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a b s t r a c t

A set of three N-(diethylaminothiocarbonyl)benzimido derivatives was structurally characterized by solid
state single crystal X-ray diffractometry. The temperature, standard molar enthalpies, and entropies of
fusion were measured and derived using differential scanning calorimetry, including two more deriva-
tives, whose structures have been published before. The compounds were further analysed by solid state
FTIR spectroscopy and the experimental FTIR spectra were compared with the calculated gas phase spec-
tra at the B3LYP/6-311+G(d) level of theory. The structural results for the set were further used in the
interpretation of thermophysical phase transition properties of the title compounds. A detailed molecular
picture of N-(diethylaminothiocarbonyl)benzimido derivatives was obtained from Natural Bond Order
(NBO) analysis. The combination of the applied methods reveals a deeper insight into the structures of
this type of compound.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

N-(diethylaminothiocarbonyl)benzimido derivatives are rela-
tively stable substances; many members of this family may act as
bidentate ligands with the potential of forming complexes with
transition metal ions [1,2]. These compounds have been investi-
gated because of their application as radio pharmaceuticals
(99mTc) [3]. A large number of serine proteinase inhibitors has been
developed, starting from benzamidine and its derivatives [4–6]. Re-
ports on the thermochemistry of N-(diethylaminothiocarbonyl)ben-
zimido derivatives [7,8] and some of their Ni-complexes [9] are
available. Generally, we can state that understanding structure-en-
ergy relations of thiourea derivatives may help our understanding of
the binding process in biologically relevant materials.

Here we report on structural and thermophysical properties of the
following compounds: N-(diethylaminothiocarbonyl)benzamidine,
PhCNH2NCSNEt2 (1), N-(diethylaminothiocarbonyl)-N0-phenylbenz-
amidine, PhCNHPhNCSNEt2 (2), N-(diethylaminothiocarbonyl)
-N0-monoethylbenzamidine, PhCNHEtNCSNEt2 (3), N-(diethylamino-
ll rights reserved.

: +351 234 370084.
thiocarbonyl)-N0,N0-diethylbenzamidine, PhCNEt2NCSNEt2 (4), and
N-(diethylaminothiocarbonyl)benzimido ethylester, PhCOEtNCSNEt2

(5), as shown in Fig. 1. The solid state structures of compounds 3–5
have been resolved by single crystal X-ray diffractometry and are
published here. The crystal structures of compounds 1 [10] and 2
[11] have been published elsewhere.

This work is part of our research on structure-energy relation-
ships of thiourea derivative based ligand systems [12,13] as well
as their related transition metal complexes [14].

2. Experimental

2.1. Synthesis

The synthesis was performed as described in detail elsewhere
[1]: Pure N-(diethylaminothiocarbonyl)benzimide chloride (avail-
able through the reaction of equimolar amounts of bis(N0,
N0-diethyl-N-benzoylthioureato)nickel(II) and thionyl chloride in
dried THF) reacts with ammonia or primary or secondary amines,
in acetone. In the presence of proton trapping reagents (excess of
ammonia or an equimolar amount on triethylamine) and after
removal of the precipitated triethylamine hydrochloride and

http://dx.doi.org/10.1016/j.molstruc.2011.08.014
mailto:bschrode@fc.up.pt
http://dx.doi.org/10.1016/j.molstruc.2011.08.014
http://www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc
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Fig. 1. Selection of N-(diethylaminothiocarbonyl)benzimido derivatives.
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successive recrystallisation from ethanol, the respective N-thiocar-
bamoylbenzamidines (1–4) were yielded as pale, yellow crystals.
N-(diethylaminothiocarbonyl)benzimidoethylester (5): equimolar
amounts of sodium ethanoate (readily available from refluxing eth-
anol over sodium under a nitrogen atmosphere) and N-(diethylam-
inothiocarbonyl)benzimide chloride were dissolved in ethanol.
After refluxing and removing the solvent in vacuo, the residue is ta-
ken over with 20 cm3 of H2O; the precipitating oil crystallizes after
applying some friction. Pale yellow crystals of 5 were washed with
water and recrystallized from n-hexane.

