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a b s t r a c t

The reaction of benzoyl isothiocyanate with L-serine, L-proline, D-methionine and L-alanine gave 2-
[(benzoylcarbamothioyl)amino]-3-hydroxypropanoic acid (I), 1-(benzoylcarbamothioyl)pyrrolidine-2-
carboxylic acid (II), 2-[(benzoylcarbamothioyl)amino]-4-(methylsulfanyl)butanoic acid (III) and 2-
[(benzoylcarbamothioyl)amino]propanoic acid (IV), respectively. The compounds have been character-
ized by IR, NMR, microanalyses and mass spectrometry. The crystal structures of all the compounds have
also been discussed. Compound II showed rotamers in solution. DFT calculations of the frontier orbitals
of the compounds have been carried out to ascertain the groups that contribute to the HOMO and LUMO,
and to study their contribution to the reactivity of these compounds. The calculations indicated that the
carboxylic acid group in these compounds is unreactive hence making the conversion to benzimidazoles
via cyclization on the carboxylic acids impractical. This has been further confirmed by the reaction of
compounds IeIV, respectively, with o-phenylene diamine which was unsuccessful but gave compound V.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Amino acid derivatives of benzoyl isothiocyanate can be used as
intermediates to construct other biologically active molecules with
a thiourea backbone, and in this case the title compounds were
envisaged to be converted to benzimidazoles by reacting the car-
boxylic acid with 1,2-diaminobenzene. The isothiocyanates can be
generated by a reaction of the acylated intermediates with
ammonium thiocyanate in the presence of polyethylene gylcol 400
(PEG 400) [1], and then reacted with amines to generate the thio-
urea derivatives. Thiourea derivatives have been synthesized
through several ways. For example, ethyl isothiocyanates and aro-
matic amines were mixed and stirred at room temperature in
acetone for 15 h to give the corresponding thioureas in high yields
[2]. A simple and efficient method for the synthesis of thiourea
derivatives in high purity and high yield has been reported using
tetrabutyl ammonium bromide (TBAB) as a phase transfer catalyst
[3]. A series of thiourea derivatives containing the
quinazolinee4(3H) framework have been synthesized by Saeed
. Tshentu).
et al. [4]. Pyrazole acyl thiourea derivatives have also been syn-
thesized from monomethylhydrazine (or phenylhydrazine) and
ethyl acetoacetate [1]. N-(5-Aryl-2-furonyl) thiourea derivatives
containing substituted pyrimidine rings have been synthesized in
good yield using PEGe400 as a phase transfer catalyst under ul-
trasonic irradiation [5]. Fluorinated pyrazoles, benzene sulfonyl-
urea and thiourea derivatives as well as their cyclic
sulfonylthioureas have been prepared by the reaction of bromi-
nated trifluoromethyl diketones with isocyanates and iso-
thiocyanates [6]. Benzimidazoles conjugated to thioureas have
been synthesized by the refluxing of isothiocyanates and benz-
imidazoles in dimethyl formamide [7].

Versatile and expeditious syntheses of taurine-derived thio-
ureas, ureas, and guanidines using taurine isothiocyanate as the key
intermediate have also been reported [8]. The thioureas were ob-
tained by a one-pot two-step procedure starting from taurine by
the isothiocyanation reaction with thiophosgene in aqueous
tetrahydrofuran, followed by coupling with aliphatic and aromatic
amines. Desulfurization of the thiourea derivatives with mercu-
ry(II) oxide gave either taurine-containing ureas or guanidine [8].
Urea and thiourea derivatives of diphenylphoshoramidate may be
accessed by the reaction of diphenylphosphoramidate with
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aromatic isocyanates and isothiocyanates in tetrahydrofuran in the
presence of triethylamine [9]. Multifunctional thioureas bearing a
variety of functional groups at a position remote from the thiourea
moiety have been synthesized via ruthenium catalyzed Huisgen
cycloaddition [10]. The aspartic acid dimethyl ester and alanine
methyl ester derivatives of benzoyl isothiocyanate have also been
synthesized in acetone from the corresponding thione [11,12]. A
methoxy substituted derivative of benzoyl isothiocyanate has been
accessed by boiling the thione directly in methanol [13]. N-[Ben-
zoylamino)thioxomethyl]amino acid derivatives have been pre-
pared by the reaction of benzoyl isothiocyanate with various amino
acids in acetone, namely, histidine, alanine, phenylalanine, serine
and cysteine, however the alanine and serine derivatives were
characterised by NMR only [14]. The cadmium(II) and zinc(II)
complexes of the phenylalanine derivatives have also been re-
ported and characterized by IR, NMR, and microanalysis [14]. The
cobalt(II), copper(II) and nickel(II) complexes of the aspartic acid,
glutamic acid, methionine, leucine and tryptophan derivatives of
benzoyl isothiocyanates have been synthesized and tested for their
antibacterial activity [15]. Some thiourea derivatives of various
amines have also been synthesized in acetone and tested for their
anti-amoebic properties [16]. Cyclohexanecarbonyl isothiocyanate
has been reacted with various amines in acetone, with a slightly
different work-up procedure which involved the addition of 0.1 N
hydrochloric acid to the mother liquor before filtration, and this
was reported to give higher yields of between 86 and 93% [17].
Benzothiazole derivatives of various carbonyl isothiocyanates have
been synthesized in acetone in the presence of 3% tetrabutyl
ammonium bromide (TBAB) [18].

