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The Bonding Interactions in Fluorinated Vinylogous Amides:
A CF3-Substituted Carbonyl-𝜷-Aminoenone as a Case Study

Edeimis Espitia Cogollo, Eliana Jios, Alejandra Hidalgo, Sonia Elizabeth Ulic,*
Gustavo Alberto Echeverría, Oscar Enrique Piro, and Jorge Luis Jios*

A new perfluoromethylated vinylogous amide, (Z)-4,4,4-trifluoro-1-(2-
hydroxyphenyl)-3-(2-methoxyethylamino)-2-buten-1-one, is chosen as an
example to investigate the bonding interactions in solid state. The Z, s-cis
form is the dominant conformation in both solution and solid state.
Intramolecular hydrogen bonding determines this conformational preference
in a nonpolar solvent (NMR spectra). Carbonyl and phenol groups are
sensitive to the intra- and intermolecular contacts (vibrational spectra). The
supramolecular assembly (X-ray diffraction) is governed by NH⋯O and
OH⋯O strong intermolecular hydrogen bonds giving rise to
center-symmetric R22(16) and R

2
2(12) graph-set motifs. The 𝝅-stacking, F⋯H

and F⋯F interactions are also discussed (Hirshfeld analysis).

1. Introduction

The 𝛽-trifluoromethyl 𝛽-aminoenones, compounds with the gen-
eral formula: RNH-C(CF3)═CH─C═O, are very attractive not
only from a structural insight, but also because they are inter-
esting and versatile building blocks for medicinal chemistry.[1]

Aminoenones are widely used for the synthesis of heterocycles
bioactive and analogs of naturally occurring compounds.[1,2]
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Considering the main skeleton of (Z)-
4,4,4-trifluoro-3-(2-metoxyethylamino)-
1-(2-hydroxyphenyl)-2-buten-1-one (1)
as a 𝛽-aminoenone (𝛽-ketoenamine), it
could belong to the so-called “push–pull
olefins”. When an electron withdrawing
group (EWG) in the 𝛼-carbon atom of
the olefin like trifluoromethyl is taken
into account, the compound becomes a
“capto-dative olefin”.[1,2] Both properties
in the same unit reveal a molecule with
a varied and high chemical reactivity.
The particular properties of the fluorine
atom, such as strong electronegativity,
small size and the low polarizability of
the C─F bond, impact on the behavior
of a molecule in a biological environ-
ment, being the H/F interchange one of

the most employed monovalent isosteric replacements in drug
design.[3,4] The trifluoromethyl group is a very lipophilic,
metabolically stable bioisostere formethyl and chloro-groups and
also can alter biological processes such as the binding with en-
zyme or receptor.[5–10] Recently, trifluoromethyl-substituted com-
pounds were shown to have high activity against the malaria
parasite.[11] This group is seen as a hard electronegative ac-
ceptor group, but close contact between CF3 groups are com-
monly found in the Cambridge Structural Database (CSD). As
was stated such interactions can be rationalized by assuming
a certain degree of polarizability for this group that allows it
to interact favorably.[12] Chemically, the ─CF3 bonded to the C-
2 olefinic carbon of trifluoromethylchromones transforms the
pyran heterocycle into a better Michael acceptor. That is one of
the reasons why the title compound is obtained in mild reac-
tion conditions without catalyst, by 1,4-adittion of methoxy 2-
aminoethane to 2-trifluoromethylcromone. The attractiveness of
this skeleton is complemented by its structural flexibility and
resonance across the conjugated double bond connecting the
amino and carbonyl groups. Aminoenones are vinylogous amide
compounds[13] so that a restriction around the bonds in addi-
tion to conformational and tautomerism equilibria, is expected.
These molecules can establish strong intramolecular hydrogen
bonds N─H⋯O═C. Themain conformation and isomeric forms
are depicted in Scheme 1 using the s-cis/s-trans designation, ap-
plied in dienes to describe the orientation of both unsaturated
bonds with respect to the intermediate single “s” bond, adopted
for enamine systems.[2,13] For the present example the cis/trans
terminology is not strictly correct, since there are no two equal
groups (or hydrogen) around the single bond used as reference.
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Scheme 1. Main configuration and conformation forms around the C═C─C═O fragment in aminoenones.

Scheme 2. Synthesis of 1 via nucleophilic addition and heterocyclic ring opening in protic solvent.

