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The structures of (±)-dihydrothiazolyl hydrazones 3a,b have been fully characterized by combining crystallography,
NMR measurements in solution, and computational methods. The thiazolidine structure of the heterocycle is
confirmed both by crystallography and in solution. The stability of the endocyclic N3 tautomeric form is confirmed
by energy calculation at the MP2/6-31�G(d) level. The anti-E conformation observed in the crystal structures is
retained in solution, in agreement with stability prediction.

Introduction
Heterocyclic hydrazines and hydrazides have been extensively
studied for their potential use as therapeutic agents, in particu-
lar for the treatment of hypertension and nervous depression.1–5

Hydrazono derivatives containing the dihydrothiazole ring
(Scheme 1) as the heterocyclic system were fortuitously obtained
in an attempt to synthesize hydrazinothiazoles because of an
unexpected effect of sodium borohydride in ethanol at 50 �C,
with the reduction taking place on the thiazole ring, pharmaco-
logical properties of which are well known, instead of the side
chain.1,2,4,5 Actual hydrazinothiazoles were active as mono-
amine oxidase-B (MAO-B) inhibitors 1–3 whereas the wrongly
characterized hydrazonodihydrothiazole counterparts were not
active against MAO-B. Extensive successful application can
make procedures a routine and sometimes cause one to be
misled because of a lack of consideration of unexpected
effects.1,2,4,5

The solid state and solution structures of two selected mole-
cules (Scheme 1), namely 4-ethoxy-3,5-dimethoxybenzaldehyde
[4-(4-methoxyphenyl)-4,5-dihydro-1,3-thiazol-2-yl]hydrazone
3a (reported reaction yield: 72%) 1 and 1,3-benzodioxole-
5-carbaldehyde [4-(4-methoxyphenyl)-4,5-dihydro-1,3-thiazol-
2-yl]hydrazone 3b (reported reaction yield: 50%),1 were
established by X-ray crystallography and nuclear magnetic
resonance (NMR). The resulting structures suggest an original
mechanism of reduction of the azomethine precursors of the
dihydrothiazolyl hydrazones. Tautomerism preference within
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those structures in aqueous solutions was further studied by
ab initio calculations.

Results

Description of the X-ray structure

A view of the molecular conformation of molecules 3a and 3b
is given as an ORTEP diagram in Fig. 1. The lattice constants
are listed with the relevant crystal data in Table 1. Table 2 lists
selected geometric features of both crystal structures.

Molecules 3a and 3b crystallise in centrosymmetric space
groups, consistent with a racemic (specific [α] is 0) composition
of the crystals. Both compounds adopt an extended conform-
ation (Fig. 1) with torsion angles N3–C4–N6–N7, C4–N6–N7–
C8 and N6–N7–C8–C9 all close to 180�.

Analysis of the bond lengths and angles suggests an sp3

hybridisation for C1 and C2 and an sp2 hybridisation for C4,
C8, N3, N6, N7. The lengths of carbon–nitrogen bonds C8–N7
and C4–N6 are characteristic of double bonds and significantly
shorter than the C4–N3 bond.

H atoms have been located by Fo � Fc (∆F ) Fourier differ-
ence maps. A density peak appears close to the N3 nitrogen for
structure 3a, at the end of the refinement, once all heavy atoms
are treated anisotropically. The tautomeric N3 form is thus
adopted.

The lower quality of the data available for compound 3b did
not allow unambiguous localisation of the H atom on either N3
or N6. Indeed, residual density peaks remained in the Fo � Fc

maps close (< 1 Å) to both nitrogens.
In both crystal structures, molecules in the crystal pack-

ing are assembled as dimers connected by hydrogen bonds
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(Table 3). An H bond connects endocyclic N3 nitrogen to
exocyclic N6 nitrogen. The hydrogen atom, unambiguously
located from ∆F Fourier difference maps for 3a, lies between the
two nitrogens, closer to N3. A similar dimeric structure would
still be compatible with an N6-H tautomeric structure.