Compounds IeIV can be useful intermediates for further syn-
thesis of biologically relevant compounds, and in this case benz-
imidazole formation via cyclization on the amino acid carboxylic
acid using polyphosphoric acid in toluene at 165 �C. It is therefore
important to study their chemical properties in order to understand
their reactivity since the attempted cyclization reaction was not
successful but gave compound V. The computational studies of the
frontier orbitals have been carried out and the HOMO and LUMO
gaps discussed. Compounds IeIV have also been characterized by
single crystal XRD. The NMR analysis (1H, 1D NOESY, 2D NOESY, 13C,
HMBC, HSQC) of compound II showed the formation of rotomers in
solution which was not observed in the solid state.

2. Experimental

2.1. Reagent and instrumentation

Analytical grade reagents and solvents for synthesis such as
ammonium thiocyanate, L-serine, D-methionine, L-proline and L-
alanine were obtained from Sigma Aldrich (USA) whilst acetone
and benzoyl chloride were obtained from Merck Chemicals (SA).
The chemicals were used as received (i.e. without further purifi-
cation). 1H NMR and 13C NMR spectra were recorded on a Bruker
Avance AV 400 MHz spectrometer operating at 400 MHz for 1H and
100MHz for 13C using DMSO-d6 as solvent and tetramethylsilane as
internal standard. Chemical shifts are expressed in ppm. FTeIR
spectra were recorded on a Bruker Platinum ATR Spectrophotom-
eter Tensor 27. Elemental analyses were performed using a Vario
Elementar Microcube ELIII. Melting points were obtained using a
Stuart Lasec SMP30 whilst the masses were determined using an
Agilent 7890A GC System connected to a 5975C VLeMSC with
electron impact as the ionization mode and detection by a triple-
Axis detector.The GC was fitted with a 30 m � 0.25 mm x
0.25 mm DB-5 capillary column. Heliumwas used as carrier gas at a
flow rate of 1.6 mL min�1 with an average velocity of 30.2 cm s�1

and a pressure of 63.7 KPa.
2.2. General method for the synthesis of the compounds

Ammonium thiocyanate (0.10 mol, 7.6 g) was dissolved in
100 mL of acetone. Benzoyl chloride (0.10 mol, 11.3 mL) was added
followed by heating under reflux at 100e120 �C for 2 h. The product
was filtered and the respective amino acid was added to the filtrate
and refluxed at 100e120 �C for 6 h 20 mL of water was then added
and themixturewas refluxed for a further 2 h. The reactionmixture
was extracted with diethyl ether, and the solvent removed via ro-
tary evaporation followed by drying the compound in a high vac-
uum. GCeMass spectra were recorded for the synthesized
compounds and they showedmolecular ion (Mþ) peaks, in addition
to others, which confirmed the formation the products.

2.2.1. 2-[(Benzoylcarbamothioyl)amino]-3-hydroxypropanoic acid
(I)

The product was recrystallized and obtained as a colourless solid
from acetone:water (4:1). Yield ¼ 71%, Mp ¼ 163e165 �C. 1H NMR
(ppm): 11.43 (s, N(2)eH), 11.49 (s, 1H, O(2)eH), 7.96 (d, 2H, C(12)e
H, C(16)eH)), 7.65 (m, 1H, C(14)eH), 7.53 (m, 2H, C(13)eH, and
C(15)eH), 5.34 (br, 1H, N(1)eH), 4.94 (t, 1H, C(3)eH), 3.88 (s, 2H,
C(5)eH). 13C NMR (ppm): 180.3 (C(2)eS(1), 170.7 (C(4)eO(3)), 168.3
(C(1)e(O(1)), 128.4 (C(13) and C(15)), 128.5 (C(12) and C(16)), 132.1
(C(14), 133.0C(11)), 60.5 (C(6)), 60.3 (C(3). IR (nmax, cm�1): 3229
(NeH), 2980 (aliphatic CeH), 1725 (C]S), 1654 (C]O), 1509 (aro-
matic C]C), 1164 (CeN). Anal. calcd. for C11H12N2O4S.H2O: C, 46.15;
H, 4.93; S, 11.20; N, 9.78. Found: C, 46.92; H, 4.87; S, 10.67; N, 9.76.
LRMS (m/z, Mþ): Found for C11H12N2O3S ¼ 268.00, Expected
mass ¼ 268.29.

