
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Structure of O-alkyl-N-ethoxycarbonyl thiocarbamate  
and imidothiocarbonate derivatives 

ABSTRACT 
O-methyl-N-ethoxycarbonylthiocarbamate, CH3C
H2OC(O)N(H)C(S)OCH3 (I), and O-ethyl-N-etho
xycarbonylthiocarbamate, CH3CH2OC(O)N(H)C
(S)OCH2CH3 (II), were prepared by the addition
reaction between CH3CH2OC(O)NCS and the
corresponding alcohols. Their structural and
conformational properties were studied using low-
temperature single crystal X-ray diffraction and
vibrational spectroscopy assisted by quantum
chemical calculations. Compound I crystallizes 
in the monoclinic space group P21/n with lattice
parameters a = 4.2450(1), b = 18.4992(5),
c = 9.8759(3) Å, β = 95.887(3)° and 4 molecules
per unit cell (Z=4), and II in the triclinic space group

1P with parameters a = 4.1771(8), b = 9.235(2),
c = 11.804(2) Å and crystallographic angles
α = 98.17(1), β = 98.62(1), γ = 102.29(2)°, and Z = 2.
In the crystal,the conformation around the
thiocarbamate group-N(H)C(S)O- is characterized
by a synperiplanar orientation of the C=S double
with respect to the N-H single bond, while the
methoxycarbonyl C=O double bond is  in
antiperiplanar orientation with respect to
 

the N-H bond. Both species form dimers
linked by NH•••S=C hydrogen bond, the N•••S
non-bonding distance being 3.352(2) Å in compound
I. Furthermore, ethoxycarbonylimidothiocarbonate
species were obtained by the addition of methyl and
n-butyl groups to the C=S double bond of I and II.
Thus, species with formula CH3CH2OC(O)N=C
(SCH3)OCH3 (III), CH3CH2OC(O)N=C(SCH3)O
CH2CH3 (IV), as well as the novel compounds
CH3CH2OC(O)N=C(SC4H9)OCH3 (V) and CH3C
H2OC(O)N=C(SC4H9)OCH2CH3 (VI), were also
prepared and fully characterized by spectroscopic
methods.  
 
KEYWORDS: carbonylthiocarbamate, sulfur 
chemistry, imidothiocarbonate, molecular structure, 
conformational properties. 
 
1. INTRODUCTION 
O-alkyl-N-ethoxycarbonylthiocarbamates [C2H5O
C(O)NHC(S)OR] [1-3] have been extensively used
as mineral flotation collectors since the introduction-
almost 70 years ago- of O-isopropyl-N-ethoxycarb
onylthiocarbamate (IPETC) by the Down Chemical
Company. This species is efficient and selective
for the flotation process of copper minerals,
including sulfides. Thiocarbamates are adsorbed
to sulfide minerals by donating electrons formally
located on the sulfur atom lone pairs and, upon
deprotonation of the NH group, promoting the
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formation of a metal-thiocarbamate complex at 
the mineral surface as demonstrated by Hope and 
Woods [4]. NMR spectra at variable temperature 
revealed the occurrence of conformational 
equilibrium of IPETC in d8-toluene solution, 
the dynamic behavior being interpreted in terms 
of changes in the sterically confined organic 
backbone [5]. However, when absorbed in copper 
surfaces or forming a copper chloride complex, 
IPETC is present in a single conformation with 
the C=O and C=S double bonds oriented toward 
the metal surface. 
In a previous work, we demonstrated that two 
O-alkyl-N-methoxycarbonylthiocarbamate species 
[CH3OC(O)NHC(S)OR, with R= CH3 and C2H5] 
have planar structures, with C=S and C=O double 
bonds of the thiocarbamate group mutually oriented 
toward opposite directions [6]. 
Thiocarbamates are susceptible to be converted 
into the corresponding S-alkylimidothiocarbonates 
by the addition of alkyl group to the nucleophilic 
sulfur atom of the C=S double bond [7]. Good 
yields and selectivity are achieved when alkyl 
halides are used in basic conditions. Insuasty 
and coworkers [8] studied the structures of 
two O,S-diethyl-N-(4-benzoyl)imidothiocarbonates 
highlighting the role of π interactions (C-H•••π 
and π-π stacking) in the crystal structure. 
We report here the synthesis, crystal and 
molecular structure, and a vibrational analysis of 
a simple O-alkyl-N-ethoxycarbonylthiocarbamate, 
C2H5OC(O)NHC(S)OR, with R= -CH3 (I), and 
compare these results with those already 
reported [1] for the closely related derivative 
with R=-CH2CH3 (II). Moreover, S-alkyl 
imidothiocarbonates -with alkyl groups including 
methyl (III and IV) [7] and the novel butyl 
derivatives (V and VI)- were prepared and their 
vibrational properties characterized by absorption 
Fourier-Transform Infrared spectroscopy (FTIR).  
 
2. MATERIALS AND MÉTHODS 

2.1. Synthesis 
The procedure by Kulkarni [9] was followed for 
the preparation of alkoxycarbonyl isothiocyanate 
derivatives, by reacting ethyl chloroformate with 
metal thiocyanate salts in the presence of an
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organic solvent and basic medium given by 
triethyl amine, as shown in Eq. (1): 

CH3CH2OC(O)Cl + KSCN →   
CH3CH2OC(O)NCS + KCl                    (1)

The CH2CH3OC(O)N(H)C(S)OR [R= -CH3 (I) 
and CH3CH2-(II)] compounds were synthesized 
by the addition reaction between ethoxycarbonyl 
isothiocyanate, CH3CH2OC(O)NCS and the 
corresponding alcohol ROH, [R= -CH3 (I) 
and CH3CH2-(II)] [10] according to Eq. (2): 

CH3CH2OC(O)NCS + ROH → 
CH3CH2OC(O)N(H)C(S)OR      (2)

Imidothiocarbonates can be obtained from 
thiocarbamates by using alkylating reagents [7]. 
Ethoxycarbonyl imidothiocarbonates III-VI were 
obtained according to Eq. 3 by using alkyl iodide 
R1I as alkylating agent, with R1= CH3 (III and IV) 
and C4H9 (V and VI): 

CH3CH2OC(O)N(H)C(S)OR + R1I → 
CH3CH2OC(O)N=C(SR1)(OR)      (3)

2.1.1. Preparation of O-alkyl-N-ethoxycarbonyl 
thiocarbamates (I and II) 
A freshly prepared solution of ethyl chloroformate 
(10 mmol) in dry acetone (50 ml) was added 
dropwise to a suspension of potassium thiocyanate 
(10 mmol) in acetone (30 ml) and the reaction 
mixture was refluxed for 30 minutes under 
nitrogen. After cooling to room temperature 
CH3OH or CH3CH2OH (10 mmol) were added 
and the resulting mixture refluxed for 4 h. Ethyl 
acetate and water was added to the reaction 
mixture and the organic phase was extracted. 
After evaporating the solvent, a solid was 
obtained and recrystallized from hexane and ethyl 
acetate. 

O-methyl-N-ethoxycarbonylthiocarbamate (I). Mp 
44(1)ºC. IR (KBr) ν/cm-1 1740 (C=O), 1270 
(C=S), 3258 (N-H); 1H RMN (CDCl3)δ= 8.49
(s, N–H broad, 1JHN=46.32 Hz), 4.10 (s, 
CH3 OC(S)-), 4.20 (q, -CH2-, 3JHH= 7.1 Hz), 1.26
(t, CH3-, 3JHH= 7.1 Hz, 1JHC=63.23 Hz); 13C RMN 
(CDCl3) δ= 189.8 (C=O), 149.7 (C=S), 62.7 
(C2), 59.4 (C5), 14.6 (C1). GC chromatogram 
(CH2Cl2) shows a single peak at a retention
time of 5.7 min; GC-MS (EI, 70 eV) m/z [relative 
intensity, fragment]; 163 [30, M+], 75 [12, 
CH3OC(S)+], 58 [46, NCS+], 29 [100, CH3CH2

+],
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1.35 (t, -CH3, 
3JHH=7.1), 2.40 (s, -SCH3); 13C 

RMN (CDCl3)δ=173.7 (C=O), 160.9 (C=S), 66.9 
(CH3CH2-), 62.3 (-CH2CH3), 14.3 (CH3CH2-), 
13.9 (SCH3), 13.3 (-CH2CH3). GC chromatogram  
(CH2Cl2) shows a single peak at a retention time 
of 7.0 min; GC-MS (EI, 70 eV) m/z [relative 
intensity, fragment]; 191 [2, M+], 118 [19, 
+NCS(CH3)OC2H5], 44 [31, CO2

+/CS+], 29 [100, 
CH3CH2

+], 27 [26, C2H3
+], 15 [2, CH3

+]. 

