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Abstract

Enaminothiones were prepared, and the effects of aromatic and aliphatic substitutions
on the strength of intramolecular hydrogen bonds were studied via DFT calculations
(0B97XD/6-311++G(d,p)), QTAIM and NCI analyses. The results showed that aromatic
substitutions enhance the strength of hydrogen bonds, as they result in shorter S...N
distances, higher electron density (pBCP), and stronger hydrogen bond energy (35.80—36.69
kJ/mol) than those of aliphatic compounds. NMR measurements confirmed this with greater
chemical shifts of the NH proton in aromatic compounds (15.74-15.88 ppm), and NCI
analysis revealed more negative sign(A2)p values, indicating stronger bonding. This study
confirms the role of substitutions in modifying the strength of hydrogen bonds, which may
have an impact on the design of pharmaceutical compounds and chemically active materials.
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1. Introduction

Enaminothiones are a unique class of heterocyclic compounds of conjugated sulfur-containing
organic compounds characterized by the presence of an extended (HN-C-C=C-C=S) moiety
conjugated with a -system. Enaminothiones increase electron density delocalization, which in turn
affects their acidity, nucleophilicity, and hydrogen bonding activity [1]. The presence of a
vinylogous extension C=C influences the chemical reactivity of enaminothiones by stabilizing
resonance-assisted hydrogen bonding (RAHB) and promoting electronic delocalization between
several atoms [2]. Because hydrogen bonds play a significant role in chemical reactions, biological
phenomena, relationships within condensed phases, crystal engineering, and other fields, predicting
their properties is one of the most significant scientific challenges [3]. Because amines are very
important in pharmacology [4], studying the effects of hydrogen bonds in this research could help
improve the design and effectiveness of compounds of this class. This could lead to more medical
and pharmaceutical uses for these patients. A recent study [5] revealed that compounds derived from
enaminones, such as enaminothiones, possess unique electronic and optical properties that can be
improved by tuning the molecular structure and modifying hydrogen bonds.

Hydrogen bonding is typically characterized as a weak contact between an electronegative proton
donor and an electronegative proton acceptor. Significant work has been devoted to comprehending
unusual hydrogen bonding [6]. For instance: C-H...X [7], X-H...C [8]. The stabilization energy of
intermolecular hydrogen bonding is the difference between the energy of the complex and that of
the isolated molecules [9]. An approach of this kind cannot be considered for intramolecular systems,
and there is no direct method for calculating the energy of the H-bonds that are present within the
molecules themselves [10]. Nevertheless, such relationships are typically satisfied in the context of
homogeneous samples. For instance, in O-H...O systems, the association between the O-H bond
length and H... The O distance has frequently been examined [11]. The energy of the intramolecular
hydrogen bond in this study was calculated using the Espinosa formula [12]. The strength of the
hydrogen bond in the intramolecular hydrogen-bonded systems was evaluated via AIM analysis, and
a significant correlation between the hydrogen bond H...S length and topological properties of the
bond critical points (pBCP) were determined. The bond critical point (BCP) is a good tool for
estimating the strength of hydrogen bonds [13].

The topological characteristics were examined via Bader's atoms in molecules (AIM) theory [14]
to determine the hydrogen bond's bond critical point (BCP) and hydrogen bond energy. Scheme 1
illustrates the enaminothione compounds and their substituents employed as a model to investigate
the strength of the intramolecular hydrogen bond in this work.

S/,fH\N/RCi RlzPhenyl, CH3, CF3
| R,= Phenyl , CH;4
3 ) 2 R;= Phenyl, benzyl
R1 R