The purity of the samples was checked by IR spectroscopy and by
elemental analysis; the mass fraction w of C, H, N and S were as fol-
lows: for 1, C12H17N3S, found 102 w(C) = 61.60, 102 w(H) = 7.18, 102

w(N) = 17.50, 102 w(S) = 13.60, calculated 102 w(C) = 61.24, 102

w(H) = 7.28, 102 w(N) = 17.85, 102 w(S) = 13.62; for 2, C18H21N3S,
found 102 w(C) = 69.24, 102 w(H) = 6.56, 102 w(N) = 13.60, 102

w(S) = 10.58, calculated 102 w(C) = 69.42, 102 w(H) = 6.80, 102

w(N) = 13.49, 102 w(S) = 10.29; for 3, C14H21N3S, found
102w(C) = 63.6, 102w(H) = 8.9, 102w(N) = 15.9, 102w(S) = 12.0, cal-
culated 102w(C) = 63.84, 102w(H) = 8.04, 102w(N) = 15.95,
102w(S) = 12.17; for 4, C16H25N3S, found 102 w(C) = 65.30, 102

w(H) = 8.53, 102 w(N) = 13.80, 102 w(S) = 11.49, calculated 102

w(C) = 65.94, 102 w(H) = 8.65, 102 w(N) = 14.42, 102 w(S) = 11.00;
for 5, C14H20N2OS, found 102w(C) = 63.5, 102w(H) = 7.8,
102w(N) = 10.3, 102w(O) = 6.0, 102w(S) = 12.0, calculated
102w(C) = 63.60, 102w(H) = 7.62, 102w(N) = 10.60, 102w(O) = 6.05,
102w(S) = 12.13.

The relative atomic masses used were those recommended by
the IUPAC Commission in 2007 [15].
2.2. Structural characterization

X-ray quality single crystals for compounds 3–4 were obtained
by slow evaporation of a ethanolic solution. Crystals of 5 were
obtained from the re-crystallization process in n-hexane. The
intensity data were collected by a Bruker-Nonius CCD diffractom-
eter. Data collection, cell refinement and data reduction were made
with the software package of the diffractometer: COLLECT [16] for
data collection; SMART and SAINT [16] for cell refinement and for
data reduction. Absorption correction was performed with SADABS
[17]. The structure was solved and refined using the software: OSC-
AIL [18] and SHELXL97 [19]. H atoms were treated as riding atoms
with CAH(aromatic), 0.95 Å, CAH(CH2), 0.99 Å, with Uiso
(H) = 1.2Ueq(C), CAH(methyl), 0.98 Å, with Uiso(H) = 1.5Ueq(C).
The hydrogen atom H1 of 3 was located on a difference map and
refined as riding atom with Uiso(H) = 1.2Ueq(N).

Molecular graphics were produced by ORTEPIII [20] and PLATON
[21]. The complete set of structural parameters in CIF format is
available as an Electronic Supplementary Publication from the
Cambridge Crystallographic Data Centre (CCDC 805625, 805314
and 804439, for 3, 4 and 5, respectively). Crystal data, data acqui-
sition conditions and refinement parameters for the compounds
are listed in Table 1.

2.3. Differential scanning calorimetry

The temperatures and the standard molar enthalpies of fusion
for all compounds were measured in a power compensation differ-
ential scanning calorimeter, Perkin Elmer Model Diamond DSC,



Table 1
Crystal data, data acquisition conditions and refinement parameters for compounds 3, 4 and 5.