In related trifluoromethyl N,N-disubstituted aminoenones, the
calculated energy difference between the E, s-cis and E, s-trans
structures is less than 2 kcal/mol.[2] Although the most stable
conformation in “push–pull” aminoenones without hydrogen
atom at the amino group is the E, s-cis,[2,13] the presence of an
acidic hydrogen (N-H or NH2) strongly shifts the equilibria be-
tween both species to the Z, s-cis isomer. This class of compounds
are present as individual anancomers as established in closely
related compounds.[14–16] Even more, the stable conformation
generated by this intramolecular hydrogen interaction was ex-
ploited to synthesize Z-selective amides, mediated by a stereo se-
lective reaction pathway.[17] According to the extended resonance
in push–pull aminoenones [RNH─C(CF3)═CH─C═O ↔ RN+H
═C(CF3) ═CH═CO−], a combination of E/Z and cis/trans forms
involving sp2 hybridized atoms are possible (Scheme 1).
In this work, the title compound was obtained by nucleophilic

addition of methoxyethylamine to chromone I followed with
pyran ring opening in a polar protic solvent (ethanol). Scheme 2
shows a plausible mechanism for the synthesis of the vinylogous
amide derivative 1.
The inductive effect of the─CF3 group in I increases the nucle-

ophilicity of C-2. Furthermore, the protic solvent acts as a catalyst
promoting the carbocation resonance structure IIb and favoring
the addition of the amine (III). After proton exchange (IV–V) the
heterocyclic ring opens (VI) with the formation of the phenolic
group. The last step yields compound 1 and the solvent recovers
its proton.
The compound 1 was selected as an example to analyze its

tautomeric and conformational equilibria. Nuclear magnetic res-

onance (NMR) and UV–vis spectroscopy techniques were em-
ployed to evaluate the molecule in solution, whereas the con-
formational preference and intermolecular bonding interactions
in solid state were investigated by vibrational spectroscopies (IR
and Raman) and single crystal X-ray diffraction spectroscopy. The
structural study was complemented with theoretical calculations,
which results were compared with the experimental ones and
were used to assist the assignment of vibrational spectra.

2. Experimental Section

2.1. Synthesis and Characterization of (Z)-4,4,4-Trifluoro-3-(2-
Methoxyethylamino)-1-(2-Hydroxyphenyl)-2-Buten-1-One (1)

Compound 1 was prepared according to a reported procedure[18]

but dissolving reactants in ethanol.[14] The yellow crystalline
solid, re-crystallized twice in hexane (m.p. 104–105 °C) was suit-
able for the spectroscopic studies. Adequate single crystals for
structural X-ray diffraction were obtained from slow evaporation
at 20 °C of concentrated hexane solutions.

1H NMR: 𝛿 = 12.76 (1H, s, OH); 10.5 (1H, br.s, NH); 7.66 (1H,
dd, J = 7.5 and 2 Hz, H-6); 7.39 (1H, ddd, J = 8, 7 and 2 Hz, H4);
6.95 (1H, dd, J = 8 and 1 Hz, H-3); 6.85 (1H, ddd, J = 8, 7 and
1 Hz, H-5); 6.22 (1H, s, C─Hmethine); 3.60 (2H, br.s, CH2─N);
3.59 (2H, s, CH2─O) and 3.45 ppm (3H, s, CH3).

13C NMR: 𝛿 =
194.0 (C═O); 162.6 (C-1); 150.2 (C-CF3, q,

2JC,F = 31 Hz); 135.2
(C-3); 128.4 (C-5); 120.3 (C-6), 120.2 (CF3, q,

1JC,F = 278Hz); 118.9
(C-4); 118.7 (C-2); 88.4 (vinyl, q, 3JC,F = 3 Hz); 71.0 (CH2-O); 59.3
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(CH3) and 44.5 ppm (CH2─N, q,
4JC,F = 3 Hz). 19F NMR: 𝛿 =

-67.0 ppm. UV–vis: 𝜆max (nm) 365, 262, and 221.

2.2. Instrumentation

2.2.1. Infrared and Raman Spectroscopy

Infrared spectra of 1 in KBr pellets were recorded on a LUMEX
Infra LUM FT-02 spectrometer with a resolution of 2 cm−1 in
the range from 4000 to 400 cm−1. Raman spectra of the solid (at
room temperature) were measured in Pyrex standard capillaries
(2.5-mm i.d.) on a Bruker IFS 66 spectrometer (spectral resolu-
tion 4 cm−1), equippedwith a 1064 nmNd:YAG laser, in the range
from 4000 to 100 cm−1.

2.2.2. NMR Spectra

The 1H (200.0 MHz), 19F (188.7 MHz) and 13C (50.3 MHz) NMR
spectra of 1 were recorded at 298 K on a Varian Mercury Plus
200 spectrometer. The sample was dissolved in CDCl3 in a 5 mm
NMR tube. Chemical shifts, 𝛿, for 13C and 1H NMR spectra are
given in ppm relative to TMS (𝛿 = 0 ppm) and are referenced by
using the residual non deuterated solvent signal. For 19F NMR
spectrum, a 0.05% TFA in CDCl3 solution was used as external
reference (𝛿 = −71.0 ppm). Coupling constants, J, are reported
in Hz, and multiplicities are denoted as: s (singlet), dd (double
doublet), ddd (double double doublet), q (quartet), and br.s (broad
singlet). The atom numbering shown in Scheme 1 was adopted
to facilitate the comparison with data reported in the literature.

