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� Thiosemicarbazones (TSCZ)
derivatives exhibit large A. aegypti
larvicide activity.
� Semicarbazone (SCZ) derivatives

exhibit low A. aegypti larvicide
activity.
� The high 1H NMR d of NNH in TSCZ

was in the literature credited to H-
bond to DMSO.
� Our NMR experiments and theoretical

calculations shown NNH interactions
with water.
� TSCZ and SCZ make distinct H-bond

interaction to AeSCP-2’s residues.
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DFT calculations were used to access information about structure, energy and electronic properties of ser-
ies of phenyl- and phenoxymethyl-(thio)semicarbazone derivatives with demonstrated activity against
the larvae of Aedes aegypti in stage L4. The way as the thiosemicarbazone derivatives can interact with
solvents like DMSO and water were analyzed from the comparison between calculated and experimental
1H NMR chemical shifts. The evidences of thiosemicarbazone derivatives making H-bond interaction to
solvent have provide us insights on how they can interact with a potential A. aegypti’s biological target,
the Sterol Carrier Protein-2.
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Introduction

Dengue Fever (DF) is a serious disease caused by at least four
virus serotypes (1–4) transmitted by Aedes aegypti (A. aegypti)
mosquito [1,2]. Recently, a fifth serotype has been reported [3].
DF is principally related but not limited to tropical and subtropical
regions of the world [4–9]. One strategy for the A. aegypti mosquito
control is the use of chemical larvicides [10,11].

As part of a systematic program for searching new larvacide
agents against the A. aegypti larvae, recently our group has devel-
oped the synthesis of a series of semicarbazone and thiosemicar-
bazone derivatives (see Scheme 1) and test them against the
larvae of A. aegypti in their fourth larvae stage (L4) [12,13]. The
results point out for the improved larvicide activity of the
thiosemicarbazone derivatives compared to the corresponding
semicarbazone derivatives. For the thiosemicarbazones series, in
particular, the phenoxymethyl derivatives have exhibited a higher
larvicide performance than the corresponding aryl derivatives [13].
Nowadays, there is no thiosemicarbazone-based medicine already
in use in humans. However, the anticancer thiosemicarbazone
Triapine is under clinical trial investigation phase III [14].

In order to design the new generation of thiosemicarbazone
derivatives with improved larvicide activity in Ref. 13 we used a
Quantitative Structure Activity Relationship (QSAR) approach
[15]. It is known that the successful of such approach is heavily
depending on the quality of the response function (in our case the
larvicide activity) and the selected descriptors. Since experimental
Scheme 1. General representation of the possible configurations and conform
descriptors tables are frequently incomplete for some substituents,
many times these descriptors come from theoretical calculations.
Because of that, in this work electronic structure calculations were
developed in order to access structural (configurational and con-
formational aspects), energetic and electronic information for the
synthesized (thio)semicarbazone derivatives. Parallel, NOESY 1H
NMR experiments for these compounds in DMSO-d6 were con-
ducted in order to strength the theoretical finds. The ability of the
thiosemicarbazone’s NNAH moiety to make intermolecular interac-
tions was evaluated from the NMR analysis. Specifically, it was done
by the comparison between theoretical predictions of the chemical
shifts of (thio)semicarbazones-solvent hydrogen bonded com-
plexes (H-complexes) and the corresponding experimental data.
The comprehension on how these compounds interact to the sol-
vent can provide us insights on how they can interacts with a poten-
tial biological target of the mosquito A. aegypti, the Sterol Carrier
Protein-2 (AeSCP-2). Lan and co-workers have reported the X-ray
structure of palmitic acid co-crystallized into AeSCP-2 [16]. These
authors have proposed that the polar head of palmitic acid binds
to the SCP-2’s residues Arg24 and Glu25 through H-bonds.
Because of that, the palmitic acid contact residues in SCP-2 were
used as template to test the ability of the polar head
(AHC@NANHA(C@X)ANH2, X@O or S) of (thio)semicarbazone
derivatives to form H-bonds interaction as well. In order to check
this hypothesis, formaldehyde-thiosemicarbazone and the proto-
nated tripeptide CH3COAArg2 4(H+)AGln25AVal26ANHCH3 were
employed as interacting model systems.
ations of the (thio)semicarbazone derivatives investigated in this work.
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Methodology