3 4 5

Empirical formula C14H21N3S C16H25N3S C14H20N2OS
Formula weight (g mol�1) Mr = 263.40 Mr = 291.45 Mr = 246.38
Temperature (K) T = 150 (2) T = 150 (2) T = 150 (2)
Wavelength (Mo Ka) (Å) 0.71073 0.71073 0.71073
Crystal system, space group Orthorhombic, Pbca Monoclinic, P21/n Orthorhombic, Pbca
Unit cell dimensions
a (Å) 13.5971(8) 10.9448(6) 10.2793(3)
b (Å) 13.7243(8) 14.1110(7) 14.5792(5)
c (Å) 16.2103(8) 11.4365(6) 19.0324(5)
b (�) 105.386(3)
Volume (Å3) 3025.0(3) 1702.97 (15) 2852.27 (15)
Z, calc. density, q (Mg m�3) 8, 1.157 4, 1.137 8, 1.231
Absorpt. coeff., l (mm�1) 0.20 0.19 0.22
Tmax and Tmin 0.992, 0.942 0.996, 0.957 0.994, 0.938
Crystal size (mm) 0.30 � 0.16 � 0.04 0.24 � 0.20 � 0.02 0.30 � 0.20 � 0.03
F(0 0 0) 1136 632 1136
h range for data collection (�) 3.0–29.1 3.0–27.2 2.7–29.1
Index ranges �17 � h � 18 �14 � h � 13 �14 � h � 14

�18 � k � 18 �14 � k � 18 �19 � k � 19
�22 � l � 20 �14 � l � 14 �25 � l � 26

Reflections collected/Independent reflections 4066/3148 3755/2996 3834/3080
Reflections with I > 2r(I); (Rint = 0.049) (Rint = 0.039) Rint = 0.049
Completeness to h = 27.5� 99.9% 99.3% 99.8%
Absorption correction Multi-scan Multi-scan Multi-scan
Refinement method Full-matrix least squares on F2 Full-matrix least squares on F2 Full-matrix least squares on F2

GooF S = 1.02 S = 1.03 S = 1.03
Data/parameters/restrains 4066/166/0 3755/185/0 3834/163/0
Final R indices (I > 2r(I)) R = 0.037, wR = 0.095 R = 0.035, wR = 0.089 R = 0.036, wR = 0.097
Maximum and minimum difference peaks (e Å�3) Dqmax = 0.30 Dqmax = 0.27 Dqmax = 0.30

Dqmin = �0.23 Dqmin = �0.25 Dqmin = �0.23
CCDC 805625 805314 804439

Fig. 2. ORTEP view of 3 [N-(diethylaminothiocarbonyl)-N0-monoethylbenzamidine]
showing the atom labelling. Ellipsoids represent 30% probability level.
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using a heating rate of 3.33 � 10�2 K s�1, and aluminium crucibles,
with five measurements per individual compound. The tempera-
ture and heat flux scales were calibrated by measuring the temper-
ature and the heat of fusion of recommended calibration
substances. From the experimental values of temperatures and
the standard molar enthalpies of fusion, the standard molar entro-
pies of fusion of each compound were derived.

2.4. Gaseous phase quantum chemical calculations

After prior conformational analysis at a less demanding level of
theory, ab initio geometry optimisation for the energetically most
favoured gas-phase conformers was performed using density func-
tional theory. The quantum chemical calculations were performed
at the B3LYP exchange correlation functional, which combines the
hybrid exchange functional of Becke [22] with the gradient-corre-
lation functional of Lee et al. [23] and the split-valence polarised 6-
311+G(g) basis set [24] level of theory. The GaussView 3.0 [25] pro-
gram was used to get visual animation and the normal vibrational
modes descriptions. At the same theoretical level, analytical fre-
quency calculations were performed to ensure true minima
(Nimg = 0). All theoretical calculations were performed with the
GAUSSIAN 03 program package [26].

The bonding characteristics of the compounds studied were
investigated using natural bond orbital (NBO) analysis of Reed
and Weinhold [27,28]. Values for the atomic natural total charges
and information on natural bond orbitals have been retrieved.
The NBO analysis was performed using the NBO 3.1 program [29]
as implemented in Gaussian03.

2.5. FTIR analysis

FTIR spectra were obtained, at room temperature, in the range
of [4000–400] cm�1, using KBr pellets in a FTIR Mattson 7000
galaxy series spectrometer, with a resolution of 2 cm�1. Density
functional theory gas phase vibrational spectra have been calcu-
lated at B3LYP/6-311+G(d) level of theory.
3. Results and discussion

3.1. Crystal structures for 3, 4 and 5

ORTEP diagrams for compounds 3–5 are shown in Figs. 2–4.
Compound 4 crystallises in the monoclinic P21/n while 3 and 5



Fig. 3. ORTEP view of 4 [N-(diethylaminothiocarbonyl)-N0-N0-diethylbenzamidine]
showing the atom labelling. Ellipsoids represent 30% probability level.