2.2.2. 1-(Benzoylcarbamothioyl)pyrrolidine-2-carboxylic acid (II)
The product recrystallized as a white solid from acetone:water

(4:1). Yield ¼ 75%, Mp ¼ 114e117 �C. 1H NMR (ppm): 10.90 (s, 1H,
O(3)eH), 7.94 (d, 1H, C(12)eH), 7.85 (d, 1H, C(16)eH), 7.58 (m, 1H,
C(14)eH), 7.50 (m, 2H, C(13)eH and C(15)eH), 4.68 (t, 1H, C(21)e
H)), 3.68 (m, 2H, C(24)eH), 2.02 (m,2H, C(23)eH), 1.99 (m, 2H,
C(22)eH). 13C NMR (ppm): 179.1 (C(2)eS(1)), 171.9 (C(30)eO(20)),
171.2 (C(3)eO(2)), 164.0 (C(1)eO(1)), 132.9 (C(11), 132.2 (C(14),
128.4 (C(12) and C(16)), 128.2 (C(13) and C(15)), 65.4 (C(21), 62.7
(C(24), 61.7 (C(240), 31.0 (C(23), 29.4 (C(230), 24.19 (C(22), 22.94
(C(22). IR (nmax, cm�1): 3270 (NeH), 2987 (aliphatic CeH), 1730
(C]S), 1659 (C]O), 1491 (aromatic C]C), 1182 (CeN). Anal. calcd.
for C13H14N2O3S.H2O: C, 52.69; H, 5.44; S, 10.83; N, 9.45. Found: C,
52.55; H, 5.64; S, 9.80; N, 9.11. LRMS (m/z, Mþ): Found for
C13H14N2O3S ¼ 278.40, Expected mass ¼ 278.33.

2.2.3. 2-[(Benzoylcarbamothioyl)amino]-4-(methylsulfanyl)
butanoic acid (III)

The product recrystallized as a white solid from acetone:water
(4:1). Yield ¼ 77%, Mp ¼ 123e125 �C. 1H NMR (ppm): 11.54 (s, 1H,
O(2)eH), 11.28 (s,1H, N(1)eH), 7.96 (m, 2H, C(12)eH and C(16)eH),
7.65 (m,1H, C(14)eH), 7.52 (d, 2H, C(13)eH and C(15)eH), 5.03 (1H,
C(3)eH), 2.26 (m, 2H, C(7)eH), 2.17 (2H, C(5)eH),1,99 (3H, C(6)eH).
13C NMR (ppm): 180.5 (C(2)eS(1)), 171.8 (C(4)eO(3)), 168.4 (C(1)e
O(1),133.1 (C(11)), 132.1 (C(14)), 128.6 (C(12) and C(16)), 128.2
(C(13) and C(15)), 66.6 (C(3)), 30.5 (C(7)), 29.2 (C(5)), 14.6 (C(6)). IR
(nmax, cm�1): 3282 (NeH), 3202 (NeH), 2914 (aliphatic CeH), 1715
(C]S), 1664 (C]O), 1519 (aromatic C]C), 1193 (CeN) Anal. calcd.
for C13H16N2O3S2: C, 49.98; H, 5.16; S, 20.53; N, 8.97. Found: C,
50.40; H, 5.52; S, 20.03; N, 8.97. LRMS (m/z, Mþ): Found for
C13H16N2O3S2 ¼ 312.90, Expected mass ¼ 312.41.

2.2.4. 2-[(Benzoylcarbamothioyl)amino]propanoic acid (IV)
The product recrystallized as a yellow solid from acetone:water

(4:1). Yield ¼ 65%, Mp ¼ 161e163 �C 1H NMR (ppm): 11.51 (s, 1H,
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O(2)eH), 11.30 (s, 1H, N(1)eH.)), 7.93 (d, 2H, C(12)eH, and C(16)e
H), 7.64 (m, 1H, C(14)eH), 7.52 (m, 2H, C(13)eH and C(15)eH), 4.85
((q, 1H, C(3)eH), 1.49 (d, 3H, C(5)eH). 13C NMR (ppm): 13C NMR
(ppm): 179.9 (C(2)eS(1)), 172.9 (C(4)eO(3)), 168.5 (C(1)e(O1)),
133.0C(11), 132.1C(14), 128.7 (C(12) and C(16), 128.4 (C(13) and
C(15)), 63.1 (C(3)eH), 17.2C(5). IR (nmax, cm�1): 3384 (NeH), 2992
(aliphatic CeH), 1726 (C]S), 1678 (C]O), 1489 (aromatic C]C),
1196 (CeN). Anal. calcd. for C11H12N2O3S: C, 52.37; H 4.79; S 12.71;
N 11.10. Found: C, 52.59; H 5.11; S 12.56 N; 11.07. LRMS (m/z, Mþ):
Found for C11H12N2O3S ¼ 252.00, Expected mass ¼ 252.29.

