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� A beta-ketonitrile studied by NMR
spectroscopy and DFT methods.
� Experimental and calculated NMR
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� Enol content increases with solvent

polarity.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 9 September 2014
Received in revised form 20 October 2014
Accepted 21 October 2014
Available online 31 October 2014

Keywords:
b-Ketonitrile
2-Methyl-5-phenyl-3-oxo-4-pentenenitrile
Tautomeric equilibria
NMR spectrometry
DFT calculations
a b s t r a c t

The beta-ketonitrile 2-methyl-5-phenyl-3-oxo-4-pentenenitrile, a polymerizable monomer, exists in two
important tautomeric forms, keto and enol isomers. This compound has been studied as monomer in
polymerization reactions and the resulting polymers have been applied in fields of nanotechnology.
Currently, these are being studied in nanomedicine. To understand the tautomeric equilibrium, we have
studied this compound in solution by NMR spectrometry. Correlation with DFT calculations has been
carried out in order to understand the system behavior. The results found in this work, both by experiments
and calculations, show that the enol content increases with solvent polarity.

� 2014 Elsevier B.V. All rights reserved.
Introduction occur through tautomeric forms of certain compounds, tautomer-
Tautomerism in organic chemistry has been extensively studied
in condensed and gas phase by spectrometric methods on a wide
variety of functional groups, such as carbonilic, nitro and nitrile
compounds [1-4]. Considering that numerous cellular processes
ism has become an interesting field of study. For instance, Benner
discussed different ways in which organic chemistry can be used to
produce artificial DNA molecules that have broad therapeutic
applications in diagnostic tests for disease treatment [5]. The
presence of tautomeric groups in these molecules is of special
importance for that they are discriminated as specific substrates,
according to the environment in which they exist and, therefore,
could make them interesting in biomedicine.
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b-Ketonitriles can present many theoretical tautomeric forms as
it is shown in Scheme 1 [6,7]. Furthermore, c,d-unsaturated b-keto-
nitriles are an interesting family of these compounds due to their
possibility of polymerization. In fact, the studied compound in this
work has been copolymerized with styrene. The copolymerization
behavior and polymer properties were influenced by tautomeric
equilibria [8]. In addition, the synthesized copolymers were nano-
structured to obtain nanofibers for biomedical applications [9].

It is well known that computational tools are of great aid to gain
insights that could help to understand and predict the structure,
stability, and reactivity of organic compounds. Among these, DFT
has proven to be very effective. Keto–enol and nitrile–ketenimine
equilibria of the analyzed compound in the present work, were
previously studied by mass spectrometry [10]. A good correlation
was found in enthalpy changes obtained experimentally and by
density functional theory (DFT) calculations, in which the ketonit-
rile tautomer was favoured. In a previous work, the kinetic and
thermodynamic parameters of tautomerization were calculated.
Moreover, the calculated chemical shifts are in agreement with
the experimental data obtained by 1H NMR and 13C NMR data in
the study of 6-benzoylmethyl-1,3,5-triazin-2,4-diamine [11].

Additionally, solvent effects on tautomeric equilibria in several
b-ketonitriles have been investigated using nuclear magnetic reso-
nance (NMR) spectroscopy and theoretical methods [12]. The
experimental chemical shifts were compared with theoretical val-
ues obtained by using gauge-including atomic orbital (GIAO) calcu-
lations, implemented at DFT.

The main objective of this work is the study of tautomerism in
solution by NMR spectrometry. IR spectroscopy and Gas-Chroma-
tography–Mass spectrometry are also used in order to identify
the compound. Furthermore, a correlation between experimental
and theoretical results was found. The analysis of these simple
structures may help to correlate their reactivity with the chemical
behavior of complex systems, like polymers.
Experimental

Materials

Propionitrile (99.0%, Fluka), Diisopropylamine (99%, Aldrich),
Bultyllithium (1.6 M in hexane, Aldrich), Cinnamaldehyde (98%,
Carlo Erba), Chromium Trioxide–Dipyridine Complex (synthesized
according to literature technique [13]).

