechanism is shown in Scheme 4 for FPIM. The mass
spectrum of Figure 3C corresponds to the spectrum of the
proposed dimer. Scheme 3 also shows the fragmentation
paths that result in the most important peaks of the spec-
trum of the proposed dimer.

Figure 4A depicts the mass spectrum of FBIM.
Figure S4 illustrates the corresponding chromatograms,

and Scheme 4 shows ​​the fragmentation paths that pro-
duce the most important peaks: m/z 196 (molecular ion),
m/z 104, m/z 91 (base peak), m/z 78, and m/z 63. Like
FIM and FPIM and as shown in Scheme 5, the peak at
m/z 65 could only be justified by tautomeric ketenimine
forms (form A or B) from the ionized molecular ion in
either ketenimino double bond. In these cases, the frag-
mentation path begins with an alpha cleavage and then
an inductive one. The peak at m/z 131 is justified only by
the form of ketenimine B, after a rearrangement of H and
an alpha cleavage, starting from the ionized compound
on the aromatic ring (Scheme 5).

In the deuterated FBIM spectrum (Figure 4B), most
peaks shift to higher masses, and peak bands generated
around each characteristic m/z can be observed. In the
case of FBIM, as it was also observed for FPIM, the
molecular ion moves up to m/z 201, suggesting an
exchange of up to 5H for D. The ratio m/z 167 moves to
m/z 169, m/z 154 to m/z 159, m/z 140 to m/z 141, m/z
126 to m/z 131, and m/z 91 to m/z 93 (Scheme 5 presents
the fragmentation paths). As in the case of FIM, when
analyzing the original peak of the ketenimine form, the
abundance ratio of m/z 65 and m/z 66 is reversed from
the spectrum of the nondeuterated form to the deuterated

SCHEME 4 Fragmentation path that produces the peak at m/z 65 from the ketenimine tautomer (ketenimine form, R or B). Proposed

mechanism to produce the 2-(1-phenylpropan-2-ilidene) malononitrile dimer. (1) Nitrile form, (2) ketenimine form A, and (3) ketenimine

form B.
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one, 65 being more abundant in the undeuterated FPIM
spectrum and 66 in the deuterated one.

FBIM chromatogram, like that of FPIM, presented
two peaks: One corresponds to the deuterated spice and
the other shows a mass spectrum suggesting a dimeric
structure. Figure 4C illustrates the mass spectrum of the
corresponding dimer, and Scheme 5 shows the mecha-
nism of dimer formation as postulated by Cisneros
et al.25,26 Scheme 5, in turn, presents the fragmentation
paths that produce the most important peaks of the spec-
trum of the proposed dimer.

Table 2 lists the percentages of each actual deuterated
form for FIM, FPIM, and FBIM. These values ​​were calcu-
lated on the basis of the mass spectra of the deuterated
compounds, subtracting the M + 1 isotopic contribution
of each M � 1 peak from its corresponding M peak. As
regards FPIM, the contribution from each peak of peak
M � 1 present in the spectrum was also subtracted.

It is worth noticing that for FIM and FBIM, d2 and d3
populations are the most abundant in the mass spectra of
the deuterated compounds. As far as FIM is concerned,
due to its structure, a maximum of up to 3H can be
exchanged for D from the methyl that results in the only
possible ketenimine form (Scheme 2). In the case of

FBIM, due to its structure, a maximum of 5H can be
exchanged for D from the methyl that originates the kete-
nimine A form and the one that originates the keteni-
mine B form (Scheme 2). Regarding FPIM, d2 population
is the most abundant in the mass spectra of the deuter-
ated compound, and despite being able to exchange a
maximum of up to 5H for D, it is suggested that the d2
structure results from the methylene that originates the
ketenimine B form, due to the great conjugation that this
tautomeric form has given its aromatic ring.

As it can be seen in Schemes 3 and 4, the mechanism
of dimer formation seems to result from the ketenimine

SCHEME 5 Fragmentation path

that produces the peak at m/z 65 and

m/z 131 from the ketenimine

tautomer (ketenimine form, R or B).

Proposed mechanism to produce

2-(4-phenylbutan-2-ilidene)

malononitrile dimer. (1) Nitrile form,

(2) ketenimine form A, and

(3) ketenimine form B.

TABLE 2 Percentages of each actual deuterated form for FIM,

FPIM, and FBIM.

% d0 % d1 % d2 % d3 % d4 % d5

FIM 2.52 14.11 40.31 43.06

FPIM 9.58 24.64 33.13 18.54 13.39 0.79

FBIM 4.25 14.24 27.59 28.71 14.71 10.49

Abbreviations: FIM, 2-1(Phenylidene) malononitrile; FBIM,
2-(4-Phenylbutan-2-ilidene) malononitrile; FPIM, 2-(1-Phenylpropan-
2-ilidene) malononitrile.
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B form, because the FIM compound does not form the
dimer structure and has no ketenimine B form.

In order to correlate the experimental results and sup-
port the tendencies and observations obtained, geometry
optimization calculations were conducted using the DFT
theory with hybrid functional B3LYP and set of bases
6-311 ++ g (d, p) (Figures S5 to S13).10,27 We also
performed frequency calculations in all cases to obtain
the corresponding Gibbs free energy standard values
(G * 298.15 K). The analysis of vibrational frequencies
allowed us to corroborate that all optimized structures
correspond to a minimum in the potential energy surface.
The results are shown in Table 3, and the values show
that nitrile form is more stable than the ketenimine form
in all cases.