2.2.3. UV–Visible Spectroscopy

The spectra of 1 in methanol were recorded using a quartz cell
(10 mm optical path length) on a Chrom Tech CT-5700 UV/Vis
spectrophotometer, with 2.0 nm spectral bandwidth. Measure-
ments were carried out in the spectral region from 190 to
700 nm.

2.2.4. X-Ray Diffraction Data

The measurements were performed on an Oxford Xcalibur
Gemini, Eos CCD diffractometer with graphite-monochromated
CuK𝛼 (𝜆= 1.54184 Å) radiation. X-ray diffraction intensities were
collected (𝜔 scans with ϑ and 𝜅-offsets), integrated and scaled
with CrysAlisPro[19] suite of programs. The unit cell parameters
were obtained by least-squares refinement. The unit cell parame-
ters were obtained by least-squares refinement (based on the an-
gular settings for all collected reflections with intensities larger
than seven times the standard deviation of measurement errors)
using CrysAlisPro. Data were corrected empirically for absorp-
tion employing the multi-scan method implemented in CrysAl-
isPro. The structure was solved by direct methods with SHELXS
of the SHELX suite of programs[20] and the molecular model re-
fined by full-matrix least-squares procedure on F2 with SHELXL
of the same package. ORTEP-3[21] andMercury[22] programswere
used for molecular graphics.

The hydrogen atomswere positioned stereo-chemically and re-
fined with the ridingmodel. Themethyl and hydroxyl groups’ an-
gular locations were optimized during the refinement by treat-
ing them as rigid bodies which were allowed to rotate around
the O─CH3 and C─OH bonds, respectively. The CH3 group con-
verged to a staggered position and the OH one onto the molec-
ular plane. Crystal data, structure refinement results and struc-
tural parameters of 1 are summarized in Table S1, Supporting
Information and have been deposited at the Cambridge Crystal-
lographic Data Centre (CCDC). Any request to the CCDC for this
material should quote the full literature citation and the reference
number CCDC 2014031.

2.3. Computational Methods

Theoretical calculationswere performed using the programpack-
age Gaussian 03.[23] Scans of the potential energy surface, opti-
mizations, and vibrational frequency calculations of possible con-
formers of 1 were carried out with the density functional theory
(B3LYP) method,[24–26] employing the 6-311++G(d,p) basis set.
The calculated vibrational properties correspond, in all cases, to
potential energy minima with no imaginary values for the fre-
quencies. The theoretical electronic spectrumwas predicted with
TD-DFT (B3LYP/6-311++g(d,p)), and the polarizable continuum
model (PCM) was used to consider the solvent effect (methanol).

2.4. Hirshfeld Surface (HS) Calculations

The HS analysis was used to investigate, in detail, the character-
istics of the crystal packing. HS and their associated 2D finger-
print plots (2D FP) were performed using the CrystalExplorer17
program.[27] The structural parameters of 1 were taken from the
CIF file.
The 3D dnorm (normalized contact distance) surface was

mapped over a fixed color scale of −0.1080 au (red) to +0.7070
au (blue) Å. The 2D FP, whose shapes are typical for certain
close contacts, were displayed by using the translated 1.0 —
2.8 Å range and including reciprocal contacts. Shape index and
curvedness functions were also computed, since they allow for
intuitive recognition and visual analysis of interactions between
molecules.[28–31]

3. Results and Discussion

3.1. Crystallographic Structural Results

An ORTEP[21] drawing of 1 is shown in Figure 1 and a selection
of inter-atomic bond distances and angles are presented in Ta-
ble 1. As expected, the o─HOC6H4─C(O)─CH═C(CF3)─NH-R
molecular skeleton is nearly planar (rms deviation of non-
H atoms from the least square plane of 0.070 Å) since the
𝜋-bond delocalization extends throughout the molecular
framework. In addition, the O─H⋯O and N─H⋯O in-
tramolecular hydrogen bonds reinforce the molecular planarity,
being the last interaction also responsible for the observed
Z-configuration in the crystalline lattice. The forms I–II

Cryst. Res. Technol. 2021, 56, 2000162 © 2020 Wiley-VCH GmbH2000162 (3 of 10)

 15214079, 2021, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/crat.202000162 by U

N
LP - U

niv N
acional de La Plata, W

iley O
nline Library on [30/10/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

http://www.advancedsciencenews.com
http://www.crt-journal.org


www.advancedsciencenews.com www.crt-journal.org

Table 1. Selected experimental and calculated bond lengths [Å] and angles [°] for 1.