Scheme -1 Enaminothione ring with numbering carbon atoms and their substituents

The geometric parameters, length of the NH, S...H hydrogen bond length and S...N distance are
the primary geometric characteristics that characterize the strength of the NH...S hydrogen bonds
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[15]. The studied compounds were optimized via density functional theory (DFT) at the WB97XD
level, and the basis set was 6-311++G(d,p) to obtain the total energy and geometric parameters [16].
The synthesized compounds were identified as enriched by NMR spectroscopy, which revealed the
chemical shift of the NH proton downfield. Since the NCI approach can overcome some of the
drawbacks of the AIM theory and offers a more comprehensive explanation of noncovalent bonding
(hydrogen bonding), it has been utilized recently to investigate a variety of noncovalent interactions
[17]. The synthesis of sulfur ylides and other chemicals has potential applications in industry, labs,
pharmaceutical businesses, medication production, clinical use, medicinal chemistry, and
agrochemistry [18]. However, there has not been as much research done on the characteristics of N-
H...S systems. The molecular structure can be ascertained by considering the hydrogen bond
strength, heavy atom distance, XH chemical shift, XH stretching frequency, and XH bond length
[19-20]. This work aims to identify the strength of the intramolecular hydrogen bond in
enaminothione compounds and to assess the influence of aromatic and aliphatic substituents on the
nitrogen atom via NCI and AIM calculations. These computations yield significant insights into the
strength and stability of the hydrogen bonding of these molecules [21].

2. Computational details

The computations in this investigation were conducted using the Gaussian 16 suite of programs
[22]. Geometry optimizations were conducted at the WB97XD/6-311G++(d,p) level of theory.
Optimizations were conducted for compounds exhibiting intramolecular hydrogen bonds (NH...S).
This study investigated the intramolecular hydrogen bonds in enaminothione derivatives via the
Bader theory of atoms in molecules (AIM) [23]. The AIM approach was expanded and integrated
into Gaussian software by Cioslowski [24]. This analysis was conducted because the electronic
density at the bond critical point (BCP), denoted as pBCP, and its Laplacian, represented as V?pBCP,
are valuable metrics for assessing the relative strength of hydrogen bonding [25]. To assess the
hydrogen bond energy within a molecule, the equation provided by Espinosa et al.[26] was used.
On the basis of the attributes of the electron density distribution in the BCP.

NCI calculations were conducted via DFT with the ®WB97XD method and the 6-311++G(d,p)
basis set. Reduced density gradient (RDG) graphs were produced with the Multiwfn program version
3.8.[27] This software was employed for the analysis of noncovalent interactions (NCIs), hole—
electron dynamics, and excitation parameters. The outcomes of the noncovalent interaction (NCI)
analysis were depicted via visual molecular dynamics (VMD) software, version 1.9.3. This process
results in the generation of isosurfaces [28].

3. Results and discussion
3.1 'H and >C NMR spectroscopy

The results revealed a broad and high chemical shift signal of the NH proton within the range of
14.13-15.88 ppm, as shown in Table 1 and Scheme 2. The NH chemical shifts of the enaminothione
compounds (1, 3, 5, and 7) with aromatic substituents, such as the phenyl ring on the nitrogen atom,
ranged from 15.74 to 15.88 ppm. The clear effect of electron withdrawing in these systems on
chemical shifts may account for the slightly different NH chemical shifts observed in these systems.
Aliphatic substituents in compounds 2, 4, 6, and 8, such as butylamine and benzylamine, resulted in
reduced chemical shifts between 14.13 and 14.77 ppm. Their effect on the electron density directed
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at the nitrogen atom decreases the partial positive charge on the NH proton, leading to a reduced
chemical shift [29]. The NH chemical shift values in the enaminothiones are close to the values
observed in the enaminones, indicating a similar hydrogen bonding effect in both cases [30]. The
observed variations in the NH chemical shifts can be explained by both resonance and inductive
effects of the N-substituents. Aromatic groups (e.g., phenyl) withdraw electron density via resonance
and inductive effects, increasing the deshielding of the NH proton and leading to a downfield shift
(~15.8 ppm). In contrast, aliphatic substituents such as butyl or benzyl groups donate electron density
(+1 effect), reducing NH deshielding and weakening hydrogen bonding, resulting in lower shifts
(~14.1-14.7 ppm). Even though compounds 1 and 2 share a phenyl ring, it is interesting to note that
compound 2 has a smaller NH shift. This is because the steric hindrance of the benzyl group probably
alters and weakens the hydrogen bond geometry. Thus, the unusual chemical shift of compound 2
can be explained by both steric and electronic processes.