S-buthyl-O-methyl-N-
ethoxycarbonylimidothiocarbonate (V). IR ν/cm-1 

1721 (C=O), 1693 (N=C), 1270 (O-C(O)-N);
1H RMN (CDCl3),δ= 4.22 (q, -CH2O-, 3JHH=7.1), 
3.96 (s, -OCH3, 3JHH=7.1), 2.94 (t,-SCH2Pr, 
3JHH=7.2), 1.62 (m,-CH2Et), 1.42 (m,-CH2Me), 
1.33 (t,CH3- , 3JHH=7.1), 0.92 (t, -CH3,  3JHH=7.3); 
13C RMN (CDCl3)δ= 173.2 (C=O), 160.6 (C=S), 
62.3 (OCH3), 57.4 (CH3CH2O), 31.4 (SCH2Pr), 
30.6 (-CH2Et), 21.8 (-CH2Me), 14.3 (CH3CH2O), 
13.5 (S(CH2)3CH3). GC chromatogram (CH2Cl2) 
shows a single peak at a retention time of 8.2 min; 
GC-MS (EI, 70 eV) m/z [relative intensity, 
fragment]; 219 [1, M+], 118 [11, +NCS(CH3) 
OC2H5], 57 [100, +CH2CH2CH2CH3, C2H5OC(O)+], 
29 [75, CH3CH2

+],  28 [14, CO+, C2H4
+], 27

[32, C2H3
+], 15 [23, CH3

+]. 

S-butyl-O-ethyl-N-
ethoxycarbonylimidothiocarbonate (VI). IR ν/cm-1 

1724 (C=O), 1696(N=C), 1233 (O-C(O)-N);
1H RMN (CDCl3), δ= 4.39 (q, -CH2O, 3JHH=7.3), 
4.20(q, -OCH2CH3, 3JHH=7.2), 2.91 (t,-SCH2Pr, 
3JHH=7.0), 1.62 (m,-CH2Et), 1.42 (m,-CH2Me), 1.34 
(t,-OCH2CH3, 3JHH=7.0), 0.91 (t, -S (CH2)3CH3, 
3JHH=7.3); 1.31 (t, CH3-, 3JHH=7.2); 13C RMN 
(CDCl3) δ=172.7 (C=O), 160.7 (C=S), 66.6 
(CH3CH2O), 62.2 (OCH2CH3),  30.6 (-CH2Et), 31.4 
(SCH2Pr), 21.8 (-CH2Me), 14.3 (CH3CH2O), 13.9 
(OCH2CH3), 13.5 (S(CH2)3CH3). GC chromatogram 
(CH2Cl2) shows a single peak at a retention time 
of 8.2 min; GC-MS (EI, 70 eV) m/z [relative 
intensity, fragment]; 219 [1, M+], 146 [17, 
+OCNC(SCH3)OC2H5], 57 [11, +CH2CH2CH2CH3, 
C2H5OC(O)+], 44 [32, CO2

+/CS+], 29 [100, 
CH3CH2

+], 15 [31, CH3
+]. 

2.2. Instrumentation 

2.2.1. Gas chromatography-mass spectrometry 
The GC-MS measurements were recorded with a 
GCMS-QP2010 SHIMADZU instrument using

28 [19, CO+, C2H4
+], 27 [34, C2H3

+], 15 [36, 
CH3

+]. 

O-ethyl-N-ethoxycarbonylthiocarbamate (II). Mp 
45(1)ºC. IR (KBr) ν/cm-1 1770 (C=O), 1262 
(C=S), 3209 (N-H); 1H RMN (CDCl3) δ= 8.27
(s, N-H broad, 1JHN=46.12 Hz), 4.61 (q, -CH2- 
(CH3CH2O-), 3JHH= 7.2 Hz), 4.22 (q, -CH2- (-OCH2 
CH3), 3JHH= 7.1 Hz), 1.40 (t, -CH3-(CH3CH2O-), 
3JHH= 7.1 Hz), 1.28 (t, -CH3- (-OCH2CH3), 3JHH= 
7.1 Hz); 13C RMN (CDCl3) δ= 189.9 (C=O), 
149.6 (C=S), 69.3 (C2), 62.7 (C5), 14.4 (C1), 13.9 
(C6). GC chromatogram (CH2Cl2) shows a single 
peak at a retention time of 5.7 min; GC-MS (EI, 
70 eV) m/z [relative intensity, fragment]; 177 [18, 
M+], 89 [7, CH3CH2 OCS+, CH3CH2OC (O)NH2], 
45 [19,CH3CH2O+], 44 [23, CO2

+/CS+ ], 29 [100, 
CH3CH2

+], 28 [15, CO+, C2H4
+], 27 [35, C2H3

+]. 

2.1.2. Preparation of alkoxy-carbonyl 
Imidothiocarbonates (III-VI). The corresponding 
O-Alkyl-N-ethoxycarbonylthiocarbamate (5 mmol) 
was dissolved in dichloromethane in a two-necked 
ball. Then, 1.20 mltriethylamine (5 mmol) was 
added and stirred for approximately 50 minutes. 
After that, excess iodide methyl (or butyl iodide) 
was added and stirred by 6 hours. The products 
III-VI turned out to be oily red-orange liquids 
and were isolated by successive extractions of 
chloroform and distilled water. 

S,O-dimethyl-N-
ethoxycarbonylimidothiocarbonate (III). IR ν/cm-

1 1768 (C=O), 1690 (N=C), 1257 (O-C(O) -N); 
1H RMN (CDCl3)δ= 4.26 (q, -CH2-, 3JHH= 7.1 
Hz), 4.01 (s, -OCH3), 2.42 (s, -SCH3), 1.36
(t, -CH3); 13C RMN (CDCl3) δ= 174.2 (C=O), 
160.8 (C=S), 62.6 (CH3CH2-), 62.3 (OCH3), 14.4 
(CH3CH2-), 13.9 (-SCH3). GC chromatogram 
(CH2Cl2) shows a single peak at a retention time 
of 6.5 min; GC-MS (EI, 70 eV) m/z [relative 
intensity, fragment]; 177 [19, M+], 132 [57, 
C2H5OC(O)NCS+, CH3O(CH3S)CNCO+], 58 [100, 
NCS+], 29 [52, CH3CH2

+], 27 [21, C2H3
+], 15 [24, 

CH3
+]. 

S-methyl-O-ethyl-N-
ethoxycarbonylimidothiocarbonate (IV). IR ν/cm-

1 1768 (C=O), 1690 (N=C), 1280 (O-C(O) -N); 
1H RMN (CDCl3)δ= 4.45 (q, -CH2O-, 3JHH=7.1), 
1.39 (t, CH3-, 3JHH=7.1), 4.25 (q, -OCH2-, 3JHH=7.1),
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2.2.3. Vibrational spectroscopy 
Solid and liquid-phase IR spectra were recorded 
with a resolution of 2 cm-1 in the 4000-400 cm-1 
range on a Bruker EQUINOX 55 FTIR 
spectrometer.  

2.2.4. NMR spectroscopy 
1H NMR, 13C NMR and HSQC spectra were 
obtained using BrukerAvance II series 500 MHz 
spectrometer in CDCl3. Chemical shifts are given 
in δ-scale (ppm).  

2.2.5. Theoretical calculations 
All quantum chemical calculations were performed 
with the GAUSSIAN 03 program package [13]. 
The molecular geometries were optimized to 
standard convergence criteria by using a density 
functional theory (DFT) hybrid method with 
Becke’s non local three parameter exchange and 
the Lee, Young and Parr correction (B3LYP) 
using 6-31G(d) and 6-311++G(d,p) basis sets. The 
calculated vibrational properties corresponded in 
all cases to potential energy minima for which 
no imaginary frequency was found. 
 