Computational

Electronic structure calculations of the isolated molecules 1–18
(for numbering see Scheme 1 or Fig. 1 in Ref. 13) and the H-bonded
complexes between (thio)semicarbazone compounds and the sol-
vent (DMSO or water) were performed with the density functional
theory (DFT) method using the B3LYP [17] hybrid functional and
the 6-311++G(d,p) basis set [18,19]. This basis set was selected
because extended basis sets containing diffuse functions have been
showed to be important for describing intermolecular interactions
and in minimizing basis set superposition errors in systems mak-
ing hydrogen bonds [20]. B3LYP/6-311++G(d,p) calculations were
also used to calculate the H-bonded complex between and the
model system formaldehyde-thiosemicarbazone and the tripeptide
Arg24AGln25AVal26. Harmonic infrared frequency calculations
were developed to check the nature of the stationary points in
the potential energy surface for those cases where the molecular
geometry was optimized. The thermochemistry calculations were
performed using standard procedures as described elsewhere
[21]. The experimental geometry of the heavy atoms in the tripep-
tide Arg24AGln25AVal26 was obtained from the PDB structure of
AeSCP-2 co-crystallized with palmitic acid (1PZ4). The extreme
peptide bonds of the tripeptide Arg24ALn25AVal26 were
Fig. 1. Magnitude and orientation of the calculated B3LYP/6-311++G(d,p) electric dipole
phase. Dihedral angle between the aryl-/phenoxy- and thiosemicarbazone chemical mo
completed with methyl groups. The methyl group was added using
standard bond distances, bond angles and dihedral angles as
defined in the GaussView 5 program [22]. Since the reported
experimental structure of AeSCP-2 [16] was obtained at pH = 7.4,
the Arg24 residue was considered protonated on the calculations.
Thus, the domain of AeSCP-2 for interacting with our ligands was
represented by CH3COAArg24(H+)AGln25AVal26ANHCH3. All
atoms in the CH3COAArg24(H+)AGln25AVal26ANHCH3 were
maintained frozen whereas the geometry of the model system (for-
maldehyde-thiosemicarbazone) representing the thiosemicar-
bazone derivatives was fully optimized during the intermolecular
interaction. The 1H NMR chemical shifts were calculated using
the GIAO method [23]. All calculations were performed with the
Gaussian09 program [24] using its default convergence criteria.

NMR

The 1H and 13C NMR were performed for 1–18 in DMSO-d6 at
298 K, using Agilent spectrometer (400 MHz for 1H, 100 MHz for
13C) or Bruker AMX (300 MHz for 1H, 75.5 MHz for 13C). DEPT
analysis was carried out to assigning carbon chemical shift unam-
biguously, as well as the addition of D2O for assigning NH signals in
the 1H NMR spectra. Tetramethylsilane was used as internal Ref.
[13]. In this work NOESY spectra were acquired using a spectral
width of 4.4 kHz, acquisition time 0.93 s, 2048 � 128 data points
moment for the E/anti conformer of the thiosemicarbazone derivatives 3–18 in gas
ieties, in degrees.
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in F1 and F2 dimensions, respectively, 32 scans and mixing time
1.5 s.

Results and discussions

Molecular modeling of the isolated (thio)semicarbazone derivatives

The first step for modeling these (thio)semicarbazone
derivatives was to investigate their configurational (E or Z at the
aryl-C@N double bond) and conformational (syn or anti around
the partial NHACX double bond, X@O or S) isomers (see Scheme 1).

Since the compounds studied in this work have three chemical
domains, namely the thio- or semicarbazone group (X), the sub-
stituent at the aryl (R1) or phenoxy ring (R2), and the spacer unit
ACH@or AOCH2CH@(SU) between the X and R-Ar groups, then
each compound will be represented by the triad (R;SU;X) whereas
the corresponding H-complex with the solvent by [R;SU;X]-sol-
vent, where solvent = H2O or DMSO.