The experimental **C NMR spectra of the enaminothones analyzed in Table 1 revealed three
distinct types of signals: C-3 (C=S) was observed within the range of 180.3-207.4 ppm, C-1 (C-N)
was observed within 161.4-168 ppm, and C-2 (vinylic carbon) was observed within 111.2-113.8
ppm in the chelating ring. The C-1, C-2 and C-3 atoms form a chelated ring system that has the
intramolecular hydrogen bond NH...S. The quaternary carbons are easy to identify because of their
higher chemical shifts and lower intensity signals resulting from longer relaxation times and reduced
Overhauser enhancement [31].

Sechem -2 Synthesized enaminothione structures of the compounds studied from 1 to 8.
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Table 1-Experimental 'H and '*C chemical shifts (ppm) obtained at 296 K in CDCls, with TMS used as an internal
reference.

compounds SNH $CH vinylic 5C-1 5C-2 5C-3
1 15.74 6.76 1614 113.6 205.9
2 14.77 6.56 166.6 112.3 202.9
3 15.88 6.65 164 1133 203.6
4 14.37 6.52 166 112.9 199.7
5 15.55 6.28 163.6 113.8 207.4
6 14.13 5.99 164.7 113 201.7
7 15.81 6.81 167.7 111.2 184.3
8 14.47 6.60 168 111.9 180.3

Notably, the effect of the substituents on carbon atoms C-1 and C-3 did not clearly affect the
strength of the intramolecular hydrogen bond because of the balance in the effects of the aliphatic
and aromatic groups on the positions of those atoms. Therefore, the study was limited to the effect
of the substituents on the nitrogen in the chelated ring, as those substituents clearly affect the strength
and stability of the hydrogen bond.

3.2 Hydrogen bond energy in enaminothione

A method for the calculation of the intramolecular hydrogen bond (HB) energy (EHB) by Vbcp
at the bond critical point as an approach for enaminothion compounds has been used for compounds
with resonance-assisted hydrogen bonding (RAHB) [32]. Jabtonski's [33] comprehensive overview
highlights the extensive research on intramolecular hydrogen bond strength. Espinosa proposed one
indirect method, which will be the focus of our attention. Espinosa's method (EM) employs the
topology of electronic density, particularly the correlation between the potential electron energy
density at the bond critical point, V/(rbcp), as shown in Table 3, related to a specific hydrogen bond
and the corresponding energy, as indicated by the empirical expression [26].

E intraHB = EHB = 1/2V (rbcp)

Estimations derived from local parameters, particularly the S...N distance, may produce more
reliable outcomes, as they are directly associated with the hydrogen bond and its localized
interactions [34]. The existing compounds are very appropriate for examining the correlation
between X---Y distances and hydrogen bond strength. Recently, research has shown that the
introduction of electron-donating groups such as N,N-diethylamino significantly affects the
distribution of electron density in a molecule, which may enhance or weaken the strength of
hydrogen bonds [5]. Table 2 shows the geometric characteristics and energy calculations of the
studied compounds.
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Table 2- Geometric parameters calculated in 2(A), "Eng calculated in (kJ.mol) and total energy ZPE calculated in

(Hartree)?.

Compounds H..S S..N Eus Total Energy
A) A) (kJ.mol"") ZPE
(Hartree)
1 2.1060 3.0023 35.80 1263.32536
2 2.1305 3.0129 33.66 1302.63851
3 2.0971 2.9957 36.69 1071.61280
4 2.1241 3.0086 34.09 997.838607
5 2.103 3.0007 35.96 879.900282
6 2.1155 3.0116 34.67 806.127755
7 2.1120 2.9994 35.17 1177.63695
8 2.1215 3.0134 34.27 1103.86423

2 The functional used is WB97XD, and the basis set is 6-311++G(d,p).
°Eyp from the potential energy density at its bond critical point (Vscp).