3. RESULTS AND DISCUSSION  

3.1. Physical properties and spectroscopic 
characterization 
Compounds I and II are solids with melting point 
values of 42(1) and 64(1) °C, respectively [1, 7]. 
The products III-IV are solids [7] and the 
compounds V-VI are oily orange liquid at room 
temperature. 
Multinuclear 1H and 13C NMR spectra were 
measured for all these species and the results are 
summarized in Tables 2a and 2b for the 1H and 
13C NMR spectra, respectively. These assignments 
are clearly supported by HSQC (heteronuclear 
single quantum coherence) 2D-NMR spectroscopy 
as shown in the Supplementary Information’ 
section (Figures S1a,b) for the novel species 
V-VI. The spectrum shows a peak for each unique 
proton attached to the carbon atom being 
considered. Therefore, this analysis confirms the 
molecular structure. 
GC chromatogram shows single peaks at retention 
times 5.7, 6.3, 6.5, 7.0, 8.2, and 8.6 minutes 
for molecules I-VI, respectively. The studied

gaseous helium as mobile phase with the pressure 
in the column head equal to 100 kPa. The column 
used was a 19091J-433 HP-5 of 30 m x 0.32 mm 
x 0.25 mm film thickness. Approximately 1 µL 
volume of the compounds dissolved in CHCl3 was 
chromatographed under the following conditions: 
the injection temperature was 200 ºC, the initial 
column temperature (70 ºC) was held for 2 min, 
then increased to 200 ºC at 10 ºC/min and held 
for 4 min, and finally increased to 250 ºC at 10 ºC/ 
min and held for 2 min. In the spectrometer the 
source was kept at 200 ºC. 

2.2.2. X-ray diffraction data 

The diffraction data of compounds I and II were 
collected at T = 150 K on an Oxford Xcalibur, 
Eos, Gemini CCD diffractometer with graphite-
monochromated CuKα (λ = 1.54184 Å) radiation. 
X-ray diffraction intensities were measured (ω 
scans with ϑ- and κ-offsets), integrated and scaled 
with CrysAlisPro [11] suite of programs. The unit 
cell parameters were obtained by least-squares 
refinement (based on the angular settings for all 
collected reflections with intensities larger than 
seven times the standard deviation of measurement 
errors) using CrysAlisPro. Data were corrected 
empirically for absorption employing the multi-
scan method implemented in CrysAlisPro. The 
structures were solved by direct methods with 
SHELXS of the SHELX suite of programs [12] 
and the molecular models refined with SHELXL 
of the same package. All hydrogen atoms were 
located in a difference Fourier map phased on the 
heavier atoms and refined at their found positions 
with isotropic displacement parameters. Crystal 
data and structure refinement results are summarized 
in Table 1. Full crystallographic data for both 
compounds were deposited with the Cambridge 
Crystallographic Data Centre (CCDC). Enquiries 
for data can be directed to: Cambridge 
Crystallographic Data Centre, 12 Union Road, 
Cambridge, UK, CB2 1EZ or (e-mail) 
deposit@ccdc.cam.ac.uk or (fax) +44 (0) 1223 
336033. Any request to the Cambridge 
Crystallographic Data Centre for this material 
should quote the full literature citation and 
the reference numbers CCDC 1533226 (I) and 
CCDC 1533227 (II).  
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The electron impact fragmentation of thiocarbamate 
compounds is dominated by the formation of 
characteristic carbamothioic S-acids and amide 
species, as studied by Martínez-Álvarez et al. 
[10]. For example, as shown in the Scheme 1 for 
II, the O-alkylcarbamothioic S-acid intermediate 
at m/z = 149 is formed via elimination of the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
compounds show the parent ion (M+) peaks at 
m/z= 163, 177, 177, 191, 219 and 233 with 
intensities 30, 18, 19, 1, 2, and 2% for I-VI,
respectively. The mass spectra were assigned to 
expected ionic fragments from logical ruptures 
of the corresponding M+ molecular ions as shown 
in Table 3.  
  
 

Table 1. Crystal data and structure refinement results for C2H5OC(O)N(H)C(S)OCH3 (I) and 
CH3CH2OC(O)N(H)C(S)OCH2CH3 (II). 

 (I) (II) 

Empirical formula C5H9NO3S C6H11NO3S 
Formula weight 163.19  
Temperature (K) 150(2) 150(2) 
Wavelength (Å) 1.54184 1.54184 
Crystal system Monoclinic Triclinic 
Space group P21/n P-1 

              Unit cell dimensions 
a (Å) 4.2450(1) 4.1771(8) 
b (Å) 18.4992(5) 9.235(2) 
c (Å) 9.8759(3) 11.804(2) 
α (º) 90.0 98.17(1) 
β (ª) 95.887(3) 98.62(1) 
γ (º) 90.0 102.29(2) 

Volume (Å3) 771.46(4) 432.7(1) 
Z, density (calculated, Mg/m3) 4, 1.405 2, 1.360 
Absorption coefficient (mm-1) 3.376 3.052 

F(000) 344 188 
Crystal size (mm3) 0.553 x 0.235 x 0.059 0.214 x 0.205 x 0.162 

θ-range for data collection (º) 4.781 to 71.988 3.851 to 71.899 
Index ranges -5≤h≤ 4, -18≤k≤22, -11≤l≤11 -5≤h≤5, -5≤k≤11, -14≤l≤13 

Reflections collected 2711 2722 
Independent reflections 1503 [R(int) = 0.0248 ] 1665 [R(int) = 0.0409] 

Observed reflections [I>2σ(I)] 1320 1266 
Completeness (%) 100.0 (to θ = 67.684°) 99.7 % (to θ = 67.684°) 

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters 1503 / 0 / 127 1665 / 0 / 144 

Goodness-of-fit on F2 1.053 1.044 
Final R indicesa [I>2σ(I)] R1 = 0.0431, wR2 = 0.1183 R1 = 0.0504, wR2 = 0.1342 

R indices (all data) R1 = 0.0481, wR2 = 0.1241 R1 = 0.0696, wR2 = 0.1573 
Largest diff. peak and hole (e.Å-3) 0.376 and -0.322 0.499 and -0.390 

aR1=Σ||Fo|-|Fc||/Σ|Fo|, wR2=[Σw(|Fo|2-|Fc|2)2/Σw(|Fo|2)2]1/2 
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stretching vibration mode while the deformation 
mode δ(NH) is observed as intense bands at 1514 
y 1536 cm-1, for compounds I and II, respectively. 
The C=O stretching modes are observed as very 
strong signals at 1742 and 1770 cm-1 and the 
υ(C=S) stretching vibrations can be assigned for I 
and II as medium intensity absorptions at 1255 y 
1262 cm–1.  
The spectra of compounds III-VI are dominated 
by strong bands in the region of 1700 cm-1 
overlapped with the carbonyl signal and assigned

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

olefin corresponding to the alkoxy group 
(OCH2CH3) after hydrogen rearrangement. The 
second fragmentation step involves a new 
hydrogen rearrangement, followed by the 
elimination of carbonyl sulfide (OCS) to form 
the amide, observed at m/z = 89. 
Additional evidences for identifying the 
synthesized compounds I and II come from the 
analysis of their IR spectra. The characteristic 
absorption for the NH group appears as a broad 
band at 3258 and 3209 cm-1 for the υ(NH)
 

Table 2a. 1H NMR chemical shifts (δ) and coupling constants (Hz) for I-VI molecules. 

H I II III IV V VI 

NH 8.49 s(46.32) 8.27 s(46.12) - - - - 

MeCH2O 4.20 m(7.1) 4.61 q(7.2) 4.26 q(7.1) 4.45 q(7.1) 4.22 q(7.1) 4.39 q(7.3) 

MeCH2O 1.26 t(7.1) 1.40 t(7.1) 1.36 t(7.1) 1.39 t(7.1) 1.33 t(7.1) 1.31 t(7.2) 

OCH3 4.10 s - 4.01 s - 3.96 s(7.1) - 

OCH2Me - 4.22 q(7.1) - 4.25 q(7.1) - 4.20 q(7.2) 

OCH2Me - 1.28 t(7.1) - 1.35 t(7.1) - 1.34 t(7.0) 

SCH3 - - 2.42 s 2.40 s - - 

SCH2Pr - - - - 2.94 t(7.2) 2.91 t(7.0) 

SCH2CH2Et - - - - 1.62 m 1.62 m(7.6)

S(CH2)2 CH2Me - - - - 1.42 m 1.42 m(7.5)

S(CH2)3Me - - - - 0.92 t(7.3) 0.91 t(7.3) 

Table 2b. 13C NMR chemical shifts for I-VI molecules. 