Synthesis

2-Methyl-5-phenyl-3-oxo-4-pentenenitrile was obtained
through an adaptation of a method previously described [14,15],
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Scheme 1. Keto–enol and nitrile–ketenimine equilibria for 2-methyl-5-phenyl-3-
oxo-4-pentenenitrile.
using a c-d unsaturated b-hydroxynitrile as intermediate product,
which was later oxidized to obtain the c-d unsaturated b-ketonit-
rile. The product was identified by Gas-Chromatography–Mass
spectrometry, 1H and 13C NMR and FT-IR spectroscopy. Structural
studies have been carried out; the compound is stable in absence
of polymerization initiator.

Structural determinations

1H NMR and 13C NMR spectrometry
1H NMR and 13C NMR spectra of the studied compound were

registered with a Varian Mercury Plus Spectrometer, 200 MHz.
Toluene-d8, chloroform-d1, tetrahydrofuran-d8, acetonitrile-d3

and dimethylsulfoxide-d6 were used as solvents. The spectral con-
ditions were, as follows: width 3201 Hz, acquisition time 4.09 s
and 8–16 scans per spectrum. Digital resolution was 0.39 Hz per
point. Deuterated solvents were used and tetramethylsilane
(TMS) was the internal standard. The sample concentration was
0.41 wt% and the spectra were recorded at room temperature.

Computational methods
The conformational space of the starting conformations

(Scheme 1) was explored using genetic algorithm as implemented
in Balloon software using the Merck molecular force field
(MMFF94) and default parameters [16]. The generated geometries
were then preoptimized with semiempirical PM6 [17] method
using MOPAC package [18]. This step helps to achieve faster con-
vergence in comparison to using more expensive methods directly.

The PM6-optimized geometries were further optimized using
tools from the density functional theory [19–21] as implemented
in the Gaussian 03 package [22]. Only those optimized geometries
lying up to 3 kcal mol�1 above the lowest-energy conformer of
every tautomer were considered for further studies. The energy
threshold of 3 kcal mol�1 provides some confidence that the
contribution of higher energy conformations is less than 1% to
every property measured at 298.15 K, according to the Maxwell–
Boltzmann distribution.

The optimizations are accomplished using the Becke’s three
parameters hybrid density functional [23] with the gradient-cor-
rected correlation functional due to Lee et al. [24], B3LYP method
[25]. 6-311++G⁄⁄ basis set was used.

The Hessian matrix was calculated at the same level of theory
and it was diagonalized for all the optimized geometries to verify
whether they were local minima or saddle points on the potential
energy surface of the molecules. These calculations were also car-
ried out with the Gaussian 03 package.

Solvent effects on the conformational behavior of the studied
compound were analyzed in two ways: implicit solvent through
the integral formalism model (IEFPCM) on B3LYP/6-311++G⁄⁄ opti-
mized structures with B3LYP/6-311++G⁄⁄ and PBE0/6-31G⁄ model
chemistries with UFF and UAKS radii, respectively [26,27]; and
explicit solvent, employing Packmol [28] software to surround
the conformers with a sphere of solvent molecules with radius
10 Å, and then minimized with PM6 semiempirical method. The
last calculation was done to analyze qualitatively interactions
between 2-methyl-5-phenyl-3-oxo-4-pentenenitrile and solvent
molecules. To estimate the Gibbs free energy of a tautomer con-
former employing IEF-PCM model, the following equation was
used:

Gsoln ¼ Ggas þ DGsolv ð1Þ

Gsoln refer to the Gibbs free energy in solution-phase, Ggas estimated
as sum of electronic and thermal free energies (output from a fre-
quency calculation), and DGsolv solvation free energy estimated as:

DGsolv � Esoln � Egas ð2Þ



Fig. 1. 1H NMR spectra (extended zone between 2 and 4 ppm) for 2-methyl-5-
phenyl-3-oxo-4-pentenenitrile in (a) toluene, (b) chloroform, (c) tetrahydrofuran,
(d) acetonitrile and (e) dimethylsulfoxide. ⁄Solvent signal.