Parameters Exp. Calc.
a)

Parameters Exp. Calc.
a)

Bond lengths

C(1)─O(1) 1.349(3) 1.341 C(8)─C(9) 1.365(4) 1.376

C(1)─C(6) 1.407(4) 1.423 C(9)─N 1.338(4) 1.344

C(6)─C(7) 1.472(4) 1.479 C(11)─N 1.456(4) 1.461

C(7)─O(2) 1.252(3) 1.263 C(12)─O(3) 1.397(4) 1.414

C(7)─C(8) 1.440(4) 1.442 C(13)─O(3) 1.394(4) 1.417

Bond angles

O(1)─C(1)─C(2) 117.3(3) 117.3 N─C(9)─C(8) 125.2(3) 125.2

O(1)─C(1)─C(6) 122.3(3) 122.7 C(8)─C(9)─C(10) 117.9(3) 117.9

C(1)─C(6)─C(7) 120.1(3) 119.4 N─C(11)─C(12) 110.7(3) 109.7

O(2)─C(7)─C(8) 119.8(3) 120.0 O(3)─C(12)─C(11) 114.8(3) 108.0

O(2)─C(7)─C(6) 119.6(3) 119.1 C(9)─N─C(11) 131.1(3) 129.2

C(9)─C(8)─C(7) 123.1(3) 122.9 C(12)─O(3)─C(13) 115.3(3) 113.6

Torsion angles

C(2)─C(1)─C(6)─C(7) −179.5(3) −180.0 C(8)─C(9)─N─C(11) −174.2(3) 173.7

C(1)─C(6)─C(7)─C(8) 178.3(3) 179.4 O(1)─C(1)─C(6)─C(5) 179.7(3) −179.9

C(6)─C(7)─C(8)─C(9) 175.7(3) −179.6 N─C(9)─C(8)─C(7) 0.7(5) −1.4

O(2)─C(7)─C(6)─C(1) −2.3(4) −0.5 O(2)─C(7)─C(8)─C(9) −3.7(5) 0.3

N─C(11)─C(12)─O(3) −64.1(4) 60.4 C(11)─C(12)─O(3)─C(13) −85.9(4) −120.5

a)
[B3LYP/6-311++G(d,p)].

Figure 1. Drawing of dimeric 1, showing the labeling of the non-H
atoms and their displacement ellipsoids at the 30% probability level. The
molecules in the dimer are symmetrically related to each other through a
crystallographic inversion center. The H-bonding structure is indicated by
dashed lines.

and I–III (Scheme 3) can be interpreted as a part of the
Resonance Assisted Hydrogen Bond (RAHB) synergistic 𝜋-
delocalized model conferring the higher planarity observed
for the o-hydroxybenzoyl, (HOPh(C═O); rms of 0.008 Å) and
ketoenamine (─C(O)─CH═C(CF3)NHCH2─; rms of 0.028 Å)
groups. The latter resembles the one that produces peptide
bond planarity [─C(═O)─NH─ ↔ ─C(─O−)═N+H-], reinforcing
the vinylogy concept since the ketoenamine system acts as an
amide vinylogous. Observing the bond distances between the

Table 2. Experimental and calculated intramolecular and experimental in-
termolecular hydrogen bond distances (Å) and angles (°) for 1.

D─H⋯A
a,b)

d(D─H) d(H⋯A) d(D⋯A) ∠(D─H⋯A)

Intramolecular

N─H(0)⋯O(2) 0.86 (1.02)
b)

1.98 (1.86)
b)

2.655(3) (2.664)
b)

134.0 (132.9)
b)

O(1)─H(1)⋯O(2) 0.82 (0.99)
b)

1.83 (1.64)
b)

2.540(3) (2.537)
b)

144.5 (148.1)
b)

Intermolecular

N─H(0)⋯O(1′)
a)

0.86 2.37 3.101(4) 142.5

O(1)─H(1)⋯O(2′)
a)

0.82 2.43 2.908(3) 118.3

a)
Symmetry code: −x,−y+2,−z b)

Calculated (B3LYP/6-311++G(d,p)) values in
parenthesis.

carbonyl atom (C7) and both 𝛼-C atoms (C6 and C8), the C7-C8
[d(C─C) = 1.440(4) Å] is shorter than C6-C7 [d(C─C) = 1.472(4)
Å]. Although both bonds are affected by charge delocalization
according to the RAHB model, the former corresponds to an
amide vinylogous that explain its increases in bond character.
Because the weaker intramolecular N─H⋯O hydrogen bond
(compared with the O─H···O ones), the enamine moiety
depart slightly from co-planarity with a dihedral angle of 6.2(2)°.
The overall planar conformation is further stabilized by a pair
of strong intra-molecular Ph─OH⋯O⋯HN< bonds [O1⋯O2
and N⋯O2 distances of 2.540(3) and 2.655(3) Å]. Particularly
important is the resonance within the bonding structure of the
o-hydroxyacetophenone group, HOPh(C═O), and between the
C8═C9 [d(C─C)═1.365(4) Å] and C9═N [d(C─N) = 1.338(4) Å]
double bonds.
As shown in Figure 1 and Table 2, neighboring (inversion re-

lated) molecules in the lattice are arranged as planar dimers,
linked through intermolecular N─H⋯O(1′) and O1─H1⋯O(2′)

Cryst. Res. Technol. 2021, 56, 2000162 © 2020 Wiley-VCH GmbH2000162 (4 of 10)
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Scheme 3. Representative resonance structures of 1, showing the 𝜋-delocalized electrons across the planar conjugated phenyl – ketoenamine system.