Fig. 4. ORTEP view of 5 [N-(diethylaminothiocarbonyl)benzimido ethylester]
showing the atom labelling. Ellipsoids represent 30% probability level.

Table 2
Intermolecular interactions (Å, �) in the supramolecular structures of 3, 4 and 5. p1 is
the centroid of the C21AC26 ring.

Compound H-bond DAH H� � �A D� � �A Angle at H

3 N1AH1� � �S4i 0.90 2.49 3.3393(11) 157
C51AH51� � �S4ii 0.99 2.72 3.5795(13) 145

4 C24AH24� � �S4iii 0.95 2.81 3.7540(18) 172
5 C11AH11B� � �p1

iv 0.99 2.67 3.5518(14) 147

i (�0.5 + x, 0.5 � y, 1 � z).
ii (1.5 � x, 0.5 + y, z).
iii (1 � x, 1 � y, �z).
iv (1 � x, 1 � y, 1 � z).
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crystallises in the orthorhombic Pbca space groups. The main bond
lengths and angles between atoms of the aminothiocarbonyl, ben-
zamidine and benzimido-alkylester moieties are within the ex-
pected values for similar compounds [10,11,30]. Bond lengths
and angles indicate the electronic conjugation character of the
aminothiocarbonyl residue (N5C4S4) and of the benzimidine
(N3C2N1). The C4AN3 bond distance is significantly higher (3r)
than the other CAN bonds and may be attributed to a single Csp2AN
type. In fact a rotation is allowed around this bond which gives rise
to differences in conformation for those molecules. For compound
3 and 4, the mostly planar aminothiocarbonyl residue forms dihe-
dral angles with the N3AC2AN1AC11 amidine residue of 72.85(7)�
and 67.17(7)�, respectively, while in 5 the corresponding dihedral
angle is of 82.02(6). The aromatic phenyl group plane makes a
dihedral angle of 35.73(6)� with N3AC2AN1AC11 amidine in 3
and of 51.97(6) in 4, probably reflecting the steric hindrance of
the ethyl substituent in molecule 4. Interestingly, the phenyl ring
in 5 is less affected; its dihedral angle with the benzimido-alkylest-
er moiety plane is 16.03(4).

Supramolecular structures of 3 and 4 are stabilised by NAH� � �S
and CAH� � �S, interactions respectively. In 5, a weak CAH� � �p inter-
action (see Table 2 for details) stabilises its supramolecular struc-
ture. In 3, the molecules are linked into sheets by the weak
hydrogen bonds N1AH1� � �S4 (�0.5 + x, 0.5 � y, 1 � z), in C6 chains,
C51AH51B� � �S4 (1.5 � x, 0.5 + y, z), in C5 chains. These sheets lie
perpendicular to the c-axis and there are two anti-parallel sheets
in each unit cell (Fig. 5). In 4, the molecules are linked into centro-
symmetric dimers by the C24AH24� � �S4 (1 � x, 1 � y, �z) hydro-
gen bond (Fig. 6). This results in a short p� � �p contact between
the phenyl ring in the molecule at (x, y, z) and that in the centro-
symmetrically related molecule at (1 � x, 1 � y, z), Fig. 7. The dis-
tance between the centres-of-gravity of the rings is 4.4486(10) Å,
the perpendicular distances is 3.4428(6) Å and the slippage is
2.817 Å. In 5, there is a short CAH� � �p intermolecular contact,
C11AH11� � �p1 (1 � x, 1 � y, 1 � z), forming a centrosymmmetric
dimer. p1 lies on the centre-of-gravity of the phenyl ring contain-
ing C21 (Fig. 8).
3.2. Solid–liquid phase transition

In the temperature range (273.15 K � (Tonset + 10 K)), no higher
order phase transitions or signs of decomposition were detected.
The experimental fusion temperatures, standard molar enthalpies,
and entropies of fusion, measured in a power compensation differ-
ential scanning calorimeter, Perkin Elmer Model Diamond DSC, for
all compounds, are presented in Table 3.