Table 1
Enol molar fraction (xenol), keto molar fraction (xketo) and tautomeric constant (KT) of
2-methyl-5-phenyl-3-oxo-4-pentenenitrile in different solvents.

Solvent xenol xketo KT = xenol/xketo

Toluene-d8 0.000* 1.000 0.000
CDCl3 0.041 0.959 0.005
THF-d8 0.161 0.839 0.192
ACN-d3 0.289 0.711 0.406
DMSO-d6 0.358 0.642 0.558

* In toluene, the enol signal does not appear in the spectrum.
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where Esoln and Egas are the electronic energy of the conformer in
the presence and absence of the continuum solvent field, respec-
tively, calculated on conformations optimized in the gas phase. In
this work, we are interested in calculating the difference DGsoln

instead of absolute free energies, in order to estimate the relative
stability between two species. In this way, there are error
compensations.

1H and 13C isotropic shielding tensors were calculated using the
Gauge-Including Atomic Orbital method [30,31] as implemented in
the Gaussian 03 package. C-PCM model was used to simulate ace-
tonitrile effects. The isotropic shieldings are turned into chemical
shifts by two methods: subtracting the corresponding isotropic
shieldings of tetramethylsilane (TMS), which are calculated at the
same level of theory, and using scaling factors [29] (compiled in
cheshirenmr.info).
Table 2
Differences in Gibbs free energy DG (in kcal mol�1) relative to the most stable conforma
solvent model using B3LYP/6-311++G⁄⁄ and UFF radii, and PBE0/6-31G⁄ and radii UAKS, in

Tautomeric form solvent Keto-nitrile (I) Enol-nitrile

Gas phase 0.0 2.9
Toluene (e = 2.3741) 0.0 (0.0) 3.5 (3.1)
CHCl3 (e = 4.7113) 0.0 (0.0) 3.7 (2.9)
THF (e = 7.4257) 0.0 (0.0) 3.8 (2.7)
ACN (e = 35.688) 0.0 (0.0) 4.0 (2.5)
DMSO (e = 46.826) 0.0 (0.0) 4.1 (2.4)
Results and discussion

Scheme 1 shows the theoretical tautomeric equilibria present
for the b-ketonitrile studied: the keto–enol tautomerism through
the keto-nitrile (I) and enol (E and Z)-nitrile (II) forms and
nitrile–ketenimine tautomerism through the keto-nitrile (I), keto-
ketenimine (III) forms. The existence of all these tautomeric forms
in the gas phase has been previously demonstrated by CG-MS [10].
The nitrile–ketenimine equilibrium could not be observed by 1H
NMR spectrometry, due to the lower sensitivity of this method
and the low proportion of keto-ketenimine form (see Correlation
with theoretical calculations section) [32].

The tautomeric equilibrium between (I) and (II) tautomers was
studied by 1H NMR using solvents of different polarity (toluene,
chloroform, tetrahydrofuran, acetonitrile and dimethylsulfoxide).
Analysis of keto–enol equilibrium by 1H NMR consists of taking
certain nucleus as a reference, in which chemical displacement
changes substantially, depending on the tautomeric form consid-
ered. Fig. 1 shows the 1H NMR spectra (extended zone between 2
and 4 ppm) for 2-methyl-5-phenyl-3-oxo-4-pentenenitrile in the
five solvents, together with the assignment of signals for the
keto-nitrile (I) and enol-nitrile (II) forms. It must be noted that this
methodology does not allow distinguishing between the geometric
isomers (IIa and IIb), and thus these equilibria were not evaluated
individually.