Figure 2. Crystal packing of 1, showing the R22(12) and R
2
2(16) graph-set motifs. The centre-symmetric dimers are connected by intermolecular hydrogen

bonds (dashed lines).

bonds [d(N⋯O1′) = 3.101(4) Å and d(O1⋯O2′) = 2.908(3) Å].
The N─H⋯O(1′) interaction associates neighboring molecules
through the N─H amino group and the acceptor oxygen atom
of the phenol group, leading to center-symmetric R2

2(16) dimers
in a supramolecular assembly. Besides, the O1─H1···O(2′) con-
tacts link the molecules into a second center-symmetric dimmer
originating R2

2(12) graph-set motifs (see Figure 2).

3.2. Quantum Chemical Calculation

The geometrical parameters for the most stable conformation to-
gether with the experimental ones are showed in Table 1 for a
better comparison. In the calculated structure, three planar moi-
eties (the aromatic ring and two six-atom pseudo-rings connected
successively by O─H⋯C═O and C═O⋯H─N hydrogen bonds)
define a central plane in the molecule. The interatomic distances
and angles are in good agreement with the observed ones in
the crystal lattice. The carbonyl group is of crucial importance
to keep the aforementioned planarity, both in the crystalline net-
work and in the optimized conformation in vacuum. TheC─O in-
teratomic distance (exp.: 1.252(3) Å, calc.: 1.263 Å) is characteris-
tic of double bond 𝛼, 𝛽-unsaturated carbonyl systems, coplanar to
both the aromatic and the enaminomoieties withO2C7C6C1 and
O2C7C8C9 dihedral angles of −2.3(4)° (calc. −0.5°) and −3.7(5)°
(calc. 0.3°), respectively.
Moreover, the RAHB model[32] allows explaining the

electronic charge delocalization along the bonds in the
O═C7─C8═C9─N─H and the O═C7─C6═C1─O─H pseudo

rings. The C7─C8 bond (exp. 1.440 Å; calc. 1.442 Å) is shorter
than the C6─C7 bond (exp. 1.472 Å; calc. 1.479 Å) distance, sug-
gesting that the charge is more effectively delocalized through
the O = C7-C8 = C9-N-H moiety. Regarding to the typical single
C─C distance, C6─C7 and C7─C8 show bond order greater
than the unity as observed when comparing with C9─C10 and
C11─C12 bond distances with values of 1.503 Å (calc.1.525 Å)
and 1.504 Å (calc.1.519 Å), respectively.
The calculated intramolecular inter-atomic O1⋯O2 and

O2⋯N distances and O1⋯H⋯O2 and O2⋯H⋯N angles, in-
volved in the hydrogen bonds, are 2.537 Å, 2.664 Å, 148.1°, and
132.9°, respectively. Values of 2.540 Å, 2.655 Å, 144.5° and 134.0°,
respectively, are obtained from X-ray diffraction analysis (see Ta-
ble 2). This good agreement between theoretical and experimen-
tal results highlights the relevance of these interactions, in both
solid and gas phase, to stabilize the predicted conformation.
The orientation of the methoxyethyl group with respect to the

ketoenamine plane is the main difference when the most stable
conformation is compared with the molecule in the crystal. In
the optimized structure the alkyl chain is rather out of the plane,
while the experimental conformation strongly deviates from the
same plane with C9NC11C12 torsion angle values of 15.5° (calc.)
and 122.3 (exp.), see Table 1.

3.3. HS Results

TheHSof 1mapped over dnorm, presented inFigure 3, clarifies the
nature and extent of the intermolecular interactions. The short

Cryst. Res. Technol. 2021, 56, 2000162 © 2020 Wiley-VCH GmbH2000162 (5 of 10)
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Figure 3. Hirshfeld surfaces (HS) of 1 mapped over dnorm. Front (left) and opposite (right) view. See text for labels description.

Figure 4. a) 2D Fingerprint plots of all contacts; b) O⋯H / H⋯O; c) F⋯H / H⋯F; d) C⋯H / H⋯C; e) H⋯H and f) F⋯F contributions of interactions.

and dominant intermolecular contacts are shown as bright red
areas on the HS, indicating the existence of hydrogen bonding
(HB) interactions. As was stressed above, the molecules are ar-
ranged antiparallel as center-symmetric dimers in the solid to
maximize the intermolecular contacts. Although in the HS front
view the molecule exhibits no significant interactions, the oppo-
site view (rotated 180° around the plot horizontal axis) shows the
most important contacts.

The two strong reciprocal O1─H⋯O2′ and O2⋯H—O1′ and
O1⋯H─N′ and N─H⋯O1′ hydrogen bond interactions are la-
beled with 1 and 2, respectively, whereas that the two weak
O1⋯H12A─C12′ and C12─H12A⋯O1′ contacts (small red cir-
cles of low intensity, see Figure 3) are displayed as 3.
The 2D FP of 1 are depicted in Figure 4, and the relative contri-

bution of themain intermolecular contacts to theHS area is visu-
alized in Figure 5. The strong O—H⋯O hydrogen bond interac-
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Figure 5. Relative contribution [%] of intermolecular contacts to the HS area of 1.