2.2.5. 2-Phenyl-1H-benzimidazole (V)
15 g of polyphosphoric acid, in 5 mL of toluene, was heated at

120 �C for 30 min. Compounds I, II, III and IV (0.20 mol) and o-
phenylenediamine (0.2 mol) were added and the mixture was
heated at 165 �C for 6 h. After cooling, 20 mL of water was added
with stirring and then sodium hydrogen carbonate was added until
effervescence ceased. The dark brown precipitate obtained was re-
dissolved in little methanol and placed on the silica gel column and
eluted with methanol:ethyl acetate (1:1). The product was recrys-
tallized from ethanol:toluene (1:1) and obtained as a brown solid.
Yield ¼ 55e68%, Mp ¼ 240e242 �C. 1H NMR (ppm): 8.20 (m, 2H),
7.61 (m, 2H), 7.56 (m, 2H), 7.48 (m, 1H), 7.21 (m, 2H), 13C NMR
(ppm): 151.2 (C]N), 130.0 (PheH), 129.9 (PheH), 128.9 (PheH),
126.4 (PheH), 122.1 (PheH), IR (nmax, cm�1): 3048 (NeH), 2961
(CeH), 2850 (CeH), 1539 (C]N), 1461 (C]C), 1443 (CeN). Anal.
Calcd for C13H10N2: C, 80.39; H, 5.19; N, 14.42. Found: C, 80.29; H,
5.32; N, 14.64. Found for C13H10N2 ¼ 194.10, Expected
mass ¼ 194.23.

2.3. X-ray crystallography

X-ray diffraction analyses of IeIVwere performed at 200 K using
a Bruker Kappa Apex II diffractometer with monochromated MoKa
radiation (l ¼ 0.71073 Å). APEXII [19] was used for data collection
and SAINT [19] for cell refinement and data reduction. The struc-
tures were solved by direct methods using SHELXS-2013 [20] and
refined by least-squares procedures using SHELXL-2013 [20] with
SHELXLE [21] as the graphical interface. All non-hydrogen atoms
were refined anisotropically. Carbon-bound H atomswere placed in
calculated positions (CeH 0.95 Å for aromatic carbon atoms and
CeH 0.99 Å for methylene groups) and were included in the
refinement in the riding model approximation, with Uiso(H) set to
1.2Ueq(C). The H atoms of the methyl groups were allowed to rotate
with a fixed angle around the CeC bond to best fit the experimental
electron density (HFIX 137 in the SHELX program suite [19]), with
Uiso(H) set to 1.5Ueq(C). The H atom of the hydroxyl group was
allowed to rotatewith a fixed angle around the CeO bond to best fit
the experimental electron density (HFIX 147 in the SHELX program
suite [20]), with Uiso(H) set to 1.5Ueq(O). Nitrogen-bound H atoms
were located on a difference Fourier map and refined freely. Data
were corrected for absorption effects using the numerical method
implemented in SADABS [19].

2.4. Computational studies

The calculations were carried out using Gaussian 09 program.
Molecular geometries of the singlet ground state of all the com-
pounds were fully optimised in the gas phase at the density func-
tional theory (DFT) level of theory using B3LYP/6-31þþG. For each
compound a frequency calculation was carried out to ensure that
the optimized molecular structure corresponded to a minimum,
thus only positive frequencies were expected. The structures were
generated using Chemcraft.
3. Results and discussion

3.1. Synthesis and characterization

The syntheses of compounds I, III and IV were readily achieved
by the reaction of benzoyl isothiocyanate with the different amino
acids (Scheme 1). Scheme 2 gives the reaction path for compound
II. The lone pair of electrons on the nitrogen atom of the amino acid
attacks the carbon of the thione. This shifts the electron density
onto the nitrogen of the isothiocyanate allowing it to abstract a
proton from the amine of the amino acid. The FTIR, 1H NMR and 13C
NMR confirmed the formation of the amino acid derivatives.
Compound V (Schemes 1 and 2) was accessed by the reaction of
compounds IeIV, respectively, with o-phenylene diamine with the
diamine attacking the carbonyl close to the benzene ring (benzoyl
group) instead of the carboxylic acid to form VI.

The FTIR spectra for compounds IeV are provided in Figs. S1eS5
in the Supplementary Information. The 1H NMR spectra for com-
pounds 1eV and 13C NMR spectra for compounds 1, III,1V and V are
also provided in Figs. S6eS15 in the Supplementary Information.
The nitrogen protons which do not appear in the 1H NMR spectra of
compounds II, III and IV exchange with the residual water mole-
cules in DMSO hence are undetectable. The 13C NMR spectrum of
compound II (Fig. 1) showed six methylene groups instead of three
which occurred at 54.33, 51.72, 30.96, 29.44, 24.19, and 22.94. This
was also confirmed in the DEPT spectrum (Fig. 2). This showed that
compound II possibly exists as two rotamers in solution. Fig. S16
gives the 1He1H COSY for compound I. Figs. S17eS19 present the
1He1H COSY, 1D NOESY and HMBC spectra of compound II, and
they showed further evidence of formation of rotamers. The two
rotamers in solution are formed by restricted rotation around the
nitrogen of the proline, specifically around the N(2)-C(2) bond,
making the carbon signals for all the four carbon atoms in the
proline ring double. This also gives rise to two carbonyl signals for
the proline part of compound II as evident in the CNMR spectrum.
The 2D NOESY spectrum (Fig. 3) showed an exchange between the
signals at 4.42 and 4.62 ppm, and both signals are attached to the
same carbon that changes position as indicated in the HSQC spec-
trum (Fig. 4).