The rate of keto–enol interconversion is sufficiently slow on the
NMR time scale to allow the calculation of the tautomeric equilib-
rium constant (K1) from the areas (I), obtained by integration of the
selected peaks on each spectrum. Thus, the signals at d = 2.85, 2.42,
3.12 and 3.06 ppm were assigned to the methyl hydrogen of enol-
nitrile (II) form in chloroform, tetrahydrofuran, acetonitrile and
dimethylsulfoxide, respectively. The corresponding signal in tolu-
ene was not observed. On the other hand, the signals at d = 3.74,
3.45, 3.73, 3.51 and 3.45 ppm were assigned to the methine hydro-
gen of keto-nitrile (I) tautomeric form in toluene, chloroform, tet-
rahydrofuran, acetonitrile and dimethylsulfoxide, respectively. In
order to obtain KT, it is necessary to divide the value of the integral
ratio of the peaks of both tautomeric forms (Iketo and Ienol) by the
number of hydrogen atoms for which integrates, using Eq. (3).

Table 1 presents the xenol xenol ¼ Ienol=3
Ienol

3 þIketo

� �
and KT values for 2-

methyl-5-phenyl-3-oxo-4-pentenenitrile in the analyzed solvents.
As can be seen, xenol and KT grow as the polarity of the solvents
increases, suggesting a higher stabilization of the enol tautomeric
form in more polar solvents.

KT ¼
Ienol=3

Iketo
ð3Þ

In order to quantify the behavior of keto–enol tautomerism in solu-
tion, Kamlet–Taft linear solvation energy relationship has been car-
ried out. [33]

XYZ ¼ XYZ0 þ sp� þ aaþ bb ð4Þ

In Eq. (4), XYZ is the property to be correlated, XYZ0 is the property
related to a standard process, p⁄ is the dipolarity/polarizability
tion for 2-methyl-5-phenyl-3-oxo-4-pentenenitrile calculated with IEF-PCM implicit
parentheses.

Z (IIa) Enol-nitrile E (IIb) Keto-ketenimine (III)

3.8 13.4
3.6 (2.9) 13.7 (12.7)
3.5 (2.1) 13.7 (11.9)
3.4 (1.8) 13.7 (11.5)
3.4 (1.3) 13.7 (10.9)
3.4 (1.2) 13.7 (10.9)



Fig. 2. Structures of the most stable conformations, and DG (in kcal mol�1) calculated in the gas phase relative to the most stable. ⁄ highlighted the repulsive interaction in gas
phase for enol-nitrile E (IIb).
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Fig. 3. Representation of repulsive interaction between OH group and the H-
methylic in enol-nitrile Z (IIb).

Table 3
Comparison between experimental and calculated 13C NMR and 1H NMR chemical
shifts in Chloroform for 2-methyl-5-phenyl-3-oxo-4-pentenenitrile. The isotropic
shieldings are turned into chemical shifts by subtracting the corresponding isotropic
shieldings of tetramethylsilane (TMS). B3LYP/6-311++G⁄⁄/GIAO(scrf)//B3LYP/6-
311++G⁄⁄(gas).

C/H Exp dC Calc dC Exp dH Calc dH

1 124.6 118.1 – –
2 36.5 41.2 3.2 4.4
3 192.3 190.3 – –
4 117.9 115.2 7.8 8.0
5 146.7 145.9 7.1 8.3
6 134.0 131.9 – –
7 128.1 128.0 7.9 8.2
8 129.0 126.4 7.5 7.9
9 129.5 129.8 7.6 8.0
10 17.7 17.3 1.7 1.5
11 – – 2.9 2.0
R2 0.9977 0.9519
RMSE 2.6262 0.6963

See assignment in Scheme 1.
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term, a is the hydrogen-bond donating (HBD) capacity and b is the
hydrogen-bond accepting (HBA) capacity. The coefficient of the
individual interaction contributions can be determined by using
multiple linear correlation analysis. The solvatochromic parameters
p⁄, a and b of different solvents for the square multiple correlation
analysis were tabulated for Kamlet et al. [33] Through this equation,
it was possible to relate the keto molar fraction (xketo) with solvato-
chromic parameters of different solvents. The a parameter was van-
ished because none of the solvents has hydrogen bond donating
power. The regression analysis gave a good linear correlation,
according to Eq. (5).

ln xketo ¼ 0:408� 1:35p� þ 0:27b ð5Þ

n = 5, r = 0.986 SD = 0.009.
In the correlation, n is the number of solvents, r the correlation

coefficients and SD the standard deviation. The term that accom-
plishes to p⁄ is more important than the b term, suggesting that
the solute–solvent dipole–dipole interactions occur preferably.