A review in the literature about the X-ray structures of p-fluo-
robenzaldehyde thiosemicarbazones [25], 3- and 4-R-pyridine
thiosemicarbazones (with R = formyl and acetyl) [26], 4-R-pyridine
N(4)-methyl and 4-R-pyridine N(4)-ethylthiosemicarbazones (with
R = formyl and acetyl) [27] and 2-acetylthiophene thiosemicar-
bazones [28], indicate only the E isomer for the C@N moiety. It is
confirmed by our NOESY spectra (see NMR section). The correla-
tions of NNAH/CAH have indicated that these protons are located
on the same side of the molecule. Because of that, we have
assumed the E configuration for the C@N moiety (as depictured
at the Scheme 1) in all cases. On the other hand, the anti/syn con-
formational stability around the partial HNCS double bond was
evaluated through the calculation of the standard Gibbs free
energy for both (syn and anti) conformers as one can see in
Table 1. The electric dipole moment and the lowest harmonic
vibrational frequency are also showed in this table in order to
check the polarity and the nature for each conformer in the poten-
tial energy surface, respectively.

From this table it is possible to see that both syn and anti con-
formers represent minima in the potential energy surface. The anti
Table 1
Standard Gibbs free energy (G0), their variations between the syn and anti conformers (DG
compounds 1–18 evaluated at B3LYP/6-311++G(d,p) level in the gas phase approach. All v

Number Compound (R;SU;X) Syn

G0 (eH) l (D) m1 (

1 (4-F;CH;O) �649.045519 5.61 42.0
2 (3,4-DiCl;CH;O) �1469.031055 5.37 32.5
3 (3-NO2,4-Br;CH;S) �3650.829505 5.34 24.7
4 (4-OH;CH;S) �947.968453 4.35 34.1
5 (5-FTSC;CH;S)c �1513.220541 4.63 16.3
6 (4-F;CH;S) �972.000578 6.06 33.8
7 (4-Cl;CH;S) �1332.356854 6.11 35.4
8 (H;CH@CHACH;S) �950.118099 5.96 26.1
9 (4-Br;CH;S) �3446.278182 6.11 35.6

10 (3,4-DiCl;CH;S) �1791.985694 5.43 25.5
11 (4-OCH3;OCH2CH;S) �1101.768777 4.03 19.4
12 (H;OCH2CH;S) �987.243034 4.88 24.0
13 (3-Cl;OCH2CH;S) �1446.877531 4.20 16.9
14 (4-Br;OCH2CH;S) �3560.798445 5.57 17.5
15 (4-Cl;OCH2CH;S) �1446.876855 5.58 19.5
16 (2,3-DiCl;OCH2CH;S) �1906.501534 3.30 13.3
17 (3,4-DiCl;OCH2CH;S) �1906.505957 5.27 15.3
18 (3,4-diCl;OCH(CH3)CCH3;S) �1985.111237 7.57 15.1

a The optimized geometries are available in the Supplementary Data.
b DG0 = G0(anti) � G0(syn).
c FTSC means formaldehyde-thiosemicarbazone (E, anti).
d Ref. [13].
conformer is predicted to be the most stable one in average for
ca.7.3 kcal mol�1 and 9.3 kcal mol�1 for the semicarbazone (1–2)
and thiosemicarbazone (3–18) derivatives, respectively. It is also
possible to note that this energy difference do not depend on both
the nature of the substituent (R) at the aromatic ring or even on the
nature of the spacer unit (SU, i.e., ACH@, AOACH2ACH@ or
AOACH(CH3)ACCH3@) between the aromatic ring and the
(thio)semicarbazone moieties.