C I II III IV V VI 
C=O 189.8 190.0 174.2 173.7 173.2 172.7 
C=S 149.4 149.2 160.7 160.9 160.6 160.7 

MeCH2O 62.8 69.3 62.5 66.9 57.4 66.6 
MeCH2O 14.4 14.4 14.3 14.3 14.3 14.3 

OCH3 59.4 - 62.3 - 62.3 - 
OCH2Me - 62.7 - 62.3 - 62.2 
OCH2Me - 13.9 - 13.3 - 13.9 

SCH3 - - 13.9 13.9 - - 
SCH2Pr - - - - 31.3 31.4 

SCH2CH2Et - - - - 30.5 30.6 
S(CH2)2CH2Me - - - - 21.8 21.8 

S(CH2)3Me - - - - 13.5 13.5 
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Table 3. Main peaks observed in the mass spectra (70 eV electron ionization) for I-VI species. 

  Intensity (%) Fragments 
m/z 

I II III IV V VI  

15 36 - 24 3 23 31 CH3
+ 

27 34 35 21 26 32 - C2H3
+ 

28 19 15 7 6 14 - CO+, C2H4
+ 

29 100 100 52 100 75 100 CH3CH2
+ 

31 7 7 - - - - CH3O+ 

44 26 23 - 31 - 32 CO2
+/CS+ 

45 - 19 - - - - CH3CH2O+ 

57 - - - 2 100 11 CH2CH2CH2CH3
+, C2H5OC(O)+ 

58 43 - 100 - - - NCS+ 

75 12 - - - - - CH3OC(S)+ 

89 1 7 - - - - CH3CH2OCS+, CH3CH2OC(O)NH2
+ 

118 - - - 19 11 - NCS(CH3)OC2H5
+ 

119 6 - - - - - CH3OC(S)N(H)C(O)H+ 

132 - - 57 - - - C2H5OC(O)NCS+, CH3O(CH3S)CNCO+ 

146 - - - - - 17 +OCNC(SCH3)OC2H5 

149 - 4 - - - - CH3CH2OC(O)N(H)C(O)SH+ 

163 30 - - - - - [CH3CH2OC(O)N(H)C(S)OCH3]·+ 

177 - 18 19 - - - [CH3CH2OC(O)N(H)C(S)OCH2CH3]·+, 
[CH3CH2OC(O)N=C(SCH3)OCH3]·+ 

191 - - - 1 - - [CH3CH2OC(O)N=C(SCH3)OCH2CH3]·+ 

219 - - - - 2 - [CH3CH2OC(O)N=C(SC4H9)OCH3]·+ 

233 - - - - - 2 [CH3CH2OC(O)N=C(SC4H9)OCH2CH3]·+

CH3CH2O O

H

S

OCH2CH3

-[CH2CH2]

CH3CH2O O

H

SH

O

-[OCS]
CH3CH2O O

NH2

m/z= 177 m/z= 149

m/z= 89

Scheme 1. Fragmentation pathways of alkylthiocarbamates under EI conditions. 
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to a conformer with gauche orientation of the 
δ(C1C2-O1C3) dihedral angle.  
The curve obtained as a function of the dihedral 
angle around the N1-C4 (Figure 1B) bond shows 
a minimum at δ(C3N1-C4O3)= 0°, corresponding 
to the anti-syn-syn-anti-syn conformer and the 
second stable form corresponding to the anti-syn-
syn-syn-syn conformer.  
For the specie II, the curve obtained (Figure 1A) 
for the δ(C1C2-O1C3) dihedral angle also shows 
two minima, the most stable conformations 
correspond to anti-syn-syn-anti-syn-anti (mutual 
orientation around the C2-O1, O1-C3, C3-N1, 
N1-C4, C4-O3 and O3-C5 single bonds and 
gauche(-)-syn-syn-anti-syn-anti (gauche orientation 
of the C1-C2 bond with respect to O1-C3 bond) 
forms. The second stable conformer is located 
0.87 kcal mol-1 energy above the minimum. 
Finally, the curve obtained as a function of the 
δ(C3N1-C4O3) dihedral angle (Figure 1B) shows 
two minimum corresponding to the anti-syn-
syn-anti-syn-anti and anti-syn-syn-syn-syn-anti 
conformers, in increasing order of energy. 
Additionally, full geometry optimizations and 
frequency calculations were computed for each of 
the most stable structures of both compounds by 
using the B3LYP method and the more extended 
6-311++G(d,p) basis sets. The optimized structure 
for the conformers are shown in Figure 2 and
 
 

 
 

to the υ(C=N) stretching mode. Finally, new 
bands appear in the region around 3000 cm-1 

denoting the presence of the alkyl groups in 
the synthesized compounds. A detailed vibrational 
analysis is given below. 

3.2. Quantum chemical calculations 
To analyze the conformational preferences of 
the compounds studied in the present work, the 
potential energy functions for internal rotation 
around the δ(C1C2-O1C3) and δ(C3N1-C4O3) 
dihedral angles were calculated at the B3LYP/6-
31G(d) level by allowing geometry optimizations 
with the respective dihedral angles (δ) varying 
from 0° to 360° in steps of 10°. The potential 
energy functions for compounds I and II are 
shown in Figures 1A and B (see Figure 2 for 
atoms numbering). 
For the specie I, the curve obtained for the δ 
(C1C2-O1C3) dihedral angle (Figure 1A) 
indicates the presence of two minima; the most 
stable conformation corresponds to the anti-syn-
syn-anti-syn (a-s-s-a-s) conformer and the second 
one to the gauche(+)-syn-syn-anti-syn (+g-s-s-a-s) 
form. Thus, we describe “a-s-s-a-s” conformer
as the mutual orientation around the C2-O1, 
O1-C3, C3-N1, N1-C4 and C4-O3 single bonds. 
For the “+g-s-s-a-s” conformer, ethyl group is out 
of molecular plane and it is located slightly higher 
in energy by 0.40 kcal mol-1. This form corresponds
 

Figure 1. Calculated [B3LYP/6-31G(d)] potential energy function for internal rotation of CH3CH2OC(O)N(H)C(S)OR, 
R= CH3 (compound I, triangle line) and R= CH2CH3 (compound II, point line) as a function of the δ(C1C2-O1C3) 
(A) and δ(C3N1-C4O3) (B). The curve corresponding to the compound II was up-shifted by 1 kcal mol-1 in energy. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

anti-syn-syn-anti-syn-anti 
 (0.00) 

 

anti-syn-syn-anti-syn 
(0.00) 
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anti-syn-syn-syn-syn 

(1.58) 

 
anti-syn-syn-syn-syn-anti 

(1.89) 
 

gauche(+)-syn-syn-anti-syn            
(0.40) 

gauche(+)-syn-syn-anti-syn-gauche(-) 
(1.28) 

 

 
gauche(-)-syn-syn-anti-syn-gauche(-) 

(1.31) 

 
gauche(-)-syn-syn-anti-syn-anti 

(0.87) 

Figure 2. Optimized molecular structures at the B3LYP/6-311++G(d,p) level of 
approximation -with atom numbering- of the main conformers of O-methyl-N-
ethoxycarbonylthiocarbamate (I) (left side) and O-ethyl-N-ethoxycarbonylthiocarbamate 
(II) (right side) with computed relative energy.  
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Strong and very strong bands at 3258 cm-1 for I 
and at 3209 cm-1 for II can be assigned in the IR 
spectra to the N-H stretching vibrational mode. 
These values agree with the corresponding ones in 
the IR spectrum of O-ethyl benzoyl thiocarbamate 
[14] and with the similar molecules CH3OC(O)N 
(H)C(S)OR (R = CH3-, CH3CH2-) [6], where this 
mode is observed in the region of 3200 cm–1. The 
very strong bands at 1742 and 1770 cm-1, were 
assigned to the C=O modes, respectively. 
The IR absorptions observed at 1270 and 1262 
cm–1 were assigned to the ν(C=S) mode for 
compounds I and II, respectively, in good 
agreement with the calculated values (Supplementary 
Information, Tables S1a, b). The formation of 
C=S•••H-X intermolecular hydrogen bonds seems 
to strongly effect the frequency of the ν(C=S) 
mode. For example, a strong band at 1203 cm–1 
was observed in the IR spectra of (E)-O-ethyl-N-
(4-chlorophenyl)thiocarbamate, a molecule which 
presents intermolecular hydrogen bonds [16], 
while the ν(C=S) stretching frequency for some 
free thioureas are reported in the region around 
1325 cm-1 [18]. The relatively low frequency 
values for the ν(C=S) stretching mode observed in 
the IR spectra of the title compounds can be 
related to the formation of intermolecular 
hydrogen bonds involving the thiocarbonyl group. 
Indeed, N-H•••S=C bonds are observed in the
 
 

predicted relative energies, ΔE° (corrected by 
zero-point energy), are given within parenthesis. 