A correlation between the hydrogen bond energy and the S...N distance for enaminothion
compounds 1-8 is depicted in Fig. 1. Compared between the hydrogen bond energies of aliphatic
and aromatic substituents. The aromatic substituents of compounds 1, 3, 5 and 7 (red dots) presented
stronger hydrogen bonds and shorter S..N distances, whereas the aliphatic substituents of
compounds 2, 4, 6, and 8 (red circles) presented weaker hydrogen bonds and larger S...N distances.
Compared with other intramolecular HBs, the donor—acceptor distance in strong hydrogen bonds is
2.06-2.7 A for the NH... N intramolecular systems and 2.5-2.6 A for NH...O p-enaminones [35].
The S...N distance varies between 2.99 and 3.01 A, according to the data in Table 2. Sulfur differs
from the aforementioned materials because it is larger in size, more polarizable, and less
electronegative than nitrogen and oxygen. This makes its geometric structure less rigid, has a longer
S...N distance and is more flexible, which lowers the hydrogen bond energy. Every hydrogen bond
is classified as part of the moderately strong hydrogen bond class 33.66--35.96 (kJ.mol-1).

37
° y=-137.1x + 447.1
36.5 R?=0.8067
36
35.5
35

34,5

34

Hydrogen bond energy kJ/mole

335
2.99 2.995 3 3.005 3.01 3.015

S..N (A)

Figure-1 Calculated HB energy in kJ.mol™' vs the calculated S..N distance in A. (Red circles refer to aliphatic

substituents, and black circles refer to aromatic substituents).

3.3 Atoms in molecules (AIM) calculations.
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The quantum theory of atoms in molecules (QTAIM) is used to examine the properties of
interatomic interactions [36]. The compounds examined in Table 3 have positive bond critical points
pBCP and Laplacian electron density V2p BCP values, which suggests the existence of noncovalent
bonding characteristics such as hydrogen bonding [37]. All of the compounds H... S bonds have a
low pBCP and V2pBCP > 0. These are characteristics of interactions that take place in a closed shell
interaction [38].

According to Rozas [39], pBCP > 0 and V?pBCP > 0 indicate medium H-bond strength (12.0
kcal/mole < EHB < 24.0 kcal/mole). In the current systems, a medium hydrogen bond strength
(33.66-36-69 kcal/mole) is indicated by the Laplacian at V2pBCP. Through the examination of
energy values derived from DFT calculations and Bader theory in various systems with different
substituents, it has been noted that these systems have convergent energy values at intermediate
hydrogen bond strengths. The potential hydrogen bond energy density (Vecp) values are shown in
Table 3.

Table 3- The topological parameters (electronic densities p (in e/ao®) and Laplacians of electronic densities V2p (in e/ao®)
and Vgcp for BCPs of H... S of the NH... S bridge calculated at the WB97XD/6-311++G (d,p) level of theory.

Molecules p BCP V?p BCP V (recp)
1 0.0376 0.0679 -0.0272
2 0.0357 0.0687 -0.0256
3 0.0384 0.0678 -0.0279
4 0.0362 0.0686 -0.0259
5 0.0379 0.0673 -0.0273
6 0.0367 0.0681 -0.0264
7 0.0371 0.0681 -0.0267
8 0.0362 0.0687 -0.0261

There is a strong relationship between the geometrical and topological characteristics of the
species under study. The distance and electron density of hydrogen bonding H...S interactions
exhibit linear correlations (R?=0.99); as shown in Fig. 2, the pBCP increased as the bond length
S...H decreased. The aromatic substituents of compounds 1, 3, 5, and 7 presented higher pBCP
values and shorter hydrogen bond S...H lengths (black circles), whereas the aliphatic substituents of
compounds 2, 4, 6, and 8 (red dots) presented lower pBCP values and longer hydrogen bond S...H
lengths, indicating that the hydrogen bond strength of aromatic substituents is stronger than the
hydrogen bond strength in the presence of aliphatic substituents in the studied compounds. The
inverse relationship indicates that the pH...S values are essential for evaluating the strength of
hydrogen bonds in the studied systems.
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Figure -2 The correlation between pBCP and H... S hydrogen bond length (A) for the enaminothion compounds. (Red

circles refer to aliphatic substituents, and black circles refer to aromatic substituents).