In order to help the polarity data analysis (Table 1), we have
additionally developed B3LYP/6-311++G(d,p) calculations to obtain
the electric dipole moment (l) for urea (l = 3.88 D), thiourea
(l = 5.00 D), formaldehyde-thiosemicarbazone (l = 4.50 D), and
phenyl-thiosemicarbazone (l = 5.46 D). See the structure of these
four compounds in the Supplementary Data. In comparison for
the last three compounds one can conclude that the hydrazone
or the phenyl-hydrazone moieties do not modify too much the
magnitude and the orientation of the electric dipole moment.
From Table 1 some aspects about the electric dipole moment can
be stressed. First, the thiosemicarbazones are predicted to exhibit
higher electric dipole moment than the corresponding semicar-
bazone derivatives. In fact the difference of electric dipole moment
between thiourea and urea, 1.1 D is approximately maintained
between the most stable forms of 6 and 1, 1.3 D, and between 10
and 2, 1.5 D. Second and mainly for those with substituents at para
position, the most stable anti conformer has a lower electric dipole
moment than the corresponding syn conformer. The exceptions are
the compounds non-substituted at the para position, 8 and 12,
whereas the electric dipole moments are almost the same for both
conformers and the compounds which the substituents may exhi-
bit different orientation relative the C@S bond, e.g. 4 (R = 4-OH)
and 11 (R = 4-OCH3) and 16 (R = 3,4-DiCl) where their dipole bond
for the minima structures leads to higher total dipole moment in
the anti conformer. Of course, low electric dipole moment value
for the most stable (anti) form of the thiosemicarbazone deriva-
tives can be an advantageous aspect for promoting hydrophobic
interaction in the biological environment. As any vector descriptor,
besides the magnitude, the electric dipole moment vector has also
a direction. Because of that, in Fig. 1 the direction of the electric
0), the electric dipole moment (l) and the lowest harmonic vibrational frequency for
alues were computed at 298.15 K and 1 bar.a

Anti DG0a (kcal mol�1)b

cm�1) G0 (eH) l (D) m1 (cm�1)

�649.057077 2.38 33.4 �7.25
�1469.042708 1.65 26.8 �7.31
�3650.843120 4.26 24.3 �8.54
�947.983487 6.02 37.2 �9.43
�1513.234814 4.28 15.1 �8.96
�972.015363 3.70 37.0 �9.28
�1332.371675 3.50 35.0 �9.30
�950.134200 5.97 31.0 �10.10
�3446.293100 3.50 32.1 �9.36
�1792.000329 3.13 29.4 �9.18
�1101.783947 5.92 17.4 �9.52
�987.258250 4.82 22.4 �9.54
�1446.892287 4.66 18.7 �9.26
�3560.813237 2.93 15.9 �9.28
�1446.891718 2.94 17.4 �9.32
�1906.515805 5.52 15.9 �8.96
�1906.520747 1.77 18.3 �9.28
�1985.126804 3.31d 14.7 �9.77
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dipole moment for the E/anti conformer minima structures of 3–18
are shown. The pictures of l for compounds 1 and 2 were not
included because their directions are quite similar to 6 and 10,
respectively.

Fig. 1 confirms the chemical feeling that, except by the effect of
the nitro and the formy-thiosemicarbazone groups in 3 and 5,
respectively, the electric dipole moment is mainly orientated
toward the C@S chemical bond for all the systems investigated. It
is interesting to note that the compounds with large dipole
moments 3–5, 11 and 12 did not also show good larvicide activity
[13]. The introduction of a halogen substituent at the para position
(therefore in the opposite direction to the C@S dipole bond)
decreases the electric dipole moment in 1.8–2.0 D but maintains
its orientation for the para-R1-aryl-thiosemicarbazone derivatives
(6, 7 and 9) relative to the non-substituted phenyl-thiosemicar-
bazone (l = 5.46 D). The same decreasing effect due to halogen
atoms in the para position is observed for the para-R2-phe-
noxymethyl-thiosemicarbazone derivatives (14 and 15) relative
12, however with a clear change of the electric dipole moment
orientation out the C@S bond toward the oxygen atom on the phe-
noxymethyl moiety. This change is clearly related to the
AOACH2ACH@ spacer which have created a torsion (in the range
of �123.7� to �129.3�) between the thiosemicarbazide and phe-
noxymethyl fragments. Furthermore, the introduction of a second
chlorine atom at the meta position decrease even more the electric
dipole moment. It goes from 3.50 D in 7 (X = 4-Cl) to 3.13 D in 10
(X = 3,4-DiCl) and from 2.94 D in 15 (X = 4-Cl) to 1.77 D in 17
(X = 3,4-DiCl).