3.3. Vibrational analysis 

3.3.1. N-ethoxycarbonyl-O-alkyl thiocarbamates 
To our knowledge, neither experimental nor 
theoretical vibration analysis for CH3CH2OC(O) 
N(H)C(S)OR (R = CH3- and CH3CH2-) have so 
far been performed. The IR spectra of compounds 
I and II in the solid phase are shown in Figure 
3(a) and 3(b), respectively. Experimental and 
calculated [B3LYP/6-311++G(d,p)] frequencies 
and intensities are given in the Supplementary 
Information’ section (Table S1a and S1b). A 
tentative assignment of the observed bands was 
carried out by comparison with spectra of related 
molecules [14-23]. The gas-phase molecular 
symmetry for the more stable conformations 
is CS for both compounds and therefore all 51 
(31A’ + 20A”) and 60 (34A’ + 26A”) normal 
modes for I and II, respectively, are active in the 
IR and Raman spectra. The general features of the 
vibration spectra of solid CH3CH2OC(O)NHC 
(S)OR (R = CH3- and CH3CH2-) can be explained 
by supposing the sole presence of the most stable 
a-s-s-a-s and a-s-s-a-s-a conformers, respectively. 
The assignment of the characteristic vibration 
modes of the main -OC(O)NHC(S)O- moiety is 
summarized in Table 4.  
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Figure 3. Solid IR (in KBr pellet) for (a) CH3CH2OC(O)N(H)C(S)OCH3 (I) 
and (b) CH3CH2OC(O)N(H)C(S)OCH2CH3 (II). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I and II with the spectra obtained for species 
III-VI, the absence of some bands can be noticed, 
as those assigned to the ν(NH) and ν(C=S) 
stretching modes due to the formation of the new 
N=C bond and alkyl substitution at the sulfur 
atom. 
Intense bands appearing near 1700 cm-1correspond 
to the N=C stretching for III-VI molecules. New 
bands are also observed in the region of 800 cm-1 
of the spectrum, assigned to the characteristic 
ν(S-C) stretching of the S-R group. 
The substitution of imidothiocarbonate with OCH3 
groups and -OCH2CH3 groups has a smaller effect 
on the vibrational properties of molecules III-VI, 
the most salient feature being associated with 
an intense absorption at 1050 cm-1 corresponding 
to the ν(O-C) stretching mode. 

3.4. X-ray diffraction analysis 
ORTEP [24] drawings of I and II solid state 
molecules are shown in Figure 4. Both substances 
are arranged in the crystal as centro-symmetric 
dimeric units where the molecules interact via 
N-H•••S=C hydrogen bonds [H…S distances of 
2.53(3) Å and 2.57(5) Å and N-H…S angles of 
170(3)º and 172(4)º for I and II, respectively]. 
In Table 6 the main geometric parameters derived 
from the structure refinement are given, along 
with the corresponding values obtained from 
quantum chemical calculations.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
X-ray crystal structure of compounds I and II 
[19], as will be discussed in the next section.  
In connection with the amide- and thioamide-like 
groups, very strong IR absorptions at 1514 
and 1536 cm–1 for the I and II, respectively, 
are assigned to the in-plane N-H deformation 
mode [δ(NH), A’]. Strong IR absorptions at 1317 
and 1314 cm–1 are assigned to the N-C(S) 
stretching mode for I and II, respectively. On 
the other hand, strong IR absorptions at 1328 
and 1314 cm-1 are assigned to the N-C(O) 
stretching mode of the O-methyl- and O-ethyl-N-
ethoxycarbonylthiocarbamate, in agreement with 
reported data for related species [11-14, 16-18]. 
Other clearly defined bands in the IR spectra 
correspond to the C=O and N-H out-of-plane 
deformation modes observed at 762 and 738 cm-1, 
for I and II, respectively. The corresponding IR 
absorptions due to C=S out-of-plane deformation 
mode are observed at 589 and 646 cm-1 for 
compounds I and II, respectively. 

3.3.2. Ethoxycarbonyl imidothiocarbonates 
Selected vibrational frequencies for III-VI 
molecules calculated by the B3LYP/6-311++G 
(d,p) method compared with experimental values 
from the IR spectrum in liquid phase are given 
in Table 5. The main vibrational features of the
-OC(O)N=C(S-R)O- moiety, where R= -CH3 (III 
and IV) and -C4H9 (V and VI) groups will be 
discussed. Comparing the IR spectrum of structures
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Table 4. Experimental and theoretical [B3LYP/6-311++G(d,p)] vibration 
frequencies (cm-1) and band intensities and mode assignments for the 
-OC(O)N(H)C(S)O- moiety of O-methyl- (I) and O-ethyl- (II) N-
ethoxycarbonylthiocarbamates. 

Experimentala Calculateda 
I II I II Assignment 

3258s 3209vs 3623(10) 3621(9) ν(NH) 
1742vs 1770vs 1823(59) 1822(53) ν(C=O) 
1514vs 1536vs 1540(100) 1536(88) δ(NH) 
1317s 1314s 1348(48) 1331(47) νas(N-C(S)) 
1270m 1262m 1264(51) 1261(53) ν(C=S) 
762s 738m 771(4) 770(3) δoop(ONOC) 
589w 646w 634(<1) 633(<1) δoop(SNOC) 

aBand intensity; vs: very strong; s: strong; m: medium; Calculated: within 
parentheses (in Km/mol). 
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[15, 17, 24, 25]. The C=O double bond [1.200(2)Å] 
is very well reproduced by quantum chemical 
calculations (1.200 Å) and similar to that reported 
for O-ethyl benzoylthiocarbamate (1.205(3) Å)[7, 9]. 
Differences in the (O)C-O and (S)C-O single-
bond lengths for the methoxy and ethoxy groups 
for I (1.335(2) and 1.320(2) Å for the O1-C3 and 
C4-O3 bonds, respectively) suggest that resonance 
interactions are extended over the whole planar 
structure.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

The C-N bond length is shorter than the average 
value of 1.472(5) [25] Å. In the thiourea group 
(S)C-NH [N-C4 = 1.359(3) Ǻ] C-N bond is 
considerably shorter than the amide bond (O)C-
NH[N-C3 = 1.392(3) Ǻ]. This trend seems to be 
characteristic for thiocarbamate compounds [14, 
16, 19, 26]. However, for carboxyl-substituted 
thioureas the above trend is the opposite, i.e., 
the C-N bond in the amidic-like group (O=C-NH-) 
is shorter than the C-N thiourea bond (S)C-NH
  

Table 5. Main experimental and theoretical [B3LYP/6-311++G(d,p)] frequencies (cm-1) for III-VI 
species. 

C2H5OC(O)NCSR1OR2
a 

III IV V VI   

Calcb Expc Calc Exp Calc Exp Calc Exp Assignment 

1771(49) 1768sd 1770(41) 1768s 1770(51) 1721m 1768(42) 1724s ν(C=O) 

1712(98) 1690vs 1708(83) 1690s 1708(100) 1693s 1704(83) 1696s ν(N=C) 

1257(100) 1257s 1254(100) 1280vs 1253(83) 1270vs 1252(100) 1233s νas(O-C(O)-N)

1052(32) 1061vs 1048(26) 1096s 1050(38) 1059s - - ν(O-CH3) 

- - 1061(8) 1062s 1061(7) 1060s 1062(9) 1062s νas(O-CH2-CH3)

716(<1) 799s 712(<1) 796w 716(5) 800s 714(3) 798s ν(S-C) 
aGeneral formula for III-VI, where R1 = CH3, C4H9 and R2 = CH3, C2H5; bCalculated frequencies; cExperimental 
frequencies (cm-1); dBand intensity; vs: very strong; s: strong; m: medium. 
 