The experimental results obtained in a crystal-liquid equilib-
rium study of all compounds show that 4 exhibits the lowest en-
thalpy of fusion, followed by 1. Additionally, 4 shows a
remarkably low fusion temperature when compared with the
other N-(diethylaminothiocarbonyl)benzimido derivatives. These
results are in agreement with the existing crystal packing con-
straints due to the non-existing intermolecular NAH� � �S hydro-
gen-bond interactions in 4 and 1 [10].

Starting from 1, substances 3 and 4 can be obtained by succes-
sively substituting the hydrogen atom bond to the enamine nitro-
gen with ethyl groups. From the standard molar enthalpies of
sublimation [7,8], derived for T = 298.15 K, as compiled in Table
4, the hydrogen bond enthalpy for the intermolecular (NAH� � �S)
bond in 3 seems to be deducable in a similar manner as reported
by Almeida and Monte for the intermolecular (NH���O) hydrogen
bond in N-methylbenzamide [31], given the fact that crystallo-
graphic studies revealed the presence of the intermolecular
(NAH� � �S) bond in 3, only. But the fore mentioned procedure can-
not be applied in the case of the N-(diethylaminothiocarbonyl)ben-
zimido derivatives, since in 3 and 4, the additionally detected
(CH� � �S) interactions impede the extraction of a numerical value
for the enthalpy of the intermolecular (NAH� � �S) bond.



Fig. 5. Stereographic diagram showing the supramolecular structure for 3 [N-(diethylaminothiocarbonyl)-N0-monoethylbenzamidine]. In 3, the molecules are linked into
sheets by the weak hydrogen bonds N1AH1� � �S4 (�0.5 + x, 0.5 � y, 1 � z), in C6 chains, C51AH51B� � �S4 (1.5 � x, 0.5 + y, z), in C5 chains.

Fig. 6. Diagram showing the supramolecular structure for 4 [N-(diethylaminothio-
carbonyl)-N0-N0-diethylbenzamidine]. The molecules are linked into centrosym-
metric dimers by the C24AH24� � �S4 (1 � x, 1 � y, �z) hydrogen bond.

Fig. 7. Stereographic diagram showing a short p� � �p contact between the phenyl
ring in the molecule at (x, y, z) and that in the centrosymmetrically related molecule
at (1 � x, 1 � y, z) in 5 [N-(diethylaminothiocarbonyl)benzimido ethylester].
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3.3. Gaseous phase quantum chemical calculations

The total electronic energies of all N-(diethylaminothiocarbon-
yl)benzimido derivatives, as obtained from geometry optimisa-
tions of the most stable gas phase conformers, at the B3LYP/6-
311+G(d) level of theory, are given in Supporting information S1.
The zero-point energy correction was scaled using a 0.9887 scaling
factor and the enthalpy correction using a 0.9688 scaling factor
[32]. The characteristic bond distances, as obtained from quantum
chemical gas phase geometry optimisations, at the B3LYP/6-
311+G(d) level of theory, are given in Table 5, the atom-labelling
scheme of Fig. 9 is used.

Furthermore, in order to obtain the natural atomic charges, a
population analysis was performed, using the natural bond orbital
(NBO) analysis [27–29]. Natural atomic charges represent nuclear
charges minus the summed natural populations of the natural
atomic orbitals on the atoms and characterize the ground elec-
tronic state of the molecule. The calculated charges located at the
heavy atoms for both compounds are reported in Fig. 10.

For the N-(diethylaminothiocarbonyl)benzamidines 1–4, the
negative charge is located at the three N atoms, at the S atom
and at the C atoms of the ethyl groups, while the positive charges
reside at the imine carbon as well as at the hydrogen atoms on the
enamine nitrogen and the remaining hydrocarbon. In 1, 3 and 4,
the incremental influence of ethyl group substitution on the enam-
ine nitrogen leads to an increase of negative charge on the terminal
NAC(S) nitrogen, while the enamine nitrogen atom suffers from a
decrease in their respective negative charge; at the same time,
the positive charge at the imine carbon increases. Both the sulphur
and imine nitrogen atom show a qualitatively similar trend,
inverse to the thiocarbonyl carbon atom; in the benzimidoester
5, they reach their lowest values. The charge distribution is



Table 3
Fusion temperatures, Tonset, standard molar enthalpies of fusion, Dl

crH0
mðTonsetÞ, and

standard molar entropies of fusion, Dl
crS0

mðTonsetÞ, of N-(diethylaminothiocarbonyl)ben-
zimido derivatives.