Nuclear magnetic resonance

Compound 3a has been further characterized in DMSO-d6

solution by means of 1H and 13C NMR spectroscopy. 1H and
13C chemical shifts data of compound 3a are collected in Table
4. Its 1H NMR spectrum (Fig. 2) shows well resolved resonances
between 8.30 and 1.10 ppm. The high-frequency spectral region
contains two singlets at 8.19 and 8.12 ppm; the former is a
broad signal due to the proton H3, whereas the latter is pro-
duced by the imine proton H4. Three resonances at 7.33, 6.99
and 6.93 ppm are also present, due to pairs of equivalent aro-
matic protons: their multiplicities confirm the presence of the
two different phenyl moieties, 4-methoxy and 3,5-dimethoxy-4-
ethoxy substituted. In the low-frequency spectral region, in
addition to the expected signals originating from the ether
groups bound to the aromatic moieties, three resonances at
4.96, 3.50 and 2.93 ppm are easily distinguishable. Each of
them belongs to one proton: the methine proton H2, bound
to the carbon bearing the aromatic substituent, and the two
diastereotopic geminal protons, H1 and H1�, belonging to the
thiazolidine moiety.

Scheme 1 Chemical structures of azomethine precursors (1) and
dihydrothiazolyl hydrazones (2, 3) discussed in the text.1,2,4 Dihydro-
thiazolyl hydrazones 3 can exist as N3 or N6 tautomers. Experimental
conditions and yields of the reactions are described in ref. 1. Subject 3a,
3b compounds and related structures coming from the same synthetic
procedures were wrongly characterized as the designed corresponding
thiazolyl hydrazines,1 therefore no attempts were made to elucidate
whether the two pathways are competitive i.e. to detect the actual
presence of thiazolyl hydrazines in the reaction mixture (see the text for
explanation).

Accordingly, 13C and 13C-DEPT experiments show eight
methyl and methine carbons, six quaternary carbons and two
methylene carbons (Fig. 3). In particular, the presence of
two CH2 at 36.7 ppm (endocyclic CH2) and at 68.6 ppm
(OCH2CH3) and one CH at 61.3 ppm is a further confirmation
of the thiazolidine structure of the heterocycle.

The isomeric/tautomeric structure of the predominant
species in solution has been determined by NOE measurements.
Indeed, a remarkable dipolar interaction between the H2 and
the NH protons (Fig. 4) confirms the presence, as the most
abundant species, of the tautomer with the mobile hydrogen
located at the endocyclic N3 nitrogen. Concerning the con-
figuration of the hydrazone system, the lack of significant NOE

Fig. 1 Structure and solid-state conformation of 3a and 3b. Non-H
atoms are represented by displacement ellipsoids at the 50% probability
level. Atomic numbering of the compounds is provided. For compound
3b, no H atom could be located on either N3 or N6.

Fig. 2 1H NMR spectrum (300 MHz, DMSO-d6, 25 �C) of 3a.
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between aromatic protons of the 3,4,5-trisubstituted phenyl
moiety and both thiazolidine and p-methoxyphenyl protons
strongly suggests the E and Z configurations for the C8–N7 and
C4–N6 double bonds, respectively.

It should be noted that the proton spectrum also evidences
the presence of another species (less than 5%), originating
signals at 8.17, 8.10, 7.12, 5.07, 3.65, 3.06 ppm, the intensities
of which are too low to allow its structural characterization.

Table 1 Crystallographic data, data collection and refinement
parameters for compounds 3a and 3b a

 3a 3b

Crystallographic data   
Chemical formulae C21H25N3O4S C18H16N3O3S
Formula weight 415.5 354.4
Crystal system Monoclinic Triclinic
Space group P21/c P-1
a/Å 5.894(1) 6.261(1)
b/Å 37.138(6) 8.480(2)
c/Å 9.730(2) 16.433(3)
α/� 90 86.75(3)
β/� 91.83(2) 82.94(3)
γ/� 90 81.98(3)
V/Å3 2128.7(7) 856.7(7)
Z 4 2
µ b/mm�1 1.618 0.211
Data collection   
Temperature/K 293(2) 100(2)
Reflections collected 6512 4268
Independent reflections 4184 2189
R(int) 0.064 0.0226
Observed data [I > 2σ(I )] 2222 1658
Data refinement   
Final R1 [I > 2σ(I )] 0.0490 0.0838
Final R1 (all merged data) 0.1144 0.0994
S = GooF 1.024 1.055
wR2 0.1226 c 0.2375
∆ρmax 0.176 0.784
∆ρmin �0.179 �0.341
a Atomic scattering factors from International Tables Vol. C, Tables
4.2.6.8 and 6.1.1.4. b Cu-Kα and Mo-Kα for 3a and 3b respectively. c w =
calc w = 1/[σ2(Fo

2) � (0.0614P)2 � 0.2261P] and w = calc w = 1/[σ2(Fo
2)

� (0.1812P)2 � 0.2153P] where P = (Fo
2 � 2 Fc

2)/3 for 3a and 3b
respectively. 