3.2. Crystal structures

Compounds I, II and III were recrystallized from acetone:water
(4:1) as colourless crystals, whilst compound IV was recrystallized
from acetone:water (4:1) as yellow crystals. The crystallographic
data, selected bond lengths, bond angles and torsion angles for the
structures of IeIV are provided in Tables 1 and 2. Compounds I and
II crystallized in orthorhomic space group P212121, whilst com-
pound III crystallized inmonoclinic space group P21 and compound
IV in orthorhomic space group C2221. The absence of rotamers in
the solid state was confimed during the refinement procedure by
means of the Flack parameter in each case.

The ORTEP diagram of compound I is presented in Fig. 5. The
experimental bond distance of S(1)eC(2)¼ 1.670(2) Å in compound
I is consistent with the C]S of the thione [22], whilst the C(1)eO(1)
and C(4)eO(3) bond distances of 1.233(2) Å and 1.202(2) Å show
the presence of the carbonyl bond of the amide and the carbonyl of
the carboxylic acid, respectively. The bond distance of C(1)e
N(1) ¼ 1.372(2) Å is indicative of the CeN bond of the amide. The
O(2)eC(4)eO(3) bond angle of 124.8(2)� is consistent with the
bond angle around the sp2 carbon of the carboxylic acid whilst the
S(1)eC(2)eN(2) bond angle of 125.2(1)� indicated the presence of
the sp2 carbon of the thione. The O(1)eC(1)eN(1) bond angle of
121.6(1)� also showed the presence of the sp2 carbon of the amide.
The C(2)eN(1)eC(1)eO(1) torsion angle of 6.1(2)� confirmed the
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rigidity around the carbonyl of the amide whilst the C(3)eN(2)e
C(2)eS(1) torsion angle of �7.3(2)� confirmed the rigidity around
the thione.

There is an intramolecular hydrogen bond between the carbonyl
Fig. 1. 13C NMR spectru
of the amide O(1) and the nitrogen from the amino acid N(2)
(Fig. S18). The carbonyl (O(1)) also forms an intermolecular
hydrogen bond with the hydroxyl group O(4) of the adjoining
molecule which also forms a bond with the water molecule. The
m of compound II.



Fig. 2. DEPT spectrum of compound II.

Fig. 3. 2D NOESY spectrum of compound II.
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thione S(1) also forms a bondwith awater molecule. The packing of
compound I showed the presence of four molecules in the unit cell
(Fig. S19).
Fig. 4. HSQC spectrum
The structure of compound II is presented in Fig. 6. The bond
distances of O(2)eC(3) and C(1)eO(1) which were 1.201(2) Å and
1.229(2) Å are consistent with the carbonyl of the carboxylic acid
of compound II.



Table 1
Crystallographic data and structure refinement summary for compounds IeIV.

Property Compound I Compound II Compound III Compound IV

CCDC number 1014079 1014083 1014284 1014322
Empirical formula C11H12N2O4S,H2O C13H14N2O3S,H2O C13H16N2O3S2 C11H12N2O3S
Formula weight 286.31 296.35 312.42 252.30
Crystal system Orthorhombic Orthorhombic Monoclinic Orthorhombic
Space group P212121 P212121 P21 C2221
a (Å) 7.0613(3) 8.8347(5) 5.1663(2) 8.2584(3)
b (Å) 11.0752(4) 11.8182(7) 1.4170(5) 21.7331(8)
c (Å) 16.5713(7) 13.3896(8) 12.7108(5) 13.4905(6)
a (�) 90 90 90 90
b (�) 90 90 96.843(1) 90
g (�) 90 90 90 90
V [Å 3̂] 1295.96(9) 1398.01(14) 744.39(5) 2421.28(17)
Z 4 4 2 8
D(calc) (g/cm^3) 1.467 1.408 1.394 1.384
m(MoKa) (/mm) 0.268 0.246 0.365 0.265
F(000) 600 624 328 1056
Crystal size (mm) 0.26 � 0.39 � 0 0.52 0.47 � 0.48 � 0.56 0.16 � 0.37 � 0.49 0.23 � 0.53 � 0.72
Temperature (K) 200 200 200 200
Radiation (Å) 0.71073 0.71073 0.71073 0.71073
q MineMax (�) 2.2e28.3 2.8e28.4 2.4e28.3 1.9e28.3
Dataset �7:9; �14:9; �22:20 �1:8; �15:13; �17:17 �6:4; �14:15; �16:16 �11:9; �25:28; �15:17
Tot., Uniq. Data 6893, 3088 10872, 3334 6845, 3344 6792, 3009
Rint 0.010 0.014 0.017 0.014
[I > 2.0 sigma(I)] 2991 3224 3176 2879
Nref, Npar 3088,180 3334, 195 3344,185 3009, 164
R 0.0227 0.0240 0.0252 0.0238
wR2 0.0643 0.0650 0.0654 0.0659
S 1.09 1.03 1.03 1.04
Max. and Av. shift/error 0.00, 0.00 0.00, 0.00 0.000,0.00 0.000,0.00
Min. residual. density. [e/Å^3] �0.17 �0.17 �0.20 �0.14
Max. residual. density. [e/Å^3 025 0.24 0.26 0.25
Flack parameter 0.020(13) 0.002(14) 0.00(2) 0.012(19)

Table 2
Selected bond length (Å), bond angles and torsion angles of compounds IeIV.