3.4 Noncovalent interaction (NCI) calculations

The noncovalent contact (NCI) method is a suitable approach for studying hydrogen bonding,
which is a type of weak noncovalent contact [40]. The reduced density gradient methodology is a
prominent topological approach that provides techniques for detecting and displaying noncovalent
interactions (NCIs), which complements the current QTAIM method. It can be efficiently employed
to examine and illustrate several types of noncovalent interactions, including hydrogen bonds, steric
conflicts, and van der Waals interactions [41]. The process of identifying noncovalent interactions
requires analyzing the electron density and its derivatives to locate the specific locations where these
interactions take place precisely. This work enables the creation of graphical representations that
depict these interactions. The NCI index is founded on the correlation between the electron density
p(r) of the hydrogen bond and the reduced density gradient and is defined as follows [42]:

1 |vp|
2(3m2)'? p*3

It enables the visualization of isosurfaces in a reduced density gradient at low densities to
elucidate the position and characteristics of noncovalent interactions in three-dimensional space
[43]. This approach has recently been employed to investigate several forms of noncovalent
interactions, as it can surmount certain constraints of the AIM theory, thereby offering a more
comprehensive depiction of noncovalent bonding [17], [44]. Figure 3 shows the NCI isosurfaces and
plots of the reduced density gradient, with strong attractive interactions depicted in blue
corresponding to hydrogen bonds in the N-H...S bridge, weak interactions in green, and repulsive
interactions in red. These images clearly demonstrate the characteristic intramolecular S...H
interactions of varying-strength hydrogen bonding.

Fig. 3 shows that the compounds (1a, 3a, 5a, and 7a) contained aromatic substituents on the
nitrogen atom, as shown in the RDG plots. There is a spike at a high density of the more negative
values of sign(A2)p in blue at a density close to -0.04 a.u. corresponds to a stronger H-bond in the
NH...S bridge. This is supported by the presence of 3D isosurfaces (Figures 1b, 3b, 5b, 7b) in which
the disk lies between the proton of the amino group as a hydrogen donor and the sulfur atom of the
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C=S group as an acceptor. Compared with the figures (2a, 4a, 6a, 8a), which represent compounds
containing aliphatic substituents on the nitrogen atom, these compounds presented blue spikes in
RDG plots closer to -0.03 a.u., which was less negative than aromatic substituents. The less negative
values of sign(A2)p reflect less attractive forces of H-bonds in the NH...S bridge [41]. The presence
of 3D isosurfaces in Figures 2b, 4b, 6b, and 8b, which contain aliphatic substituents, further support
that the light blue disc lies between the proton of the amino group and the sulfur. In addition, other
spikes with positive values indicate the locked conformations of these molecules resulting from the
formation of intramolecular and hydrogen bonds, as shown in Fig. 3 [44].
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Figure-3 NCI analysis of the studied molecules. (a) Plot of the electron density {sign(A2)p} vs the reduced gradient
density. (b) Gradient isosurfaces. The data were obtained by evaluating ®B97XD/6-311++G(d,p) density and gradient
values on cubic grids. Isosurface of reduced density gradient= 0.5 (dotted line), (1, 3, 5 and 7 refer to aromatic
substituents), (2, 4, 6 and 8 refer to aliphatic substituents).

(8-b)

Fig. 4 shows the relationship between sign(A2)p and pBCP with a linear regression coefficient
R2=0.97. An increase in the negative sign(A2)p value (close to -0.04 a.u. or lower), as shown in Fig.
3, increases the pBCP value, indicating increased electron density in the bonding region of aromatic
substituents (black circles). The aliphatic substituents decreased in sign(A2)p with decreasing pBCP
(red circles). Hence, aromatic substituents confirm the existence of a strongand
stable intramolecular hydrogen bond, NH...S than aliphatic substituents [45]. The correlation
between the sign(42)p and pBCP values facilitates the evaluation of the hydrogen bond strength and
characteristics, which is crucial for comprehending the stability and reactivity of the enriched
compounds [46]. NCI plots reveal that compounds with aromatic N-substituents have stronger
hydrogen bonds (blue spikes at ~-0.04 a.u.), whereas aliphatic-substituted analogs have weaker
connections (spikes near -0.03 a.u.). In aliphatic chains, steric bulk may also obstruct the ideal H-
bond form. These results validate the combined steric and electronic effects of substituents on the
strength of hydrogen bonds.
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Figure-4 Relationship between sign(A2) p(a.u.) and pBCP of H...S. (Black circles refer to aromatic substituents, red
circles refer to aliphatic substituents).