Figure 6. Shape index surface of 1. Front (left) and back (right) view.

tions are indicated as a pair of quite symmetric narrow spikes at
around (de+di) of 2.05 Å and contribute with 14% to the total HS.
Besides, the F⋯H/H⋯F contacts show similar 2D FP feature,
but with spikes at around (de+di) of 2.75 Å with 22% contribution
to the HS. Crystallographic results evidence F⋯H interatomic
distances of 2.783 Å. Other unconventional contacts such as
H⋯H[33] and F⋯F,[34,35] which have been reported as not negli-
gible, also promote the stabilization of themolecule in the crystal
lattice. TheHˑˑˑHand FˑˑˑF contacts represent 35% (main contri-
bution) and 5%, respectively, of the total area and fluorine atoms
seem to be important in the arrangement of the molecule. In the
full FP, that shows all the contacts (Figure 4a), light blue and
green areas observed along the diagonal of the graph are indica-
tive of 𝜋-stacking interactions, consistent with the FP results for
C⋯H and C⋯C interactions, and with the percentage of H⋯H
contributions.
Considering the crystallographic results, the interaction be-

tween fluorine atoms could be favored since trifluoromethyl
groups are stacked side by side and face each other with fluo-
rine atoms belonging to the next row of molecules (Figure S4,
Supporting Information). According to recently reported results,
close “negative–negative” contacts between CF3 groups occur by
polarization of C—F bonds by the field exerted when the atoms
approach.[12] In this way themultiple F⋯F interactions, although

weak, can influence themolecular geometry. The shortest F2⋯F3
interatomic distance found in the crystal was 3.088 Å.
HS is not equivalent on both sides since the molecule is

not plane, which is better displayed on the shape index graphs,
and the front and back surface views of 1 are shown in Fig-
ure 6. The red and blue triangles (1) in the front view denote
the self-complementary hollow and bump region. It involves the
H—O1—C1—C6—C7—O2 pseudo ring of both related inver-
sion center molecules. The intermolecular O1⋯C7 distance and
C1O1C7 angle are 3.38 Å and 107°, respectively, whereas the
intermolecular O1⋯O2 distance is 3.21 Å. These distances are
lower than the sum of the vdW radii. A high charge delocaliza-
tion, supported by resonance assisted hydrogen bond, character-
izes the pseudoring.
The pair of complementary contacts (2) is established between

the carbonyl oxygen O2 (back view) and the C4—C5 carbons be-
longing to the phenyl ring (front view). Precisely, the C4-C5 (1.371
Å) is the shorter bond distance of the phenyl ring. The phenyl
and the pseudo H—O1—C1—C6—C7—O2 ring are parallel-
displaced with an interplanar distance of 3,37 Å, and the inter-
molecular O2C4 and O2⋯C5 contacts are 3.59 Å and 3.52 Å, re-
spectively. The Mercury packing diagram19 allows a better view
of the molecules arranged in the stacking (see Figure S5, Sup-
porting Information). The complementary contact (3) is themost
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Table 3. Experimental and calculated frequencies (cm−1) and assignment
of the fundamental vibrational modes of 1.

Experimental
a)

Calculated
b)

Assignment
f)

IR
c)

Raman
d)

Frequency
a)

Intensity
e)

3164 (vw) 3131 (4) 3300 514 (14) 𝜈(O1─H)

1623 (vs) 1622 (60) 1659 587 (8) 𝜈(C7═O2); 𝜈(C═C)ar

1363 (m) 1356 (60) 1390 88 (56) 𝛿(N─H); 𝜈as(C8─C9─N)

1304 (vs) 1304 (43) 1337 151 (13) 𝜈(C1─O1)

1191 (s) 1193 (8) 1205 125 (4) 𝜈s(CF3); 𝜈as(C9─N─C11)

1146 (m) 1148 109 (2) 𝜈as(CF3); 𝛿(C─H)ar - oph

1131 (vs) 1130 (7) 1146 244 (1) 𝜈as(C12─O3─C13)

1085 (m) 1085 (6) 1111 295 (<1) 𝜈as(CF3)

971 (w) 972 (6) 977 28 (4) 𝜈s(C12─O3─C13)

817 (s) 822 (25) 831 112 (<1) 𝛾(O─H)

787(vvw) 778 (1) 808 13 (<1) 𝛾(N─H)

a)
In cm−1 b)

B3LYP 6-311++g (d,p)
c)
vs, very strong; s, strong; w, weak; vw, very

weak; sh, shoulder
d)
Raman relative intensities, in parentheses

e)
Calculated IR In-

tensities in km mol−1, and calculated Raman intensities between parentheses
f)
𝜈,

𝛿, 𝛾 , represent stretching, in plane deformation, out-of-plane deformation modes,
respectively.

visible, with large and deep red/blue zones. It shows the C⋯H
interaction between the C8-C9 carbon atoms (front view) and
the H11B hydrogen (back view). The intermolecular distances of
C8⋯H11B and C9⋯H11B contacts are 3.05 Å and 2.98 Å, respec-
tively. Considering the interatomic distances within the pseudo
ring, the C8—C9 bond is the shorter C—C bond with a higher
double bond character that could explain the intensity of this
interaction. The 𝜋⋅–𝜋 stacking interactions are better observed
in the Curvedness surface representation. The front and back
view plots of 1 are characterized by broad and relatively flat areas
surrounding the phenyl and the resonance assisted hydrogen
bond pseudo rings (Figure S5, Supporting Information).