Bond lengths I II III IV

Expt Expt Expt Expt

S(1)eC(2) 1.670(2) 1.661(2) 1.676(2) 1.677(1)
O(1)eC(1) 1.232(2) 1.229(2) 1.226(2) 1.222(2)
N(1)eC(2) 1.399(2) 1.420(2) 1.385(3) 1.323(2)
N(1)eC(1) 1.372(2) 1.367(2) 1.383(3) 1.386(2)
N(2)eC(2) 1.331(2) 1.326(2) 1.331(3) 1.487(2)
C(1)eC(11) 1.489(2) 1.488(2) 1.486(3) 1.487(2)
S(2)eC(7) - - 1.793(3) -
S(2)eC(6) - - 1.801(2) -

Bond angles I II III IV

O(1)eC(1)eN(1) 121.8(1) 121.8(1) 121.5(2) 122.0(1)
O(1)eC(1)eC(11) 121.6(1) 120.9(1) 121.3(2) 121.8(1)
S(1)eC(2)eN(1) 118.3(1) 119.2(1) 120.9(2) 119.6(1)
S(1)eC(2)eN(2) 125.2(1) 124.4(1) 122.3(2) 123.5(1)
N(1)eC(1)eC(11) 116.6(1) 117.3(1) 117.2(2) 116.2(1)
N(1)eC(2)eN(2) 116.6(1) 116.3(1) 116.8(2) 116.8(1)
C(1)eN(1)eC(2) 127.8(1) 123.2(1) 126.9(2) 127.4(1)

Torsion angles I II III IV

N(1)eC(1)eC(11)eC(16) �158.7(2) �21.1(2) �174.2(2) �15.8(3)
C(2)eN(1)eC(1)eO(1) 6.1(2) 7.1(2) 3.5(3) �6.0(3)
C(1)eN(1)eC(2)eS(1) 176.0(1) 121.5(1) 179.2(2) 179.3(1)
C(3)eN(2)eC(2)eS(1) �7.3(2) - 6.1(3) 2.8(2)
O(1)eC(1)eC(11)eC(16) 1.0(2) 159.2(2) 6.7(3) 162.7(2)
C(1)eN(1)eC(2)eN(2) �3.2(2) �60.3(2) 0.4(3) �0.4(2)
O(1)eC(1)eC(11)eC(12) �156.7(2) �20.2(2) �173.4(2) �14.4(3)

Fig. 5. An ORTEP view of compound I showing 50% probability displacement ellipsoids
and the atom labelling.
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and the carbonyl of the amide, respectively. This also compared
favourably with the carbonyl bond distances in compound I. The
bond distance of C(1)eN(1)¼ 1.367(2) Å indicated the CeN bond of
the amide and it was comparable to the CeN bond distance in
compound I which was 1.372(2) Å. The bond distance of S(1)e
C(2)¼ 1.661(2) Å showed the presence of the C]S of the thione and
was comparable to that of compound I (1.670(2) Å). The O(3)�
C(3)�O(2) bond angle of 125.0(1)� is indicative of the sp2 carbon of
the carbonyl of the carboxylic acid and the N(1)eC(1)eO(1) bond
angle of 121.8(1)� also confirmed the presence of the sp2 carbon of
the carbonyl and these were comparable to the bond angles
observed in compound I. The S(1)eC(2)eN(1) bond angle of
119.2(1)� also indicated the presence of the sp2 carbon of the thi-
one. The C(2)eN(1)eC(1)eO(1) torsion angle of 7.1(2)� was
consistent with the rigidity in the amide whilst the C(21)eN(2)e
C(2)eS(1) torsion angle of 1.3(2)� confirmed the rigidity around the
thione. There exists an intermolecular hydrogen bond in compound
II between the carbonyl of the amide O(1) and a water molecule
which is also bonded to the carbonyl O(2) of the carboxylic acid of



Fig. 6. An ORTEP view of compound II showing 50% probability displacement ellip-
soids and the atom labelling.

Fig. 7. An ORTEP view of compound III showing 50% probability displacement ellip-
soids and the atom labelling.

Fig. 8. An ORTEP view of compound IV showing 50% probability displacement ellip-
soids and the atom labelling.
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the samemolecule and the hydroxyl O(3) of the adjoining molecule
(Fig. S20). The packing of themolecules of compound II in a unit cell
shows four molecules in each unit cell (Fig. S21).

The ORTEP diagram of compound III is presented in Fig. 7. The
bond lengths and angles as well as tosion angles compared well
Table 3
Summary of the HOMO-LUMO energies for compounds IeIV and the starting materials

HOMO (kJ/mol)

Benzoyl isothiocyanate �7I5.16
Compound I �675.93
Serine �692.24
Compound II �616.00
Proline �638.97
Compound III �564.17
Methionine �599.43
Compound IV �651.52
Alanine �678.72
with those of compounds I and II (Table 2). There is an intra-
molecular bond between the carbonyl O(1) of the amide and the
nitrogen N(2) from the amino acid. There exists an intermolecular
hydrogen bond in compound III between the thione S(1) and the
hydroxyl O(2) of the adjoining molecule and also between the ni-
trogen N(1) of the amide and the carbonyl O(3) of the carboxylic
acid of the adjoining molecule (Fig. S22). The packing of compound
III shows two molecules in the unit cell (Fig. S23).