Compound Tonset (K) Dl
crH0

mðTonsetÞ=kJ mol�1 Dl
crS0

mðTonsetÞ=J K�1 mol�1

1 371.42 ± 0.26 27.18 ± 0.28 73.2 ± 0.8
2 374.88 ± 0.17 29.37 ± 0.32 78.4 ± 0.9
3 383.36 ± 0.30 32.74 ± 0.40 85.3 ± 1.0
4 334.77 ± 0.12 25.58 ± 0.27 76.4 ± 0.8
5 350.34 ± 0.26 34.39 ± 0.39 98.2 ± 1.1

Table 4
Standard Molar Enthalpies of Sublimation, Dg

crH0
mð298:15 KÞ of N-(diethylaminothio-

carbonyl)benzimido derivatives.

Compound Dg
crH0

mð298:15KÞ=kJ mol�1

1 126.0 ± 1.5 [7]
2 159.4 ± 3.3 [7]
3 141.2 ± 1.2 [8]
4 122.2 ± 2.0 [7]
5 135.6 ± 2.6 [8]

Table 5
Bond distances as obtained from quantum chemical gas phase geometry optimisations, at

N
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C6

C7

N5 C4

S4

N3

Compound R1 R2 C2AN3

1 H H 1.30392
2 Ph H 1.30837
3 Et H 1.31642
4 Et Et 1.29744
5 – – 1.27624

a Refers to the bond distance C2AO1.

Fig. 8. Diagram of 5 [N-(diethylaminothiocarbonyl)benzimido ethylester], showing
a short CAH� � �p intermolecular contact, C11AH11� � �p1 (1 � x, 1 � y, 1 � z) forming
a centrosymmmetric dimer. p1 lies on the centre-of-gravity of the phenyl ring
containing C21.
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Fig. 9. Atom-labelling scheme of heavy atoms.
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counterbalanced with a higher positive charge at the imine carbon
as well as the lower negative charge at the methylene group of the
ester.

3.3.1. The terminal NAC(S) bond
The two types of CAN bonds as found by X-ray crystal structure

analysis are reproduced in the course of the ab initio calculations.
The terminal NAC(S) bond reveals a considerable p overlap be-
tween the lone pair on thioamide nitrogen and the thiocarbonyl
carbon, with the lone pair of nitrogen residing in a p orbital, per-
mitting p overlap with the p orbital on the thiocarbonyl carbon,
resulting in a trigonal planar geometry with sp2 hybridization of
the thioamide nitrogen; additionally a p lone pair that may delo-
calize into the vicinal antibonding orbitals, as well. In more detail,
the nitrogen of the terminal NAC(S) bond shows spn hybridization
(with n = 1.60–1.73), while the occupancy of the 2 pZ orbital ranges
from 1.37–1.61, indicating delocalization and a partial double
bond. The terminal NAC(S) bond can be represented as a 2-centre
bond, for each compound 1–5, with the equations (1–5, in Support-
ing information S2) describing the participating natural atomic hy-
brids and finally, the composition of the natural bond orbitals.

To assess the energy barrier of the resulting hindered rotation
around the terminal NAC(S) bond, one-dimensional potential en-
ergy scans were performed, starting from the respective gaseous
phase conformational energy minimum, using Turbomole V6.2
[33]. Relaxed scans around the terminal NAC(S) bond have been
accomplished at the RI-DFT BP level using the def-TZVP basis set
[34]; the calculated energy barriers of the hindered rotation are
given as Supporting information S3. For the N-(diethylaminothio-
carbonyl)benzamidines 1–4, the barrier corresponds to an average
value of (DH# = (75.6 ± 1.8) kJ mol�1). The benzimidoester 5 shows
a barrier which is around 10 kJ mol�1 (distinctively) higher. These
the B3LYP/6-311+G(d) level of theory (all in Å).