3.4. Vibrational Spectra

The IR and Raman tentative assignment of the most relevant
vibrational modes for the characteristic functional groups (ob-
served and computed frequencies) are presented in Table 3 (See
experimental spectra and complete vibrational modes assign-
ment of 1 in Figure S7 and Table S6, Supporting Information).
This new 𝛽-aminoenone (1) has C1 symmetry and all normal

vibrational modes are active in both IR and Raman. The very
weak IR band observed at 3164 cm−1 and at 3131 cm−1 in Raman
(calc. 3300 cm−1) is attributed to the OH group. Considering that
the freeO—Hstretching vibration in phenols is detected as sharp
bands in the region of 3700–3600 cm−1 in the gas phase, the low
frequency observed for this vibration in 1 indicates its participa-
tion in HB interactions. The HB is evidenced by the remarkable
red shift of the O—H stretching band. An intramolecular hydro-
gen bond is highly favored when, as a consequence of the interac-
tion, a 5- or 6-membered pseudo ring structure is generated.[36–38]

The Raman band at 1356 cm−1 is attributed to the OH in plane
bending, and the strong IR band at 817 cm−1 (Raman 822 cm−1)
to the out-of-plane bendingmode. The position of this band (blue

Figure 7. a) Experimental (Gauss fitted) and b) calculated electronic spec-
tra of 1.

shifted) also evidenced the participation of the O─H group in the
HB interactions.
The N—H stretching band was not observed in both spectra,

probably because of its low intensity. The in plane deformation
of the N—H group can be attributed to the band at 1363 cm−1

(IR) and 1356 cm−1 (Raman), and the out-of-plane bending, ex-
pected at 808 cm−1, is assigned to the very weak IR band at 787
cm−1 (Raman: 778 cm−1) and in accordance with reported values
of related compounds.[39,40]

The 𝜈(C═O) stretching is assigned to the very strong IR band
at 1623 cm−1 and to the weak absorption at 1622 cm−1 in Raman
(Calc. 1659 cm−1). The location of this mode reveals its involve-
ment in intra and intermolecular interactions. Moreover, the
C═O stretching is strongly coupled with the 𝜈(C8 = C9), which
is expected at 1662 cm−1, as observed in related compounds.[41]

The strong IR absorption at 1304 cm−1 is attributed to the C═O
stretching of the phenyl group, whereas that the corresponding
to the methoxy moiety can be described as asymmetric and sym-
metric stretchings at 1131 and 971 cm−1, respectively.
The IR bands located at 1191, 1146, and 1085 cm−1 (Calc.:

1205, 1148 and 1111 cm−1) are assigned to the 𝜈sCF3, 𝜈asCF3 and
𝜈asCF3, respectively.
Moreover, the 𝛿(C1–C6–C7) deformation mode of aliphatic

moiety is attributed to the Raman band at 385 cm−1. No infrared
counterpart was observed, since the band is located out of the
spectrophotometer measurement range.

3.5. Electronic Spectra

Calculated and experimental (2.45 10−5m) electronic spectra of
1, using methanol as solvent, are shown in Figure 7. The wave-
lengths and the oscillator strengths of the observed bands, the
corresponding calculated values, and a tentative assignment of
the electronic transitions of 1 are presented inTable 4. The oscilla-
tor strength (f) is a valuable parameter associated to the intensity
of the transitions, and it can be calculated from the experimen-
tal molar extinction coefficients (𝜖) (see Figure S8, Supporting
Information).[42] TD-DFT calculations also provide the values of f,

Cryst. Res. Technol. 2021, 56, 2000162 © 2020 Wiley-VCH GmbH2000162 (8 of 10)
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Table 4. Experimental and calculated electronic spectra and tentative as-
signment of most relevant electronic transitions of 1.