The plot in Fig. 5 illustrates a positive association between the S...H hydrogen bond distance and
the sign(A2)p (a.u.) value, with a linear regression R?>=0.96. A short S...H distance coupled with a
significantly more negative sign of sign(A2)p and a short S...H bond length signifies a strong
hydrogen bond resulting from close proximity and considerable electron density in the bonding
region and related to aromatic substituents (black circles). While less negative values of sign (12)p
and longer S...H bond lengths indicate aliphatic substituents (red circles). By graphing these numbers
(S...H bond length and sign(12)p), the strength and characteristics of hydrogen bonds within a certain
system can be elucidated. Clusters of dots within designated ranges signify varying interaction
strengths, facilitating the distinction between strong and weak hydrogen bonds [41].
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Figure -5 Relationships between the sign(A2) p(a.u.) and the S...H bond length (A) (black circles refer to aromatic
substituents, and red circles refer to aliphatic substituents).
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4. Experimental
4.1 Materials

Commercial suppliers provided all of the chemicals, which were used without further purification.
Additional purification has been applied to certain solvents.

4.2 Synthesis

A two-step procedure was used to synthesize enaminothiones, starting with the creation of
enaminones and ending with their conversion to enaminothiones.

4.2.1 Synthesis of enaminones

Enaminones were prepared by solvent-free mixing of various primary amines with dibenzoyl
methane or benzoyl acetone. The mixture contained 10 mmol of amine and 10 mmol of B-diketone.
The mixture was refluxed and stirred for 2.5 hours. As the mixture was monitored by TLC with a
benzene:petroleum ether (2:1) eluent, it was cooled to room temperature. The product is
recrystallized from ethanol and petroleum ether to obtain 3-enaminones [47]. In another approach,
acetylacetone or 1,1,1-trifluoroacetylacetone and benzylamine or butylamine were combined in a
1:1 molar ratio (10 mmol B-diketone: 10 mmol amine) with the addition of cobalt chloride (0.25
mmol CoCl2-6H20) as a catalyst to produce -enaminone. The solution was stirred for 15 minutes
at room temperature and subsequently examined via thin-layer chromatography employing a solvent
system of benzene and petroleum ether in a 2:1 ratio. The product was extracted with CH,Cl; (2 x
30 mL). Following three brine washes, the organic layers were dried with anhydrous sodium sulfate
and recrystallized from ethanol and petroleum ether. The liquid products were further purified via
vacuum distillation to produce B-enaminones [48]. Scheme 3 shows the process of preparing
enaminone compounds.

_NH2
rcﬂuxed 2.5h )\/L
Ry solvent free pp
R,=phenyle , CH;

R,_ CgHs , CeHsCH, , CgHsCH; , CgHs OCH; , CgHs C1, CgHsN(CH3),, CgHs N(C,Hs),

R
.H
o o} o \N/
b ey, CoC 610
2 2 Strirred 15 min. M\
R4 Ry
R~ CH;, CF

R,. CgHs, CgHsCHy, CgHsCl, (CHy);CH;, CgHs-CH,

Scheme -3 enaminones synthesis
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4.2.2 Synthesis of enaminothiones

To synthesize the enaminothiones, the enaminones described in section 4.2.1 were combined with
Lawson's reagent at a 1:1 molar ratio, and toluene was dried for 45 minutes in an argon environment.
Thin-layer chromatography (TLC) was employed to monitor the reactions involving benzene and
petroleum ether in a 2:1 ratio. The product undergoes purification and separation via column
chromatography utilizing a 2:1 benzene:petroleum ether eluent, as well as thin-layer
chromatography [49]. Scheme 4 shows the process of preparing enaminothion compounds.