N
R1

N1

C2
C21
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1.34642a 1.38456 1.35880 1.68541
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Fig. 10. Natural atomic charges from population analysis (NBO), at the B3LYP/6-311+G(d) level of theory.
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data compare with experimental free energies of activation, DG#, for
hindered rotation in N0-benzoyl-N,N-diethylthiourea ((64.4 ±
0.5) kJ mol�1) [35], and N,N-diethylbenzamide (62.6 kJ mol�1) [36],
as measured in solution. For the latter, DH# was given with
40.92 kJ mol�1 [37], indicating that the entropic contribution is
not negligible, while the gas-phase calculation at the RI-DFT BP level
using the def-TZVP basis set yields DH# = 56.7 kJ mol�1.

3.4. FTIR analysis

The frequencies obtained from theoretical predictions were
examined and assigned using the graphical user interface Gauss-
View 3.0 and compared with the experimental frequencies. The
FTIR experimental data and the corresponding attempt of
theoretical frequencies assignments for 1 are given as Supporting
information S4. In Fig. 11, the experimental solid state vibrational
frequencies are plotted against the DFT gas phase unscaled vibra-
tional frequencies, with 1 given as an example. Its global energy
minimum gas-phase conformer coincides closely with the solid-
state crystal structure. A reasonably good linear correlation is
obtained, when DFT gas phase and experimental solid state vibra-
tional frequencies are directly compared. The simple scaling factor
(k) correlation between the experimental wavelengths, mexp, and
the theoretical predictions, mtheo, in the form mexp = k � mtheo

(k = 0.96) is in agreement with the typical recommendation for
the vibrational frequency scaling factor (0.96–0.97) for the B3LYP
with a Gaussian triple zeta basis set [25]. In Supporting informa-
tion S5, wave numbers of characteristic valence vibrations are
given for all compounds, as obtained experimentally and based
on the quantum chemical calculations. The experimental IR spectra
of the studied N-(diethylaminothiocarbonyl)benzimido derivatives
show four valence vibrations of special interest, given the fact that
all necessary structural features are available in the individual
case: mNH (3424–3265 cm�1), mCN(terminal NAC(S)) (1411–1425 cm�1),
mCN(imine) (1497–1692 cm�1) and mC@S (1245–1253 cm�1). The
observed frequencies show vibronic coupling, at times, to a
considerable extent; e.g., the frequency corresponding to mCN(imine)

is coupled to symmetrical stretching of the benzene ring; except
for 1, no simple vibrational stretch mode can be assigned to the
enamine nitrogen.
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While in 1 two bands can be attributed to mNH, in 2 and 3 only a
single signal appears, whereas it is completely missing in 4, as it is
expected for the consecutive substitution of a primary amino
group ANH2 with a secondary ANHEt, and finally tertiary ANEt2.
The appearance of mCN(amine) in the spectrum depends on the sub-
stituent it carries. The lone pairs at the terminal NAC(S) nitrogen
and the enamine nitrogen interact with vicinal groups influencing
their vibrational modes, as can be seen by applying NBO.
4. Conclusion

A set of N-(diethylaminothiocarbonyl)benzimido derivatives has
been structurally examined by solid state by single crystal X-ray dif-
fractometry. For substance 3, an intermolecular NH� � �S interaction
has been found, similar to the earlier reported substance 2 [11], for
which recently a polymorph has been reported [38]. The tempera-
ture, standard molar enthalpies, and entropies of fusion were mea-
sured and derived using differential scanning calorimetry. The
structural results for the set were further used in the interpretation
of thermophysical phase transition properties of the title com-
pounds. All compounds were further analysed by FTIR spectroscopy
and the experimental FTIR spectra were compared with the calcu-
lated ones at B3LYP/6-311+G(d) level of theory. A detailed molecular
picture of N-(diethylaminothiocarbonyl)benzimido derivatives was
obtained from Natural Bond Order (NBO) analysis. The combination
of the applied methods reveals a deeper insight into the structures of
this type of compound.
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355–357.
[11] U. Braun, J. Sieler, R. Richter, I. Leban, L. Golič, Cryst. Res. Technol. 23 (1988) 35.
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