Table 2 Selected bond lengths (Å), valence angles (�), and torsion
angles (�) for compounds 3a and 3b. Esd’s are given in parentheses

 3a 3b

Bond lengths   

C1–C2 1.522(5) 1.520(7)
C2–N3 1.464(4) 1.472(6)
N3–C4 1.342(4) 1.350(5)
C4–N6 1.294(3) 1.304(5)
N6–N7 1.391(3) 1.393(5)
N7–C8 1.268(4) 1.274(5)
C8–C9 1.459(4) 1.449(6)

Valence angles   

C1–C2–N3 104.2(2) 104.3(4)
C2–C1–S5 107.2(2) 106.7(3)
C2–N3–C4 115.0(2) 113.5(3)
N3–C4–N6 123.9(3) 124.2(4)
C4–N6–N7 110.2(2) 109.9(4)
N6–N7–C8 115.9(2) 116.2(4)
N7–C8–C9 122.3(3) 121.1(4)

Torsion angles   

N3–C4–N6–N7 174.5(2) 178.7(4)
C4–N6–N7–C8 �174.6(2) �175.7(4)
N6–N7–C8–C9 177.0(2) 179.3(4)
N7–C8–C9–C10 179.4(3) 7.1(7)
N3–C2–C30–C31 �34.2(4) —
N3–C2–C18–C23 — 137.7(4)

Ab initio calculations

To complete this study, both tautomeric (N3/N6 tautomerism)
and geometric isomeric (Z/E ) preferences were studied in
aqueous solution by theoretical calculations. Owing to the large
size of the molecules, calculations were performed for struc-
tures a–d (see Scheme 2) of the thiazolidine model compound 4.

To further examine the tautomeric/isomeric properties of this
model compound, additional calculations were performed for
the thiazole model compound 5.

Table 5 gives the relative energies computed at the MP2/
6-31�G(d,p) level together with the corresponding free energy
differences calculated by adding zero-point energy, thermal and
entropy corrections to the relative energies in the gas phase. For
model compound 4, species a and c are the most stable forms in
the gas phase, the free energy difference with regard to the other
two species being larger than 3.0 kcal mol�1. However, model
compound 5 exhibits a clear preference (larger than 5 kcal
mol�1) for species b.

Table 6 gives the relative values of the free energy of hydra-
tion and the estimated free energy difference in water, which
was determined by adding the relative hydration free energy to

Fig. 3 13C and 13C-DEPT NMR spectra (75 MHz, DMSO-d6, 25 �C)
of 3a.

Fig. 4 1H{1H}-NOE difference spectrum (300 MHz, DMSO-d6, 25
�C) of 3a corresponding to the saturation of H2.

Scheme 2 Simplified structural models (a–d) used as input geometries
for the ab initio calculations of model compounds 4 (thiazolidine) and 5
(thiazole). Both tautomeric (N3/N6 tautomerism) and geometric
isomeric (Z/E ) preferences were studied.
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Table 3 Geometry (Å, �) of hydrogen bonds stabilising the crystal packing of compounds 3a and 3b

D–H � � � A d (D � � � A) d (H � � � A) � (DHA)

Compound 3a    
N3–H � � � N6 (�x � 2, �y, 1 � z) 2.95 1. 98 161
Compound 3b    
N3–H � � � N6 (1 � x, 1 � y, 1 � z) 2.99 2. 25 145

Table 4 1H and 13C chemical shifts (ppm) data of compound 3a

Protons δ (m, J) Carbons δ

4 8.12 (s) CH3CH2O 16.1
3 8.19 (s) CH2 36.7
2 4.96 (dd, 7.5 and 6.9 Hz) CH3O (p) 55.9
1 3.50 (dd, 11.0 and 6.9 Hz) CH3O (m�) 56.5
1� 2.93 (dd, 11.0 and 7.5 Hz) CH 61.3
o� 6.99 (s) CH3CH2O 68.6
OMe (m�) 3.78 (s) CH (o�) 104.8
OCH2CH3 3.92 (q, 7.0 Hz) CH (m) 114.6
OCH2CH3 1.22 (t, 7.0 Hz) CH (o) 128.1
o 7.33 (d, 8.8 Hz) CH��N 150.5
m 6.93 (d, 8.8 Hz)   
OMe (p) 3.74 (s) Quaternary C 131.5, 133.9, 138.3, 154.0, 159.6, 171.9

the gas phase (MP2/6-31�G(d,p)) free energy difference. For
the two compounds, hydration stabilises preferentially species d,
but this effect is not large enough to revert the relative stability
in the gas phase. Thus, calculations predict species a and c to be
the preferred forms in aqueous solution for model compound 4
(thiazolidine), and species b for model compound 5 (thiazole).