.H R
.H R -
O»-’ \N/ 3 8- \N/
LR |
—)-

’ Dry toluen )\)\

/l\)'\ refluxed 45 min R, / R,
R R2

R;= phenyle , CH;3 CF;
R,= phenyle , CH;
R;- CeHs , CgHs CHy , CgHs CH3 , CgHs OCHz, CgHs Cl, CgHsN(CH3),, CgHs N(CoHs),

Scheme -4 enaminothion synthesis
4.2.3 Spectral and analytical data of synthesized compounds

Compound 1: 1,3-diphenyl-3-(phenylamino) prop-2-ene-1-thione

Red crystals; m.p. 162-163°C; IR (KBr) NH broad band at 3150-3500 cm™: C=N, 1595; C=C—
H vinylic 660; C=S 785. *H NMR (400 MHz, CDCl3) § 15.73 (s, 1H), 7.72 (dd, J = 7.6, 2.0 Hz, 2H),
7.37-7.21 (m, 8H), 7.10 (t, J = 7.6 Hz, 2H), 7.01 (t, J = 7.3 Hz, 1H), 6.83 (dd, J = 7.5, 1.7 Hz, 2H),
6.76 (s, 1H); 3C NMR (101 MHz, CDCl3) § 206.91, 162.52, 149.00, 138.05, 135.91, 130.19, 129.75,
129.05, 128.83, 128.45, 128.38, 128.12, 126.93, 125.79, 124.26, 114.74. EIMS m/z (M"): molecular
ion 314.3, base peak 314.3.

Compound 2: 3-(Benzylamino)-1,3-diphenylprop-2-ene-1-thione

Pale red crystals; m.p. 162-16 3C; IR (KBr), NH broad band at 3250-3551 cm™. *H NMR (400
MHz, CDCI3) & 14.78 (s, 1H), 7.94-7.88 (m, 1H), 7.67 (dd, J = 7.4, 2.3 Hz, 2H), 7.52-7.14 (m,
16H), 6.56 (d, J = 1.9 Hz, 1H), 4.49 (d, J = 6.0 Hz, 2H), 1.20 (s, 1H), 1.16 (dd, J = 12.0, 5.0 Hz, 1H).
13C NMR (101 MHz, CDCI13) ¢ 203.84, 185.81, 167.75, 148.76, 136.79, 135.56, 135.35, 132.54,
130.18, 129.41, 128.97, 128.87, 128.76, 128.00, 127.86, 127.45, 127.23, 127.16, 126.95, 113.44,
93.22, 49.04. EIMS m/z (M*): molecular ion, 330.1; base peak, 296.2.

Compound 3: 1-phenyl-3-(phenylamino) but-2-ene-1-thione

Brown red crystals; m.p., 125—127-C. IR (KBr) NH broad band at 3250--3450 cm™: C=N, 1545; C=C-H
vinylic 695; C=S, 768.'H NMR (400 MHz, CDCls) 6 15.82 (s, 2H), 7.74-7.66 (m, 4H), 7.39-7.31 (m, 4H), 7.30
(dd, J=5.2,1.9 Hz, 6H), 7.27-7.16 (m, 6H), 6.65 (s, 2H), 2.16 (s, 6H), 1.18 (s, 1H).23C NMR (101 MHz, CDCl5)
6 203.63, 164.38, 148.70, 137.14, 129.45, 128.06, 127.28, 126.86, 125.35, 113.36, 29.74, 21.88. EIMS m/z
(M*): molecular ion, 252.2; base peak, 252.2.
Compound 4: 3-(butylamino)-1-phenylbut-2-ene-1-thione
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Brown crystals, m.p. 62—64-°C. IR (KBr), NH broad band 3441, C=N, 1600.9, C=C-H, 761, C=S, 890.
1H NMR (400 MHz, CDCI13) 6 14.37 (s, 1H), 7.74-7.65 (m, 2H), 7.35-7.29 (m, 3H), 6.52 (d, J = 2.0 Hz,
1H), 3.50-3.41 (m, 2H), 2.17 (s, 2H), 1.74 (p, J = 7.1 Hz, 2H), 1.53 (dd, J = 16.3, 6.3 Hz, 1H), 1.27 (d, J =
10.3 Hz, 1H), 0.99 (t, J = 7.3 Hz, 3H), 0.92-0.81 (m, OH). 13C NMR (101 MHz, CDCI3) 3 199.70, 166.72,
148.81, 129.32 (d, J = 8.9 Hz), 128.97, 127.93, 126.83, 112.92, 77.28, 43.90, 31.21, 20.95, 20.28, 13.73.
233.2; EIMS m/z (M*): molecular ion 233, base peak 200.2.