 

                
Figure 4. View of dimeric CH3CH2OC(O)N(H)C(S)OCH3 (I) in the solid state showing the labeling of the atoms 
and their displacement ellipsoids at the 50% probability level. The unlabeled monomer is related to the labeled one 
by a crystallographic inversion center of the monoclinic P21/n space group. H-bonds are indicated by dashed lines. 
View of dimeric CH3CH2OC(O)N(H)C(S)OCH2CH3 (II). The unlabeled monomer is related to the labeled one by
a crystallographic inversion center of the triclinic 1P space group. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Only anti-syn-syn-anti-syn and anti-syn-syn-anti-
syn-anti conformations are found in the crystal 
for I and II, respectively. The trans orientation
of sulfur and oxygen donor atoms within the -
C(O)NHC(S)- moiety has a significant role on 
the molecular packing of the compounds. These
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
conformations are stabilized in the crystal by 
the intermolecular interaction of N-H•••S=C 
hydrogen bonds [d(N•••S) = 3.352(2)Å for I] 
between adjacent molecules forming dimers 
of R2

2(8) motif (see Figure 4). This type of 
hydrogen-bond formation represents an example
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Table 6. Experimental and calculated [B3LYP/6-311++G(d,p)] selected geometric 
parameters for the most stable conformers of CH3CH2OC(O)N(H)C(S)OR (R = CH3- and 
CH3CH2-). 

CH3CH2OC(O)N(H)C(S)OCH3 
(I) 

CH3CH2OC(O)N(H)C(S)OCH2CH3 
(II) 

Parameter 
Experimental    

X-ray Calculateda Experimental    
X-ray Calculateda 

C1-C2 1.499(3) 1.514 1.505(5) 1.514 

C2-O1 1.453(2) 1.451 1.457(4) 1.450 

O1-C3 1.335(2) 1.353 1.338(4) 1.353 

C=O 1.200(2) 1.200 1.203(4) 1.200 

N1-C3 1.392(3) 1.399 1.397(4) 1.398 

N1-C4 1.359(3) 1.381 1.367(4) 1.382 

C=S 1.657(2) 1.659 1.653(3) 1.662 

C4-O3 1.320(2) 1.320 1.321(4) 1.318 

C5-O3 1.449(3) 1.438 1.453(4) 1.452 

C5-C6 - - 1.507(5) 1.514 

C3-N1-C4 129.3(2) 130.1 128.4(3) 130.1 

O2-C3-N1 127.3(2) 127.6 126.0(3) 127.7 

N1-C4-S1 121.4(1) 120.9 121.6(2) 120.2 

S1-C4-O3 125.5(2) 126.7 126.3(2) 127.6 

C4-O3-C5 117.5(2) 119.3 118.1(2) 120.8 

O3-C5-C6 - - 106.7(3) 106.9 

δ(C5O3-C=S) 3.2(3) 0.0 5.34(4) 0.0 

δ(C3N-C=S) -177.7(2) -179.9 -168.6(3) -179.9 

δ(C2O1-C=O) 7.3(3) 0.0 4.1(5) 0.0 

δ(C4N-C=O) 11.0(4) 0.0 1.9(6) 0.0 

δ(C1C2-O1C3) 167.7(2) 179.9 -177.2(3) 179.9 

δ(NC4-O3C5) -177.9(2) -180.0 -175.1(3) 179.9 

δ(C4O3-C5C6) 1.500(3) - -178.7(3) -179.9 
aanti-syn-syn-anti-syn and anti-syn-syn-anti-syn-anti conformers for I and II, respectively. 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
of π-bond cooperative behavior, frequently called 
‘Resonance-Assisted Hydrogen Bonding (RAHB)’ 
[27], which occurs when XH groups are polarized 
by charge flow through π-bonds. As a result of the 
dual donor and acceptor capacity of the thioamide 
unit, intermolecular N-H•••S=C hydrogen bonds 
are common in thiourea compounds. The presence 
of this type of interaction strongly affects the C=S 
bond length, which is noticeably lengthened 
[d(C=S) = 1.657(2) Å for I]. The comparison of 
the C=S bond length for a series of molecules 
possessing the -C(O)N(H)C(S)- moiety is shown 
in Table 7. Species displaying N-H•••S-C hydrogen 
bonds have longer C=S bond lengths by ca. 0.04 Å 
than similar species without intermolecular N-
H•••S=C interactions. 
Previous X-ray diffraction analysis carried out for 
related O-alkyl-N-methoxycarbonylthiocarbamates 
species show concordance with these experimental 
results. For example, intermolecular d(N•••S) 
distances for O-ethyl-N-methoxycarbonyl [4], 
O-ethyl-N-ethoxycarbonyl [19] and (E)-O-Ethyl-
N-(4-nitrophenyl) thiocarbamates [28] are 3.387(1), 
3.388(2) and 3.444(2) Ǻ, respectively. 
Interestingly, X-ray diffraction analysis carried 
out for the closely related O-ethyl-N-

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
benzoylthiocarbamate species [14] shows that the 
crystal packing is dominated by endless chains 
linked by N-H•••O=C hydrogen bond interactions 
[35]. The N-H•••S=C intermolecular interactions 
are absent in the crystal, and the syn-syn-syn
conformation is the only form observed. Moreover, 
theoretical studies predict the syn-anti-syn form 
as the most stable conformer of this molecule 
isolated in a vacuum. 
Previous structural features can be rationalized 
considering that several resonant structures are 
feasible for the thiocarbamate central moiety. 
Three of them are showed in Scheme 2. It is well 
known that the traditional picture of amide 
resonance is more appropriate for thioamides than 
for oxoamides. Moreover, previous studies for 
H2N(C=X)H species showed that amide resonance 
increases with a decrease in the electro-negativity 
of X (X=O, S, Se) [1]. By using ab initio 
molecular orbital calculations, Wiberg and Rablen 
[36] concluded that amide resonance is dependent 
on the charge polarization across the C=X double 
bond; the charge polarization across thiocarbonyl 
bond is weaker than that in C=O bond, and hence 
the contribution from resonance structure is much 
more reduced for the oxygen analogs. In perfect
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Table 7. Comparison of the C=S bond length in compounds with and without intermolecular 
N-H•••S=C hydrogen bonds. 

Species Main moiety C=S distance (Å) Reference 

CH3CH2OC(O)N(H)C(S)OCH3 -C(O)N(H)C=SO- 1.657(19)a This work 

CH3CH2OC(O)N(H)C(S)OCH2CH3 -C(O)N(H)C=SO- 1.654(2)a This work,[19]

CH3CH2OC(S)N(H)C(O)OCH3 -C(O)N(H)C=SO- 1.654(2)a [6] 

CH3CH2OC(S)N(H)C6H4Cl -C(O)N(H)C=SO- 1.667(2)b [16] 

ClC6H4N(H)C(S)N(H)C(O)C6H4CH3 -C(O)N(H)C=SN- 1.6696(18)b [29] 

[(C2H5)2NC(S)N(H)C(O)]2(CH2)3 -C(O)N(H)C=SN- 1.687(3)b [30] 

(C2H5)2NC(S)N(H)C(O)C6H4OCH3 -C(O)N(H)C=SN- 1.676(4)b [31] 

CH3CH2OC(S)N(H)C(O)C6H5 -C(O)N(H)C=SO- 1.619(3)c [14] 

[C2H5OC(S)N(H)C(O)]2-1,4C6H4 -C(O)N(H)C=SO- 1.638(3)c [32] 

(CH(CH3)2)OC(S)N(H)C(O)C4OH4 -C(O)N(H)C=SO- 1.636(5)c [33] 

[CH3OC(S)N(H)C(O)]2-1,3C6H4 -C(O)N(H)C=SO- 1.637(2)c [34] 
aExperimental results; bRelated compounds having N-H…S=C hydrogen bonds; cRelated compounds 
which do not present NH…S=C hydrogen bonds. 
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agreement with these results, vibration and 
structural data for compound I are consistent with 
a larger π resonant contribution of the thioamide 
group (structure III) when comparing with the 
amide group structure (structure II). 
 