Correlation with theoretical calculations

The differences in Gibbs free energy DG among most stable con-
formations of keto-nitrile, enol-nitrile and keto-ketenimine in the
gas phase for 2-methyl-5-phenyl-3-oxo-4-pentenenitrile are
shown in Table 2. Fig. 2 shows selected conformations of the tau-
tomers optimized in the gas phase. Some conformations, which
DG exceed 3 kcal mol�1, are also included for illustrative purposes
(structures available in Supplementary Material).

Table 2 also shows the DG calculated in implicit solvents.
According to the data obtained, keto-nitrile form appears to be
the most stable tautomer. Moreover, the enolic tautomers have
similar DG and the less stable structure corresponds to keto-kete-
nimine form.

As it is shown in Table 2, in gas phase the enol-nitrile Z (IIa) tau-
tomer is more stable than the enol-nitrile E (IIb), indicating a pos-
sible repulsive interaction between the methyl group and the OH
group in enol-nitrile E (IIb) isomer, as depicted in Fig. 3, see it also
highlighted in Fig. 2.

In solution, the order is inverted and the difference between DG
enol-nitrile Z and DG enol-nitrile E increases with increasing polar-
ity of the solvent with both theoretical methods, IEF-PCM implicit
solvent model using B3LYP/6-311++G⁄⁄ and UFF radii, and PBE0/6-
31G⁄ and radii UAKS, in parentheses. These results indicate a
relevant solute–solvent interaction. The differences between DG
enol-nitrile and DG keto-nitrile decrease with increasing polarity



Table 4
Comparison between experimental and calculated 13C NMR and 1H NMR chemical shifts
in Chloroform for 2-methyl-5-phenyl-3-oxo-4-pentenenitrile. The isotropic shieldings
are turned into chemical shifts using scaling factors [29] (compiled in cheshirenmr.info)
mPWPW91/6-311+G(2d,p)/GIAO(scrf) // B3LYP/6-311+G(2d,p)(gas).

C/H Exp dC Calc dC Exp dH Calc dH

1 124.6 124.6 – –
2 36.5 42.1 3.2 4.3
3 192.3 192.6 – –
4 117.9 118.6 7.8 7.4
5 146.7 149.9 7.1 8.0
6 134.0 133.4 – –
7 128.1 131.1 7.9 7.9
8 129.0 129.3 7.5 7.6
9 129.5 133.6 7.6 7.6
10 17.7 17.0 1.7 1.6
11 – – 2.9 2.0
R2 0.9982 0.9442
RMSE 2.3054 0.6996

See assignment in Scheme 1.
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of the solvent and are in agreement with the experimental results,
where the more polar solvents favor the enol forms, without dis-
criminating between E or Z tautomer.

It can also be seen in the table that the tendency in the decrease
of DG (or increment of KT, estimated by KT = e(�DG/RT)), studied
experimentally (see Table 1) and by PBE0/6-31G⁄ model chemistry
with solvent effects, is the same. It must be noticed, however, that
the calculated tendency is less pronounced that the experimental
and should be treated in a qualitative manner. On the other hand,
this tendency for B3LYP/6-311++G⁄⁄ model chemistry is accom-
plished only for Z tautomer.