Experimental Calculated
b)

𝜆 [nm] f
a)

𝜆 [nm] f
c)

Assignment %

210 0.430 193 0.357 HOMO-3→ LUMO + 2 68

241 0.191 234 0.158 HOMO-1→ LUMO + 2 96

273 0.010 265 0.071 HOMO-3→ LUMO 80

308 0.143 323 0.283 HOMO-1→ LUMO 91

364 0.120 358 0.398 HOMO→ LUMO 93

a)
f = 4.32⋅10−9 ∫𝜖d𝜐

b)
B3LYP/6-311++g(d,p) c)

Oscillator strength in atomic units

which were considered for the observed absorptions assignment.
Particularly, for some transitions the experimental and calculated
values fit well, and only the dominant transitions (f > 0.1) were
considered to assign the observed bands (the main molecular or-
bitals involved in the electronic transitions are depicted in Figure
S9, Supporting Information). The intense absorption observed at
210 nm is generated by the contribution of one electron transi-
tions HOMO-3 → LUMO+2 (calc. 193 nm), and corresponds to
excitations from 𝜋 orbitals of the phenyl ring and non-bonding
orbitals of the carbonyl oxygen atom to 𝜋* of the aromatic moiety.
The band at 241 nm arise fromHOMO-1→ LUMO+2 transitions
(calc. 234 nm), and it is mainly dominated by 𝜋 → 𝜋* transitions
involving the phenyl ring with a contribution of non-bonding or-
bitals of both oxygen and nitrogen atoms.
The absorptions at 273, 308 and 364 nm (Calc. 265, 323 and

358 nm) are originated by HOMO-3 → LUMO, HOMO-1 →
LUMO+2, and HOMO→LUMO excitations, respectively. These
bands are substantially dominated by 𝜋 → 𝜋* excitations within
the aromatic fragment, with the participation of 𝜋 orbitals of
C═C bond and non-bonding orbitals of the oxygen and nitrogen
atoms.
The calculated Δ(HOMO-LUMO) energy gap for 1 was 3.9620

eV, a value that is in very good agreement with that found
for (Z)-4,4,4-trifluoro-1-(2-hydroxyphenyl)-3-(methylamino)-2-
buten-1-one.[14]

3.6. NMR Spectra

The 1H, 13C, and 19F NMR spectra (Figures S1–S3, Supporting
Information) are consistent with the presence of a single species
in DCCl3 solution (only one set of signals was detected). The
analysis of tautomers that can exist in equilibrium for related
aminoenones revealed that only one of the tautomeric forms is
predominant in solution.[14,15] NMR spectra indicate that the con-
formation of 1 is Z, s-cis (scheme 1). This structure is shaped
by the resonance contributors represented in Scheme 2. The two
most deshielded signals at 12.76 and 10.5 ppm in the 1H NMR
were assigned to the protons linked to the phenol and amino
groups, respectively, which are also bonded to the same carbonyl
oxygen acceptor, showing a strong intramolecular interaction. In
comparison with the results in solid state in nonpolar solvents,
the absence of possible interactions with the solvent reinforces
the intermolecular HB. The singlet at 6.22 ppm, that integrates
for one hydrogen atom, has a diagnostic value since it confirms

the existence of the methine group in the pseudo ring of the 𝛽-
enamino keto tautomer.
The most deshielded 13C NMR signal at 194.0 ppm, as-

signed to the carbonyl carbon atom, is influenced by both
the hydrogen bond and the RAHB effect. The methine sig-
nal at 88.1 ppm confirms the aminoenone tautomer. The sin-
glet at −67.0 ppm in the 19F NMR spectrum is close to
the values found for (Z)-4,4,4-trifluoro-3-(2-hydroxyethylamino)-
1-(2-hydroxyphenyl)-2-buten-1-one and (Z)-4,4,4-trifluoro-1-(2-
hydroxyphenyl)-3-(methylamino)-2-buten-1-one.[14,15]

4. Conclusions

In this work, the perfluoromethylated amide vinylogous (Z)-
4,4,4-trifluoro-1-(2-hydroxyphenyl)-3-(2-methoxyethylamino)-2-
buten-1-one 1was taken as a case study to investigate its behavior,
and extend it to this class of compounds, in the crystalline lattice
and in solution. It also highlights how decisive the hydrogen
bond and other weak interactions are in the final conformation
adopted for the molecule. The Z, s-cis configuration was the only
form found in the crystal. The molecule is nearly planar due to
the extensive 𝜋-conjugation and the intramolecular hydrogen
bonds involving the phenol ring and the enamine moiety. They
form two pseudo rings with the same acceptor carbonyl oxygen
atom. The same donating and acceptor groups participate in the
supramolecular assembly forming center-symmetric dimers.
This class of stacking was found in a related molecule, leading
to a common pattern for such compounds. The interatomic
distances in both pseudo rings are affected by the charge delo-
calization according to the RAHB model, but the single bond
between the carbonyl and the 𝛼-vinyl carbon atoms is shorter
than the distance with the opposite 𝛼-carbon atom of phenyl
ring. The high bond order character found for the former was
explained based on the amide vinylogous concept. In addition,
vibrational spectra were sensitive for monitoring the intra- and
intermolecular contacts. Particularly, the carbonyl and hydroxyl
groups show absorption wavenumbers that indicate strong HB
interactions. The electronic spectra show that the bonding and
antibonding orbitals of the aromatic ring are mostly involved in
the most significant electronic transitions of 1. The intramolec-
ular hydrogen bonds are also decisive when 1 is dissolved in
aprotic solvent, since the only form observed is also the Z, s-cis,
as confirmed by NMR spectra.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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