Discussion
Analysis of the bond lengths and angles reveals an sp3 hybrid-
isation for C1 and C2 and an sp2 hybridisation for C4, C8, N3,
N6, N7. Reduction of compounds 1 (Scheme 1) by NaBH4

under the conditions described by Mazzone et al.1 thus leads to
isomers 3 and not 2 (Scheme 1).

The geometry deduced from the crystal structure analysis
and the observation of an hydrogen atom on the endocyclic N3
nitrogen in the ∆F map, for 3a, is in favour of the N3 tauto-
meric form for dihydrothiazolyl hydrazones. This structure of
dihydrothiazolyl hydrazones is also observed in solution. The
thiazolidine structure of the heterocycle is confirmed by the
analysis of 1H and 13C chemical shifts: endocyclic carbons C1
(CH2) and C2 (CH) appear in the 13C spectra at 36.7 and 61.3

Table 5 Energy and free energy differences in the gas phase (kcal
mol�1) between tautomers/isomers determined at the MP2/6-31�
G(d,p) levels for the four species a–d for model compounds 4 and 5

 ∆E(4) ∆G(4) ∆E(5) ∆G(5)

a �4.1 �3.0 �5.1 �5.1
b 0.0 0.0 0.0 0.0
c �3.5 �3.1 �6.0 �6.1
d �4.2 �4.2 �6.6 �6.2

Table 6 Relative free energy of hydration (∆Ghyd) and free energy
differences (∆Gwat)

a in aqueous solution (kcal mol�1) between the four
species a–d for model compounds 4 and 5

 ∆Ghyd(4) ∆Gwat(4) ∆Ghyd(5) ∆Gwat(5)

a �0.3 �3.6 �1.3 �3.8
b 0.0 0.0 0.0 0.0
c �0.5 �2.3 �0.4 �5.7
d �3.1 �1.2 �3.6 �2.6

a Determined by adding the relative hydration free energy to the gas
phase free energy difference computed at the MP2/6-31�G(d,p) level of
theory. 

ppm, respectively. In the 1H spectrum, protons on C1 (H1 and
H1�) come out at 3.50 and 2.93 ppm while the methine proton
on C2 (H2) is at 4.96 ppm. This last proton strongly interacts
with the NH proton as deduced by NOE measurements, con-
firming the presence of the tautomer with the mobile hydrogen
located at the endocyclic N3 nitrogen. Therefore, it appears that
the structure of 3a in solution is similar to the geometry
observed in the crystal structure.

Theoretical studies of the tautomerism/isomerism prefer-
ences of dihydrothiazolyl hydrazones 3a,b have been performed
by calculating the energy differences and relative hydration free
energies of model compounds a, b (Scheme 2). The ab initio
calculations (Tables 5 and 6) clearly indicate that the relative
stability in the gas phase is little affected upon hydration.
According to the results for model compound 4, the popu-
lations of the four species in aqueous solution are predicted to
be 90%, <1%, ∼10% and <1% for a, b, c, and d, respectively.
This prediction is in complete agreement with the experimental
structure of 3a observed both by crystallography in the solid
state and by NMR in solution. In contrast, calculations predict
that species b is the most stable form in aqueous solution for
model compound 5 (thiazole).

Conclusions
The structures of the dihydrothiazolyl hydrazones 3a,b (Scheme
1) obtained by reduction of the azomethine precursor under the
conditions described by Mazzone et al.1 have been fully charac-
terised by combining crystallography, NMR measurements in
solution, and computational methods. The thiazolidine struc-
ture of the heterocycle is confirmed both by crystallography
and in solution. The stability of the endocyclic N3 tautomeric
form (a, Scheme 2), in the gas phase and in water, is confirmed
by energy calculation at the MP2/6-31�G(d) level. This tauto-
meric structure is expected to be the most abundant form
(>90%) of the molecule.

The anti-E conformation observed in the crystal structures is
retained in solution, in agreement with stability prediction.