The ORTEP diagram of compound IV is presented in Fig. 8. The
bond distances and angles as well as the torsion angles were
comparable with those of compounds I-III (Table 2). There is an
intramolecular hydrogen bond in compound IV between the
carbonyl O(1) of the amide and the nitrogen N(2) from the amino
acid (Fig. S24). There also exists an intermolecular bond between
the thione S(1) and the hydroxyl O(2) of the adjoining molecule.
The packing of the molecules of compound IV in a unit cell shows
eight molecules in each unit cell (Fig. S25).
3.3. HOMO-LUMO analysis

In view of the fact that compounds IeIV are useful in-
termediates in accessing other complex molecules, it was impor-
tant to carry out some theoretical studies to characterise the nature
of these compounds in terms of chemical reactivity. In fact, a
chemical reaction that was attempted on compounds IeIV, i.e. a
cyclization reactionwith 1,2-diaminobenzene at the carboxylic acid
site to form benzimidazoles, has been unsuccessful yielding rather
a benzimidazole through the diamine attacking the carbonyl of the
benzoyl group (compound V) instead of the carboxylic acid site.
This prompted us to carry out some computational studies in order
to predict the reactivity of these compounds. The highest occupied
molecular orbital and lowest unoccupied molecular orbital energy
separations, HOMOeLUMO energy gaps, have been evaluated by
DFT methods. The frontier orbitals are useful in predicting the most
reactive position in p-electron systems [23] and to explain several
types of reactions in a conjugated system like benzoyl
isothiocyanate.

Benzoyl isothiocyanate is characterised by a small highest
occupied molecular orbital-lowest unoccupied molecular orbital
(HOMOeLUMO) separation, which is the result of a significant
degree of intramolecular charge transfer from the end capping
electron-donor groups through a p-conjugated path [24]. The
HOMO and LUMO are the main orbitals that determine chemical
stability of the species [25]. The HOMO, which represents the
ability to donate an electron, is delocalised over the entire molecule
except the carbonyl and carbon of the thione whilst the LUMO
(which represent the ability to accept an electron) shows delocal-
ization of it orbitals over both the carbon atoms of the carbonyl and
the thione indicating that both are susceptible to attack by an
incoming group but because the carbonyl is sterically hindered the
carbon of the thione is the preferred site of attack and this attack is
.

LUMO (kJ/mol) HOMOeLUMO gap (kJ/mol)

�498.40 216.76
�243.75 432.18
�85.64 606.60

�205.55 410.45
�74.83 564.14

�214.50 349.67
�91.34 508.09

�233.12 418.40
�86.35 592.37



Fig. 9. The atomic orbitals compositions of the frontier molecular orbitals for benzoyl isothiocyanate.

Fig. 10. The atomic orbitals compositions of the frontier molecular orbital for compound I.

Fig. 11. The atomic orbitals compositions of the frontier molecular orbital for serine.

Fig. 12. The atomic orbitals compositions of the
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further stabilized by charge transfer through the benzene ring. The
energy of the HOMO is directly related to the ionization potential
whilst the energy of the LUMO is related to the electron affinity. The
energy difference between HOMO and LUMO orbitals, known as
the energy gap, determines the stability or reactivity of molecules
[26]. A narrow energy gap for benzoyl isothiocyanate is consistent
with its high reactivity. The energy gap is a critical parameter in
determining molecular electrical transport properties because it is
a measure of electron conductivity [27]. The hardness of a molecule
also corresponds to the gap between the HOMOeLUMO orbitals
[28]. Large HOMO�LUMO gap indicates high stability and resis-
tance to charge transfer, therefore, hard molecules have a large
HOMO�LUMO gap.

Table 3 gives the computed energy gap between the LUMO and
HOMO of compounds IeIV and benzoyl isothiocyanate as well as
frontier molecular orbitals for compound II.



Fig. 14. The atomic orbitals compositions of the frontier molecular orbitals for compound III.

Fig. 13. The atomic orbitals compositions of the frontier molecular orbitals for proline.
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the amino acids. The computed energy gap between the LUMO and
HOMO of benzoyl isothiocyanate is narrowwhich implies that it is a
soft molecule [29]. Compound I with a HOMOeLUMO gap of
432.18 kJ/mol is lower compared to that of serine which is
606.60 kJ/mol, confirming that L-serine is harder and less reactive
than compound I, even though their sites of reactivity differ. L-
Proline with a HOMOeLUMO gap of 564.14 kJ/mol is harder but less
reactive than compared II which has a HOMOeLUMO gap of
410.45 kJ/mol, but the reactivity of these compounds are concen-
trated on different sites of the molecules. Compound III with a
HOMOeLUMO gap of 349.67 kJ/mol is harder but less reactive than
D-methionine which has a HOMOeLUMO gap of 508.09 kJ/mol, and
alanine with a HOMOeLUMO gap of 592.37 kJ/mol is hard and less
Fig. 15. The atomic orbitals compositions of the
receive than compound IV which is 418.40 kJ/mol. From this in-
formation, it is not clear why the carboxylic acid site is less reactive
in the benzoyl isothiocyanates derivatives compared with the
amino acids since these molecules are must softer than the parent
amino acids. This prompted the study of the frontier orbitals.