4. CONCLUSIONS 
Two O-alkyl-N-ethoxycarbonylthiocabamates were 
prepared in high yield and purity by treating 
CH3CH2OC(O)NCS with the corresponding 
alcohols in mild conditions. Conformational and 
structural properties were determined by using 
experimental techniques which include vibrational 
spectroscopy (IR) as well as X-ray diffraction 
analysis. For both substances, it was determined 
that the molecular skeleton is essentially planar. 
Results derived from the quantum chemical 
calculations show that the central -OC(O)N(H) 
C(S)- moiety adopts a planar structure with a 
preferred anti-syn orientation around the C3-N 
and N-C4 single bonds. These forms are present 
in crystalline CH3CH2OC(O)N(H)C(S)OCH3 and 
CH3CH2OC(O)N(H)C(S)OCH2CH3 [19] as centro- 
symmetric dimeric units held by resonance-assisted 
N-H•••S=C hydrogen bonds. 
Synthesis, characterization and a complete 
vibrational study of imidothiocarbonate compounds 
were achieved successfully. These were obtained 
by alkylation of the sulfur atom in the 
thiocarbamate group of species I and II with alkyl 
iodides in basic medium. Molecules with formula 
C2H5OC(O)N=CS(CH3)OR and C2H5OC(O)N=C 
(SCH2 CH2CH2CH3)OR (R= -CH3 and -CH2CH3) 
were prepared and fully characterized by 
spectroscopic methods, accounting for the 
feasibility of alkylation procedure for obtaining 
imidothiocarbonate with high selectivity.   
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Figure S1a. 2D-NMR (HSQC) spectrum of V. 
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Figure S1b. 2D-NMR (HSQC) spectrum of VI.
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Figure S2a. 1H NMR spectrum of I. 
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Figure S2b. 1H NMR spectrum of II. 
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Figure S2c. 1H NMR spectrum of III. 
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Figure S2d. 1H NMR spectrum of IV. 
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Figure S2e. 1H NMR spectrum of V.
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Figure S2f. 1H NMR spectrum of VI. 
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Figure S3a. 13C NMR spectrum of I. 
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Figure S3b. 13C NMR spectrum of II. 
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Figure S3c. 13C NMR spectrum of III. 
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Figure S3d. 13C NMR spectrum of IV. 
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Figure S3e. 13C NMR spectrum of V.
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Figure S3f. 13C NMR spectrum of VI. 
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Figure S4a. FTIR spectrum of I. 
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Figure S4b. FTIR spectrum of II. 
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Figure S4c.  FTIR spectrum of III. 
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Figure S4d.  FTIR spectrum of IV. 
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Figure S4e.  FTIR spectrum of V. 
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Figure S4f.  FTIR spectrum of VI. 
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Table S1a. Experimental and calculated [B3LYP/6-311++G**] frequencies and intensities for I. 
Intensities: vs = very strong, s = strong, w = weak, vw = very weak, vvw = very very weak, 
sh = shoulder. For δ, ν, τ y δoop “bending”, “stretching”, “torsion angle” and the deformation 
“out-of-plane”,  respectively. 1-5Carbon atom, counted in the direction from the neighboring ethyl to 
group C=O. (*: Proposed assignment.) 

Experimental Calculated  
B3LYP/6-311++G** Mode IR 

anti-syn-anti 
Assignment*/Symmetry  

 3458vw   

 3278sh   

ν1 3258s 3623(9.8) ν(NH)(100)/A’ 
ν2  3042w 3163(1.7) νd(C5H3) (92)/A” 
ν3 3006sh 3133(1.9) νas(C5H) (63)/A” 
ν4  2989s 3118(5.6) νas(C1H) (79) + νas(C2H) (79)/A” 
ν5  2961s 3105(3.7) νd(C1H3) (97)/A’ 
ν6  2954sh 3091(<1) νas(C1H) (21) + νas(C2H) (79)/A” 
ν7 2901w 3055(2.6) νs(C2H) (92)/A’ 
ν8  2874vw 3054(3.5) νs(C5H3) (97)/A’ 
ν9  2863sh 3038(2.5) νs(C1H3)(99)/A’ 
ν10  1742vs 1823(59) ν(C=O)(85)/A’ 
ν11  1514vs 1540(100) δ(NH)(53) + δ(HNC)(15)/A’ 
ν12   1519(6.6) δs(HC2H)/A’ 
ν13  1455vs 1498(<1) δs(HC1H)/A’ 
ν14  1448sh 1492(1.7) δd(HC5H)/A’ 
ν15  1394w 1486(1) δ(C1H3)/A” 
ν16   1479(2) δs(C5H3) + δ(C5H3) + τ(HC4OC5)(83)/A’ 
ν17   1480(33) δ(HC5H)/A” 
ν18  1373vvw 1427(4.3) δ(C5H3)/A’ 
ν19   1397(<1) τ(HCOC)1,2(66)/A’ 
ν20  1328s 1348(48) [ν(NC4) + ν(OC4)](71)/A’ 
ν21  1291vvw 1299(<1) δ(HCO)(64) + [τ(HC2OC3) +  τ(HC1C2O)](19)/A” 
ν22  1255vs 1264(51) δoop(C5HOH) (11) + [ν(OC3) +  ν(CS)](44)/A’ 
ν23  1195vs 1199(48) [ν(OC3) +  ν(CS)](13) + δoop(C5HOH) (40)/A’ 
ν24   1178(<1) δ(HCO)(33) + [τ(HC2OC3) +  τ(HC1C2O)](46)/A” 
ν25  1165s 1169(<1) τ(HC4OC5), (16) + δ(HC5O) (83)/A” 
ν26  1142s 1162(<1) δ(N-H)(53) + δ(HNC)(15) + δoop(CHOH)(21)/A’ 
ν27  1100w 1136(<1) τ(HCCO)(41)/A’ 
ν28  1063vs 1091(7.1) [δ(CNC) + δ(NCO)](21)/A’ 
ν29  1039vs 1054(9) [ν(C1-C2) + ν(N-C(O)) + ν(O-C2) + ν(O-C5)](55)/A’ 
ν30  1004sh 1004(1.7) [ν(C1-C2) + ν(N-C(O)) + ν(O-C2) + ν(O-C(O))](60)/A’ 
ν31  892vvw 899(<1) [ν(O-C2) + ν(O-C5)](43) + τ(HCCO)(16)/A’ 
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ν32  821vvw 815(<1) [τ(HC1OC2) + τ(HC1C2O)](77)/A” 

ν33  787w 793(<1) [δ(CNC) + δ(NCO)](15) + [δ(COC) + δ(CCO) + δ(OCO)](11) +  
ν(OC3,5) (52)/A’ 

ν34  762s 771(3.5) δoop(ONOC)/A” 

ν35  733w 747(1.3) [ν(OC3) +  ν(CS)](22) +  [ ν(OC5) +  ν(CNC)](13) + [δ(COC) + 
δ(CCO) + δ(OCO)](45)/A’ 

ν36  643w 650(9.8) τ(HNCO)(97)/A” 
ν37  589w 634(<1) δoop(SNOC)(94)/A” 
ν38  458vvw 593(<1) [δ(C4OC5) + δ(OCS)](60) + [ν(OC5) +  ν(CS)](15)/A’ 
ν39  432w 419(<1) [δ(CCO) + δ(NCO)](66)/A’ 
ν40   358(<1) [δ(C4,2O3,1C5,3) + δ(C1C2O) + δ(NC3,4O1,3) + δ(O1CO2)](72)/A’ 

ν41   321(<1) [δ(NCN) + δ(NCO3,1)](17) +  [δ(CO3C) + δ(O3CS)](15) + 
[ν(O1,2C2,5) + ν(NC3) + ν(C1C2)](10)/A’ 