Synergy between theoretical and experimental data has
proven to be a very powerful tool to elucidate shape and sub-
shape properties (spatial arrangement of putative pharmaco-
phore groups) as a consequence of a different conformational
freedom which can produce enantiotopy also within closely
related structures. Obviously, considering the substantial
role electronic factors play in the MAO action, the different
electronic character can also affect the anti-MAO activity.
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These findings can be exploited both to support pharma-
cophoric hypotheses 4 in the drug design of high affinity and
selective MAO inhibitors as potential drugs and to be used as
probes to map the monoamine oxidases-A and -B active site
structure. The latter was recently reported by Mattevi and
Edmonson et al.12 Moreover, the rationale elucidating the alter-
nate synthetic pathway leading to the unexpected thiazolidine
derivatives can lead to selective synthesis with improved yields
of these thiazolidines or their unsaturated counterparts if the
two pathways should be competitive. Further studies will be
carried out to separate the racemic mixture considering the
influence of stereochemical aspects in the specific binding of
MAO-A or -B and thus to define the role of each thiazol-
idine enantiomer as bioactive or ballast and to make a com-
parison with the unsaturated counterpart, i.e. with similarly
substituted hydrazinothiazole derivatives 1–4 taking advantage
of the recently reported MAO-B structure.12

Experimental

Synthesis

4-Ethoxy-3,5-dimethoxybenzaldehyde [4-(4-methoxyphenyl)-
4,5-dihydro-1,3-thiazol-2-yl]hydrazone 3a and 1,3-benzo-
dioxole-5-carbaldehyde [4-(4-methoxyphenyl)-4,5-dihydro-1,3-
thiazol-2-yl]hydrazone 3b were prepared according to Mazzone
et al.1 As our aim was only to check the reaction was repro-
ducible no attempts were made to improve the yields.

X-Ray crystallography ‡

Crystals of compounds 3a and 3b were obtained by slow evap-
oration of concentrated solutions in low molecular weight
alcohols.

A suitable crystal of 3a was mounted on a quartz fiber on a
goniometer head of a CAD4 Nonius diffractometer. After
determination of the cell parameters using 25 well centered
reflections, a complete diffraction data set was collected.
Analytical correction for absorption was introduced.

Only small crystals of 3b could be grown. Therefore diffrac-
tion data were collected for this compound using a rotating
anode Rigaky diffractometer and a MAR Image Plate detector.

After intensity integration and data corrections the struc-
tures were solved using direct methods and refined by full
matrix least squares on F 2 using the program SHELXL97.6 All
non hydrogen atoms were treated anisotropically while a riding
model was applied for the hydrogens. The positions of the
hydrogens were obtained from careful inspection of Fourier
difference ∆F maps.

Nuclear magnetic resonance

All spectra were recorded using a spectrometer operating at
300 and 75 MHz for 1H and 13C, respectively and the temper-
ature was controlled to ±0.1 �C. All 1H and 13C NMR chemical
shifts are referenced to TMS as external standard. 13C DEPT
(Distortionless Enhancement by Polarisation Transfer) spectra
were obtained for a spectral width of 16000 Hz, collecting
32K data points. The 90� pulse was 13.2 µs, the proton pulse
was 12.0 µs and the (2J)�1 delay was set equal to 3.57 ms.

The 1H{1H}-NOE (Nuclear Overhauser Effect) experiments
were performed in the difference mode. The decoupler power
used was the minimum required to saturate the spin of interest.
A waiting time of 5–10 s was used to allow the system to reach
equilibrium. Each NOE experiment was repeated at least four
times. All the solutions were accurately degassed by freeze–
pump–thaw cycles for NOE experiments.

‡ CCDC reference numbers 174656 and 174657. See http://www.rsc.org/
suppdata/p2/b1/b110321k/ for crystallographic files in .cif or other
electronic format.

Ab initio calculations

Geometry optimisations were performed at the HF level
using the 6-31G(d) basis 7 on simplified structure to reduce the
computing time. The minimum energy nature of the stationary
points was verified from the harmonic frequency analysis.
Single-point calculations were performed at the second-order
Moller–Plesset 8 (MP2) with the 6-31�G(d,p) level using the
HF/6-31G(d) optimised geometry. The HF/6-31G(d) vibra-
tional frequencies were used to compute zero-point energy
thermal and entropy corrections (at 298 K), in order to esti-
mate free energy differences between tautomers. Gas phase
calculations were performed using Gaussian-94.9

Calculations in solution were performed using the HF/
6-31G(d) parameterised version of the MST model 10 imple-
mented in MONSTERGAUSS.11 Addition of the free energies
of solvation to the gas phase free energy differences allows us to
compute the relative stability of tautomers in water.

Calculations were carried out on SGI Octane R-12000 and
R-5000 workstations operating under IRIX 6.5.�.

Specific rotation

The zero specific rotation [α]D due to the racemic mixture was
determined on 10 mg of substance with a JASCO DIP-135
polarimeter in DMSO as the solvent at 25 �C.
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