(Thio)semicarbazones-solvent interaction

The ability to make intermolecular hydrogen bond (H-bond)
interactions in solid state to both hydrogen donor (NNAH) and
hydrogen acceptor (C@O or C@S) sites have been reported in the
literature to the semicarbazones (e.g. for (E)-1-(4-fluorophenyl)-
ethan-1-one semicarbazone [29]) and thiosemicarbazone (e.g.
2-acethylpyridine thiosemicarbazones [30]) compounds which
are structurally similar to those investigated in this work. Besides,
the ability to form H-bonds in solution, in particular to the solvent,
Fig. 2. Experimental (in DMSO-d6) and calculated B3LYP/6-311++G(d,p)
have been claimed as the responsible for increasing the chemical
shift of NNAH in 1H NMR spectrum of 4-R-pyridineN(4)-methyl
and 4-R-pyridineN(4)-ethylthiosemicarbazones (with R = formyl
and acetyl) [27] and for 2-, 3- and 4-R-pyridine thiosemicar-
bazones (with R = formyl and acetyl) in DMSO-d6 [31,32].
However, since DMSO is a compound capable of hydration [33]
the contribution of trace water molecules for the high NNAH 1H
NMR chemical shift of our synthesized (thio)semicarbazone
derivatives needs to be better investigated. Naturally, probing the
H-complexes formed between (thio)semicarbazone derivatives
and DMSO or water may give us insights about how they can form
H-bond interaction to other relevant systems like aminoacid resi-
dues in proteins. Thus, in Fig. 2 the experimental and calculated
NNAH 1H NMR chemical shift for the (thio)semicarbazones (1–
18) are showed.

From this figure some aspects are worth to be stressed. First of
all, the range of experimental NNAH 1H NMR chemical shift values
for our synthesized compounds 10.24–11.65 ppm (in DMSO-d6)
are in complete agreement with previously published values for
p-fluorobenzaldehyde (thio)semicarbazones (in DMSO-d6 –
between 10.92 ppm and 11.80 ppm, being 11.40 ppm for 1) [25],
4-R-pyridineN(4)-methyl and 4-R-pyridineN(4)-ethylthiosemicar-
bazones (with R = formyl and acetyl) (in DMSO-d6- between
10.48 ppm to 11.93 ppm) [27] and for 2-, 3- and 4-R-pyridine
thiosemicarbazones (with R = formyl and acetyl) (in DMSO-d6-
between 10.45 ppm and 11.67 ppm) [31,32]. Second, still for the
experimental values one can see that the two semicarbazone
(X@O) derivatives 1 and 2 have lower NNAH 1H NMR chemical
shifts (10.24 and 10.42 ppm, respectively) than any of the
thiosemicarbazone (X@S) derivative 3–18 (11.25–11.65 ppm).
Third, for the thiosemicarbazone derivatives there are two levels
of chemical shifts, the first eight one (3–10) and the following next
seven one (11–17) that show R dependent (with SU = ACH@,
which allows a larger delocalization) and R independent (with
SU = phenoxymethyl, which represents an obstacle for the electron
delocalization) chemical shift values, respectively. Curiously, the
compound 18 (the methyled form of 17) exhibits a much lower
experimental NNAH chemical shift value (10.19 ppm) when com-
pared to the previous thiosemicarbazone derivatives (3–17).
1H NNAH chemical shift of (thio)semicarbazone derivatives (1–18).
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Fourth, it is possible to observe that the isolated molecule model is
not useful to predict the NNAH 1H NMR chemical shift since it
underestimates the experimental values. Nevertheless, the isolated
molecule model works in describing the chemical shifts of NNAH
in semicarbazones as being more deshielded than in the thiosemi-
carbazone derivatives. However, it does not succeed for predicting
the chemical shift for 18 since its value is essentially the same for
3–17. On the other hand, the NNAH chemical shift prediction is
much more close to the experimental values when the H-complex
(thio)semicarbazone-solvent model is used. Concerning the H-
complex model, it is interesting to observe that water perform
better than DMSO as solvent for correlating calculated and experi-
mental chemical shift values. In fact, the rms deviation between
calculated and experimental NNAH chemical shifts for the
(thio)semicarbazone derivatives-H2O complexes is 0.30 ppm
whereas it is 1.76 ppm for the (thio)semicarbazone derivatives-
DMSO complexes. Moreover, the remarkable difference on the
experimental NNAH 1H NMR chemical shifts of semicarbazones
and thiosemicarbazones derivatives can be better understood
based on the structure of the (thio)semicarbazone derivatives-
H2O complexes (see Fig. 3).