Compound 5: 4-(Phenylamino) pent-3-ene-2-thione

Red crystals, m.p., 74—76°C. IR (KBr), NH broad band 3458.3, C=N 1604., C=C-H, 735, C=S, 980. 'H
NMR (400 MHz, CDCls) & 15.51 (s, 1H), 7.42-7.33 (m, 3H), 7.14 (d, J = 8.5 Hz, 4H), 6.28 (d, J = 1.9 Hz, 2H),
3.00 (s, 1H), 2.62 (d, /= 1.8 Hz, 5H), 2.11 (s, 5H), 1.36 (s, 4H), 1.33—-1.27 (m, 1H), 1.25 (s, 3H), 0.92—0.80 (m,
2H). 13C NMR (101 MHz, CDCI3) &6 208.72, 163.15, 135.84, 132.83, 130.09, 129.56, 126.52, 113.98, 77.26,
39.17, 29.72, 21.39. EIMS m/z (M*): molecular ion 225.1, base peak 114.1.

Compound 6: 4-(butylamino) pent-3-ene-2-thione

Oil. 1H NMR (400 MHz, CDCI3) 6 15.82 (s, 1H), 7.48 (dd, J = 8.5, 6.7 Hz, 2H), 7.40 (dd, J = 8.4, 6.3 Hz,
1H), 7.25 (d, J = 8.1 Hz, 2H), 6.80 (d, J = 2.4 Hz, 1H), 2.25 (s, 3H); 13C NMR (101 MHz, CDCI3) 6 183.61,
183.29,167.87,135.90, 129.76, 128.39, 125.18, 121.79, 119.03, 112.41,112.37,112.34, 112.30, 21.75. EIMS
m/z (M*): molecular ion 246.2, base peak 77.1.

Compound 7: 1,1,1-Trifluoro-4-(phenylamino) pent-3-ene-2-thione

Orange crystals, m.p. 56--58C, IR (KBr); NH 3460.3, C=N, 1608.6--1595.3, C=S, 758.2, C=N, 692.4. *H
NMR (400 MHz, CDCl5) 6 15.82 (s, 1H), 7.48 (dd, /= 8.5, 6.7 Hz, 2H), 7.40 (dd, J = 8.4, 6.3 Hz, 1H), 7.25 (d, J =
8.1 Hz, 2H), 6.80 (d, J = 2.4 Hz, 1H), 2.25 (s, 3H). 3C NMR (101 MHz, CDCl3) 6 183.61, 183.29, 167.87, 135.90,
129.76, 128.39, 125.18, 121.79, 119.03, 112.36 (g, J = 3.6 Hz). EIMS m/z (M*): molecular ion 246.2, base
peak 77.1.

Compound 8: 4-(butylamino)-1,1,1-trifluoropent-3-ene-2-thione

Oil. 'H NMR (400 MHz, CDCl3) 6 14.68 (s, 1H), 7.44-7.28 (m, 9H), 6.67 (d, J = 2.1 Hz, 2H), 4.67 (d, /= 5.2
Hz, 4H), 2.21 (d, J = 1.2 Hz, 6H). ®*C NMR (101 MHz, CDCl;) 6 181.31, 180.99, 170.14, 134.50, 129.26, 128.46,
127.50, 122.05, 119.29, 112.32 (q, J = 3.7 Hz), 48.34, 29.89 — 29.31 (m), 21.09. EIMS m/z (M*): molecular
ion 259.2, base peak 91.2.

5- Conclusion

This study confirms the significant effect of substituents on intramolecular hydrogen bonding in
enaminothiones, with aromatic groups increasing the bond strength more effectively than aliphatic
groups. The combination of DFT calculations, QTAIM, and NCI studies provided an exhaustive
understanding of the electrical and geometric parameters influencing these interactions. These
results establish a reliable foundation for predicting and enhancing hydrogen bonding characteristics
in similar molecular systems. Future studies should investigate solvent effects, dynamic behavior,
and various substituent modifications to increase our understanding of the fundamental
characteristics of hydrogen bonding in enaminothiones.
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