Calculated dipole moments can help us to interpret what is
observed experimentally. The values of this parameter for keto-
(subtracting TMS)

(a)

(subtracting TMS)

(b)

Fig. 4. Correlation of experimental and calculated results of (a) 13C NMR and (
nitrile, enol-nitrile E, and enol-nitrile Z in the gas phase are
3.34D, 4.26D, 4.99D respectively, employing the B3LYP/6-
311++G⁄⁄ model chemistry. This tendency (lketo-nitrile < lenol-nitrile E

< lenol-nitrile Z) is conserved in implicit solvent field and using the
PBE0/6-31G⁄ model chemistry. Those species that have higher
dipole moments are stabilized in more polar solvents. This
proposal is in agreement with the result obtained by Kamlet–Taft
linear solvation energy relationship, Eq. (5), where we said that
the term p⁄ (dipolarity/polarizability) is the most relevant. Then,
the enol forms are more stable than keto form with increasing
solvent polarity. Furthermore, we can explain stabilization of
enol-nitrile Z respect to enol-nitrile E, showed by calculation,
based on the same argument. The latter was not tested experimen-
tally, since the techniques used do not discriminate between the
different forms of enol tautomer.

In order to correlate more experimental parameters with theo-
retical calculations, Tables 3 and 4 present the experimental and
calculated chemical shift values of 13C NMR and 1H NMR and
Fig. 4 shows the correlation between them.

13C NMR correlation (Fig. 4a) shows excellent agreement and all
values correspond to ketonitrile tautomer. Moreover, good correla-
tion is obtained for 1H NMR (Fig. 4b). However, a discrepancy is
present in the tautomeric H, the value 2.9 ppm for the methyl eno-
lic group (11) is compared with 2.0 ppm obtained by theoretical
methods and the experimental value 3.2 ppm for the methinic keto
group (2) is compared with the calculated 4.4 ppm. The discrep-
ancy has been attributed to the exchangeable character of tauto-
meric hydrogen nucleus, the theoretical methods minimize the
solvent interaction of methyl group (11) moving at higher fields
(minor d value) and maximize the solvent interaction of methinic
keto group (2) moving at minor fields (higher d value).

In order to understand the behavior of the system, Fig. 4 repre-
sents the established interaction between the enolic hydrogen and
(using scale factors)

(using scale factors)

b) 1H NMR, in chloroform for 2-methyl-5-phenyl-3-oxo-4-pentenenitrile.



Fig. 5. Graphical representation of interaction between (a) enolic H and DMSO solvent (b) enolic H and CHCl3 solvent.
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the oxygen of DMSO obtained by PM6 calculations (solvent with
mayor value of b, b = 0.76) (Fig. 5a). As this interaction is not pos-
sible in CHCl3 (solvent with minor value of b, b = 0), the molecular
disposition is different (Fig. 5b). This result is in agreement with
the observed experimental behavior.

Another discrepancy was observed in hydrogen nucleus 5, the
rotation in the bond between C(3) and C(4) (see Scheme 1) give
conformations with very different interactions of this hydrogen.
For example, in Fig. 2, the less stable conformation of enol-nitrile
Z (IIa) (7.7 kcal mol�1) and the second conformation of enol-nitrile
E (IIb) (4.3 kcal mol�1), structures with the H of OH close to H (5),
the theoretical chemical shifts is 7.1, equal of experimental value.

The results of this study showed an interesting correlation
between experimental and theoretical data. The combination of
these have allowed to predict structural stabilities.

Conclusion

Keto–enol equilibrium in 2-methyl-5-phenyl-3-oxo-4-pentene-
nitrile was studied by spectrometric and theoretical methods. A
good correlation for the behavior in solution was found between
NMR data and DFT calculations. The results displayed that the
increase in solvent polarity increases the enol content.

A correlation with solvent parameters has been carried out. The
most important parameter in the displacement of tautomeric
keto–enol equilibrium is the term that accomplishes to p⁄ in
Kamlet correlation, indicating that solute–solvent dipole–dipole
interactions predominate. This result is also in agreement with
DFT calculations.

The comparison between experimental and calculated 13C NMR
and 1H NMR chemical shifts showed a good correlation with some
discrepancies in the tautomeric hydrogen nucleus. This could be by
the fact that the theoretical methods used minimize the solvent
interaction with certain nuclei and maximize others.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.molstruc.2014.10.
054. These data include MOL files and InChiKeys of the most
important compounds described in this article.
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