Since the CS bond distance (ca. 1.69 Å) is larger than the CO
bond distance (ca. 1.23 Å) it is waited that the weight of the
C+AS� structure being larger than the C+AO� one. As consequence,
it is also waited that the behavior of the adjacent partial double
bond and the acidity of NNAH is larger in the thiopeptidic environ-
ment than in the peptidic counterpart. This can by itself justify the
larger experimental NNAH chemical shift of thiosemicarbazone
compared to semicarbazone derivatives. However and even much
more interesting, it suggests that water molecules interact in a dif-
ferent way in semicarbazone and thiosemicarbazone derivatives.
From Fig. 3 it is clear that the replacement of carbonyl in 2 by thio-
carbonyl bond in 10 leads to a strengthening of NNAH—OH2 and a
weakening of HOH—X@C H-bonds. That is the reason why the cal-
culated or experimental NNAH 1H NMR chemical shift is larger for
thiosemicarbazone than for semicarbazone derivatives (see Fig. 3).
Note that these two H-bond distances are essentially the same no
matter the nature of SU (compare 10 and 17). Finally, taking in
account both Figs. 2 and 3 it is also clear that the presence of
methyl groups in 18 decreases the NNAH chemical shift principally
by a steric effect. Observe that the NNAH—OH2 bond distance val-
ues 1.907 Å in 17 whereas it values 1.951 Å in 18. This hypothesis
can be supported by NMR experiments. The NOESY spectrum for
Fig. 3. Calculated B3LYP/6-311++G(d,p) bond distances and 1H NNAH chemicals shift
brackets.
thiosemicarbazone shows correlation peaks for NNAH/water sig-
nals (Fig. 4). These correlations are due to chemical exchange pro-
cesses that are taken place, indicating H-bonds formation. These
correlations peaks were observed when the thiosemicarbazone
derivative 10 was analyzed (dotted circles in Fig. 4b). On the other
hand, these correlations were not observed when the same experi-
ment is performed with the semicarbazone derivative 2 (Fig. 4a).

The different ways as thiosemicarbazone and semicarbazone
interact with the solvent can be of relevance for their biological
activity. This is so if the differences that feature the way as
thiosemicarbazone and semicarbazone interact with the solvent
are assumed to be the same in a protein environment. In fact, the
higher larvicidal activity observed for thiosemicarbazone deriva-
tives [13] can be nicely rationalized in terms of the larger ability
its NNH group to form H-bond interaction to protein residues com-
pared to semicarbazone derivatives. In a such scenario, amino acid
residues that can form H-bond interaction, in particular those that
resemble the (thio)semicarbazone moiety (e.g. Asp, Gln, Arg)
became natural candidates for intermolecular interactions as will
be discussed in the next section.