Differences in Gibbs free energy predicted that the
most stable tautomer should be formed by proton remo-
tion from the methyl group (structures A). Experimen-
tally, it has founded for FBIM, whereas the most stable
tautomer for FPIM is formed by proton remotion from
methylene group. To try understand the discrepancies
between the theoretical and experimental results, we

performed calculations on nitrile structures with a
removed proton, generating anionic species, and we have
compared the relative stabilities of these new species.

Figures 5 and 6 illustrate the electrostatic map poten-
tials of electrically neutral FPIM and FBIM (A) and the
anionic structures generated by the abstraction of an
alpha proton from the double bond (B and C).

Coloration allows to distinguish how the electron
density is distributed in the molecule. Blue color indi-
cates positive density and red negative density. In the
neutral structure of FBIM (Figure 6A), small negative
density is housed in the nitrogens, the rest presenting
rather neutral density, evidenced by the light blue color.
The abstraction of an acidic proton to generate an anion
generates density that, despite being housed over the
entire molecule, if abstracted from the methyl, presents
an electronic distribution that reaches the aromatic
nucleus with more intensity (comparison of Figure 6B,C).
This fact gives more stability to the anion generated by
the hydrogen abstraction from the methyl rather than
from the methylene.

As for FPIM, with respect to FBIM, a more deloca-
lized negative density can be seen in the neutral entity
(Figure 5A) in every molecule, also a more greenish col-
oration, owing to the proximity of the aromatic nucleus
to the densely negative group that contains the nitrogen.

As regards the formation of an anion by abstracting
an alpha proton from the double bond, a great density of
negative charge distributed over the entire molecule can
be observed when the abstraction is from methylene. In
turn, when the abstraction of a hydrogen is from methyl,
the degree of intensity is not such. Conjugation with the
aromatic nucleus provides additional stability to the
anion in Figure 5B as compared with Figure 5C.

FIGURE 5 Electrostatic potential maps of (A) electrically neutral FPIM; (B) anionic FPIM generated by the abstraction of a methylenic

H; and (C) anionic FPIM generated by the abstraction of a methylic H. The results of the relative energies show a more stable structure B

than structure C by 7.02 Kcal/mol. Gray represent carbons, blue represent nitrogen, and white represent hydrogens. FPIM,

2-(1-Phenylpropan-2-ilidene) malononitrile.

TABLE 3 Gibbs free energy standard values differences

between nitrile and ketenimine forms for FIM, FPIM, and FBIM.

Nitrile Ket A Ket B

FPIM 0 22.46 17.55

FBIM 0 23.03 19.12

FIM 0 20.06 —

Abbreviations: FIM, 2-1(Phenylidene) malononitrile; FBIM,

2-(4-Phenylbutan-2-ilidene) malononitrile; FPIM, 2-(1-Phenylpropan-
2-ilidene) malononitrile.
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According to the observations, the most favored tauto-
mer in the case of FBIM seems to be the one formed by
the removal of a proton from the methyl group. On the
other hand, regarding FPIM, the most favored tautomer is
the one that forms toward the methylene side, which is
expected given the great stabilization offered by its aro-
matic center. These results are in agreement with the con-
tributions of each deuterated form obtained from the mass
spectra on FPIM and FBIM. For FBIM, d2 and d3 popula-
tions are the most abundant in the mass spectra of the
deuterated compound. Said populations would derive from
the ketenimine A form, the most stable structure based on
the geometric optimization calculations. On the contrary,
regarding FPIM, d2 population is the most abundant in the
mass spectra of the deuterated compound. Said population
would derive from the ketenimine B form, the most stable
structure according to the geometric optimization calcula-
tions, and in line with the great resonance stabilization
obtained by its proximity to the aromatic ring.

4 | CONCLUSIONS

The nitrile–ketenimine equilibrium has been successfully
studied in a family of new unsaturated malononitriles.
This type of equilibrium, not yet thoroughly explored for
this class of compounds, has been examined using isoto-
pic exchange experiments with mass spectrometry and
DFT theory with the hybrid functional B3LYP 6-311 ++

g (d, p).
Our results evidenced that the degree of deuteration

is strongly related to the chemical structure of the unsat-
urated malononitriles analyzed, showing a clear depen-
dence on the prevalent ketenimine form. The
substituents have been strategically varied in order to
determine the role they play in the displacement of the
equilibrium studied.

Methyl and methylene tautomeric structures were
approached and a greater displacement toward the tauto-
meric methyl form in the case of no additional conjuga-
tion toward an aromatic ring was established. In the case
of a methylene structure conjugated with an aromatic
ring, our results, both experimental and theoretical, sug-
gest a greater shift toward this more stable tautomeric
methylene form.

Finally, the structures with a potential tautomeric
methylene ketenimine form produced dimeric structures,
regardless of whether the tautomeric methylene form
was stabilized or not, by conjugation with an aromatic
ring, as mentioned above.

This work sheds light on the synthesis and structural
study of a class of biochemically relevant compounds and
helps to understand the influence of different substitu-
ents on the nitrile–ketenimine equilibrium displacement.
In this way, the report of the parameters that govern the
different structural forms of a selected compound can
contribute to the development of new potential com-
pounds to be used for different purposes.
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