Fig. 9 shows the HOMO and LUMO orbitals of benzoyl isothio-
cyanate. The HOMO is delocalised over the thione, nitrogen and the
ring with the oxygen atom making no contribution. whilst the
LUMO is delocalised over nearly the entire molecule. This suggests
that the entire molecule is involved in the acceptance of electrons
which makes this species very reactive.

The frontier orbitals of compound I (Fig. 10) shows that the
HOMO is mostly concentrated on the sulfur of the thione, the
frontier molecular orbitals for methionine.



Fig. 16. The atomic orbitals compositions of the frontier molecular orbitals for compound IV.
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nitrogen atoms and the phenyl ring, whilst the LUMO is largely
delocalised over the thione, the nitrogen atoms, the carbonyl and
over the benzene ring which aids in stabilising the compound
during charge transfer via delocalization over the benzene ring. The
carboxylic acid has no contribution to the frontier orbitals (LUMO)
hence is unreactive in the compound. This further confirmed the
inability to convert it to a benzimidazole by reacting it with 1,2-
diaminobenzene. The frontier orbitals of serine (Fig. 11) are
distributed over the entire molecule with most of the atoms mak-
ing a contribution. The carboxylic acid makes a little contribution to
the LUMO hence the cyclization should be possible on a free serine.

The frontier orbitals of compound II are shown in Fig. 12. The
HOMO is mostly concentrated on the sulfur of the thione and is
slightly delocalised on the nitrogen atoms whilst the LUMO is
largely delocalised over the entire molecule except the carboxylic
the acid and the methylene groups. Once again, the carboxylic acid
was unreactive because it makes no contribution to the frontier
orbitals which confirmed why it could not be converted to a
benzimidazole. The frontier orbitals of proline are delocalized over
nearly the entire molecule in LUMO confirming the possibility for
benzimidazole formation whilst in the HOMO the orbital is delo-
calized over the nitrogen and the surrounding carbon atoms
(Fig. 13).

Fig. 14 shows the frontier orbitals of compound III. The HOMO is
mostly concentrated on the sulfur atoms and the methylene groups
from the methionine whilst the LUMO is mostly delocalised over
the benzene ring, the carbonyl, the nitrogen atoms and the thione.
The delocalisation of the LUMO over the benzene ring aids in sta-
bilising the compound during charge transfer. The carboxylic acid
makes no contribution to the frontier orbitals (LUMO) which again
confirmed its unreactivity. In frontier orbitals of methionine
(Fig. 15) the LUMO is delocalised over the entire molecule except
Fig. 17. The atomic orbitals compositions of the frontier molecular orbitals for alanine.
the sulfur and methyl group attached to it, whilst its HOMO is
delocalized on the entire molecule except the carboxylic acid.

The frontier orbitals of compound IV are shown in Fig. 16. The
HOMO is mostly concentrated on the sulfur of the thione and is
slightly delocalised on the nitrogen and the carboxylic acid whilst
the LUMO is largely delocalised over the entire molecule except the
carboxylic acid and the methyl group. The carboxylic acid could not
be functionalized to a benzimidazole by the attachment of 1,2-
diamonobenzene due to the fact that the carboxylic acid has no
contribution to the LUMO, which would receive the incoming
electrons. The frontier orbitals of alanine in Fig. 17 shows delocal-
ization over the entire molecule in the LUMO whilst the HOMO is
also delocalized over the entire molecule with little contribution
from the carboxylic acid.

The cyclization to form a benzimidazole using the alanine has
been reported to be accessed by solvent free melting [30] and also
in the presence of a mixture of orthophosphic acid and poly-
phosporic acid via microwave irradiation [31]. Hence, the com-
pounds were not reproduced here. However, the theoretical
calculations indicate that the amino acid derivatives of benzoyl
isothiocyanate are not reactive to the cyclization reaction with 1,2-
diaminobenzene at the carboxylic acid site (Scheme 1).

4. Conclusions

2-[(Benzoylcarbamothioyl)amino]-3-hydroxypropanoic acid (I),
1-(benzoylcarbamothioyl)pyrrolidine-2-carboxylic acid (II), 2-
[(benzoylcarbamothioyl)amino]-4-(methylsulfanyl)butanoic acid
(III), and 2-[(benzoylcarbamothioyl)amino]propanoic acid (IV)
have been synthesized from the reaction of L-serine, L-proline, D-
methionine and L-alanine with benzoyl isothiocyanate, respec-
tively. The compounds have been characterized by IR, NMR, mi-
croanalyses andmass spectrometry. The crystal structures of all the
compounds have also been discussed. Compound II exhibited
rotamers in solution. DFT calculations of the frontier orbitals
showed that the carboxylic acid group in these compounds was
unreactive which confirmed the unsuccessful attempts to convert
these compounds to benzimidazoles via cyclization with 1,2-
diaminobenzene.
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