Hydrogen bond interaction to AeSCP-2

It has been proposed that the polar head of palmitic acid binds
to SCP-2’s residues Arg24 and Glu25 through H-bonds whereas to
methylenic tail to the residues Val26, Leu45, Met46, Leu102, Ile99,
Leu64, Met90, Met66, Ile74, Phe32, Met71, Ile12, Ile106, Phe105,
Ser108 and Leu16 through hydrophobic interactions [16].
Because in the previous section we have theoretically and experi-
mentally proofed that the polar head of (thio)semicarbazone
derivatives has the ability to form H-bonds to solvents like
DMSO or water, we have used the palmitic acid’s contact residues
in SCP-2 as template for our compounds. Fig. 5 shows the B3LYP/6-
311++G(d,p) optimized structures representing the four different
ways on which the simplified model system formaldehyde-
thiosemicarbazone can form H-bonds to the protonated tripeptidic
system CH3COAArg24(H+)AGln25AVal26ANHCH3.

From Fig. 5 one can observe that formaldehyde-thiosemicar-
bazone can make H-bond interaction with the protonated tripep-
tide model system CH3COAArg24(H+)AGln25AVal26ANHCH3

through four different ways. In each case the sulfur atom points
toward a set of NAH bonds (two of them related to the protonated
Arg24(H+) side chain and two related to the peptide bond of Gln25
of the H-complexes (thio)semicarbazones derivatives-H2O. Experimental value in



Fig. 4. NOESY spectra (400 MHz) in DMSO-d6 of: (a) 2 and (b) 10.

Fig. 5. H-bond interaction between the amine (a, c) and imine (b, d) groups of formaldehyde-thiosemicarbazone and the C@O of Arg24 (a, b) or the C@O of Val26 (c, d) of the
protonated tripeptide model CH3COAArg24(H+)AGln25AVal26ANHCH3.
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and Val26, as indicated in Fig. 5. by HB1–HB4), whereas the

(underlined) hydrogen atoms in NH2 or NHNCH2 groups can inter-
act with the peptide C@O group of the aminoacids Arg24 or Val26.
The mode of interaction for formaldehyde-semicarbazone is not
shown in Fig. 5 because it is similar to that for formaldehyde-
thiosemicarbazone, expect by the absence of interaction with the



Table 2
B3LYP/6-311++G(d,p) bind energy, bond distances and bond angles in the H-bond complexesa between formaldehyde-thiosemicarbazone and the protonated tripeptide model
CH3COAArg24(H+)AGln25AVal26ANHCH3.b

Parameter (Resi)NH� � �Ligand� � �O@C(Arg24) c (Resi)NH� � �Ligand� � �O@C(Val26) c

� � �S@C(NHNCH2)NH2� � � � � �S@C(NHNCH2)NH2� � � � � �S@C(NHNCH2)NH2� � � � � �S@C(NHNCH2)NH2� � �
Fig. 5a Fig. 5b Fig. 5c Fig. 5d

DEH-bond (kcal mol�1) �29.86 �30.55 �24.71 �23.41
RH-bond (Å); AN-H� � �S (degree)
HB1(Arg24)N11H44� � �S70 2.298d 2.266d 2.663 2.666

167.6d 167.5d 148.2 147.8
HB2 (Arg24)N14H47� � �S70 2.895 2.856 2.378d 2.360d

140.3 140.2 158.9d 159.2d

HB3 (Gln25)N15H58� � �S70 2.519d 2.484d 2.770 2.761
156.5d 157.2d 157.5 157.4

HB4 (Val26)N24H67� � �S70 3.221 3.181 2.729 2.701
158.0 158.4 157.6 157.6

HB5 N72H73� � �O@C(Resj) 1.938 1.942
154.2 173.9

HB6 N75H76� � �O@C(Resj) 2.103 1.963
153.0 172.2

C78H80� � �O@C(Resj) 2.314 2.916
140.8 129.6

a Hydrogen atom involved in the H-bond is underlined.
b The H-complexes structures are available in the Supplementary data.
c Ligand = formaldehyde-thiosemicarbazone.
d Donohue’s criteria for classifying NAH� � �S@C as H-bond.
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carbonyl group of Val26. Indeed, for the formaldehyde-semicar-
bazone system, two initial geometries where the hydrogen atoms

in the NH2 or in the NHNCH2 groups were initially making H-bond
interaction with the C@O of Val26 have moved during the
optimization procedure toward a final structure where these
hydrogen atoms make H-bond interaction with the C@O group of
Arg24. It is interesting to note that in a similar way for the formal-
dehyde-semicarbazone, the carbonyl moiety in the palmitic acid is
reported to interact only with the C@O group of Arg24 [16]. In
Table 2 we show geometric and energetic parameters related to
the model system formaldehyde-thiosemicarbazone H-bonded to
the protoned tripeptide model CH3COAArg24(H+)AGln25AV
al26ANHCH3.

Considering the Donohue’s criteria for classifying NAH� � �S@C as
a H-bond, i.e., H� � �S distance lower than 2.75 Å and NAH� � �S planar
angle larger than 155� [34], one can observe in Table 2 (see values in
bold) that, although four NAH bonds pointing to the sulfur atom of
formaldehyde-thiosemicarbazone, only one NAH bond satisfy these
criteria when it interacts to the C@O group of Val26 (namely the
(Arg24)N14H47), whereas two of them satisfy these criteria when
it interacts with the C@O group of Arg24 (namely (Arg24)N11H44
and (Gln25)N15H58). It can explain why the H-complexes involving
the C@O group in Val26 are 6–7 kcal mol�1 less stable than the
corresponding C@O group in Arg24. In the last case, i.e., when for-
maldehyde-thiosemicarbazone interacts with the C@O group of

Arg24 through the hydrogen atom of NHNCH2 there are two com-

patible H-bond interactions: N75H76� � �O@C(Arg24) = 2.103 Å [35]

and C78H80� � �O@C(Ar g24) = 2.314 Å [36,37], whereas with the

NH2 group there is only one: N72H73� � �O@C(Arg24) = 1.938 Å.
Besides, in this comparison the H-bond distances
(Arg24)N11H44� � �S70 and (Gln25)N15H58� � �S70 are lightly shorter

than for the hydrogen donor specie NH2. It probably explain the light

preference of NHNCH2 than to NH2 group for interacting with the
C@O group of Arg24. For the most stable H-complex, the predicted
(Arg24)N11H44� � �S70 H-bonds, 2.266 Å, is lower than the experi-
mentally observed NH� � �S distances in crystals of trithiocyanuric
acids (c.a. 2.5 Å) [38] and also lower than the average experimental
NAH� � �S@C bond distance, 2.56 Å obtained from seven thio
containing crystals [39].
Conclusion

A set of phenyl- and phenoxymethyl-(thio)semicarbazone
derivatives with activity against the larvae of A. aegypti in L4 was
studied theoretically and by NMR experiments. The electronic struc-
ture calculations at B3LYP/6-311++G(d,p) level of theory showed
that the partial CN double bond in the anti is more stable and exhi-
bits low dipole moment than in the syn conformation. The value
and orientation of the dipole moment change from the phenyl- to
the phenoxymethyl-thiosemicarbazone derivatives as well as with
the presence of halogen atoms at para position of the aromatic ring.
Such changes in the dipole moment are probably related to the
improved larvicidal activity of the phenoxymethyl-thiosemicar-
bazone over the phenyl-thiosemicarbazone. From the comparison
between experimental and calculated NNAH 1H chemical shift of
(thio)semicarbazone derivatives in DMSO-d6 it is possible to estab-
lish that the characteristic unshielded NNAH sign is mainly due to its
H-bond interaction with residual water contained in DMSO samples.
Water is theoretically predicted to interacts with semicarbazone
derivatives mainly as hydrogen donor whereas with thiosemicar-
bazone derivatives mainly as hydrogen acceptor. This prediction is
supported by bidimensional 1H NMR experiments. The hypothesis
of thiosemicarbazone derivatives interact to turn residues of
AeSCP-2 (as palmitic acid do) was corroborated by the H-complexes
formed between the representative model systems formaldehyde-
thiosemicarbazone and the protonated tripeptidic system
CH3COAArg24(H+)AGln25AVal 26ANHCH3.
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