ν42   268(2) δ(C3NC4)(75) + [δ(C4OC5) + δ(OCS)](79)/A’ 
ν43   260(<1) τ(HC1C2O)(89)/A” 
ν44   201(<1) δ(C3NC4)(75) + [δ(C4OC5) + δ(OCS)](79)/A’ 
ν45   197(<1) τ(HC4OC5)(89) + τ(C4NC5O)(61)/A” 
ν46   161(<1) τ(HC4OC5)(67) + δ(HCH)(75) + τ(C4NC3O)(24)/A” 
ν47   131(<1) τ(C2,4NC3,5O)(86)/A” 
ν48   102(<1) [δ(CNC) + δ(C2OC3) + δ(C1C2O) + δ(NC3O)](90)/A’ 
ν49   66(<1) [τ(CNCO1) +  τ(C3OC2C1) + τ(C2,4OC3,5N)](78)/A” 
ν50   52(<1) [τ(CNCO3) + τ(C3,5OC2,4C1,3)](83)/A” 
ν51   31(<1) [τ(CNCO3) + τ(C3OC2C1)](82)/A” 

Table S1b. Experimental and calculated [B3LYP/6-311++G**] frequencies and intensities for II. 
Intensities: vs = very strong, s = strong, w = weak, vw = very weak, vvw = very very weak, 
sh = shoulder. For δ, ν, τ y δoop “bending”, “stretching”, “torsion angle” and the deformation 
“out-of-plane”,  respectively. 1-6Carbon atom, counted in the direction from the neighboring ethyl 
to group C=O. * Proposed assignment. 

Experimental Calculate  
B3LYP/6-311++G**Mode IR 

anti-syn-anti-anti 
Assignment*/Symmetry 

 3507w   

 3295sh   

ν1 3209vs 3621(9) ν(NH)(100)/A’ 
ν2  3021sh 3124(4) νas(C5,6H)(89)/A” 
ν3  3009sh 3118(5) νas(C1,2H)(96)/A” 
ν4  2993s 3108(3) νd(C6H3)(92)/A’ 
ν5  2981s 3105(3) νd(C1H3)(97)/A’ 
ν6   3098(<1) νas(C5,6H)(89)/A” 
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ν7    3092(<1) νas(C1,2H)(96)/A” 

ν8 2939w   3058(<1) νs(C5H)(98)/A’ 

ν9  2928 3056(2) νs(C2H)(98)/A’ 

ν10  2903w 3041(2) νs(C6H3)(94)/A’ 

ν11  2872w 3038(2) νs(C1H3)(99)/A’ 

ν12  1770vs 1822(53) ν(C=O)(85)/A’ 

ν13  1536vs 1536(88) δ(HNC3)(49) + ν(NC3)(13) + δ(HC2H)(14)/A’ 

ν14  1483m 1519(5) δ(HC2,5H)(42) + δ(HC5H)(17)/A’ 

ν15  1464m 1516(17) δ(HC5H)(53) + τ(HC4OC5)(11)/A” 

ν16  1456w 1499(<1) τ(HC1C2O)(18) + δ(HC1H)(55)/A” 

ν17  1446w 1496(<1) τ(HC5C6O)(16) + δ(HC5H)(64)/A’ 

ν18   1486(1) δ(HC1H)(39) + τ(HC2OC3)(16)/A” 

ν19   1483(1) δ(HC6H)(38) + τ(HC5C6O)(24) + τ(HC4OC5)(10)/A” 

ν20   1431(6) δ(HC6H)(38) + τ(HC4OC5)(33)/A’ 

ν21   1426(4) δ(HC1H)(23) + τ(HC2OC3)(26)/A’ 

ν22  1398s 1409(13) ν(NC4)(11) + δ(HC6H)(20) + τ(HC4OC5)(22)/A” 

ν23  1375s 1398(2) δ(HC2H)(13) + τ(HC2OC3)(42)/A’ 

ν24  1314s 1331(47) ν(NC4)(53) + τ(HC4OC5)(22)/A’ 

ν25  1288sh 1299(<1) δ(HC2O)(71) + τ(HC2OC3)(18)/A” 

ν26   1293(<1) δ(HC5C6)(76)/A” 

ν27  1262vs 1261(53) [ν(OC3,4) + ν(CS)](57)/A’ 

ν28   1178(<1) δ(HC2O)(27) + τ(HC2OC3)(39)/A” 

ν29  1182vs 1176(100) δ(NC4)(57) + δ(HNC)(21)/A’ 

ν30   1174(<1)   δ(HC5C6)(18) + τ(HC4OC5)(57)/A” 

ν31  1136sh 1135(<1) τ(HC1C2O)(39) + δ(HC1H)(10)/A’ 

ν32  1107s 1127(8) ν(C5C6)(23) + τ(HC5C6O)(36)/A’ 

ν33  1052vs 1071(60) ν(C2O)(67)/A’ 

ν34  1039sh 1054(4) [ν(C1-C2) + ν(N-C(O)) + ν(O2,3-C3,5)](52)/A’ 

ν35   1003(2) [ν(C1-C2) + ν(N-C(O))](69)/A’ 

ν36  971w 978(<1) ν(C1-C2)(35) + τ(HC5C6O)(16)/A’ 

ν37  872w 884(<1) [ν(C1-C2) + ν(C2,3O)](47) + τ(HC1C2O)(17)/A’ 

ν38  817w 816(<1) [τ(HC1OC2) + τ(HC2C3O)](78)/A” 

ν39   813(<1) τ(HC5C6O)(77)/A” 

ν40  761m 779(<1) ν(OC5)(43) + δ(OC3O)(10)/A’ 

ν41  738m 770(3) δoop(ONOC)/A” 
ν42  727m 747(2) ν(NC4)(10) + ν(OC5)(21) + δ(OC3O)(45)/A’ 

ν43  668w 650(9) τ(HNCO)(96)/A” 
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ν44  646w 633(<1) δoop(SNOC)(93)/A” 

ν45  600m 607(<1) ν(C2O)(10) + [δ(C4OC5) + δ(NC3O) + δ(OCS)](66)/A’ 

ν46  459vw 413(<1) [δ(C1C2O) + δ(NC3,4O)](80)/A’ 

ν47  422vw 387(<1) ν(C5O)(12) + [δ(C1,5C2,6O) + δ(NC4O) + δ(CNC)](48)/A’ 

ν48   339(1) [δ(C4C5O) + δ(C2OC3) + δ(NC3O) + δ(O1CO2)](68)/A’ 

ν49   295(<1) [δ(NC4O) + δ(OC4S) + δ(CNC) + δ(C6C5O)](49)/A’ 

ν50   259(<1) τ(HC1C2O)(78)/A” 

ν51  253(<1) τ(HC5C6O)(76)/A” 

ν52  242(2) [δ(OC4S) + δ(CNC) + δ(C2,4OC3,5)](72)/A’ 

ν53  171(<1) τ(HC5C6O)(12) + [τ(C2,4OC3,5N) + τ(C3NC4O1) +  
τ(C4OC5C6)](73)/A” 

ν54  153(<1) [δ(C1C2O) + δ(C2OC3) + δ(NC3,4O)](74)/A’ 

ν55  124(<1) τ(C2,4OC3,5N)(86)/A” 

ν56  81(<1) [δ(CNC) + δ(C2,4OC3,5) + δ(NCO1,3)](84)/A’ 

ν57  72(<1) [τ(CNCO1) + τ(C3,4OC2,5C1,6) + τ(C2,4OC3,5N)](73)/A” 

ν58  65(<1) τ(C1,4OC2,5C3,6)(71)/A” 

ν59  49(<1) [τ(CNCO1) + τ(C3OC2C1)](80)/A” 

ν60  32(<1) [τ(CNCO1) + τ(C1,4OC2,5C3,6)](83)/A” 

 

Table S2a. Atomic coordinates (x 104) and 
equivalent isotropic displacement parameters (Å2x 
103) for (I). U(eq) is defined as one third of the trace 
of the orthogonalized Uij tensor. 

Atom x y z (eq) 

C(1) -5707(6) 12604(1) 4461(3) 43(1) 

C(2) -6015(5) 12225(1) 5782(2) 37(1) 

C(3) -4399(5) 11092(1) 6747(2) 29(1) 

C(4) -1973(5) 9881(1) 7189(2) 29(1) 

C(5) -2487(6) 9276(1) 9269(2) 39(1) 

N(1) -2669(4) 10486(1) 6437(2) 29(1) 

O(1) -5996(4) 11162(1) 7674(2) 39(1) 

O(2) -4031(3) 11585(1) 5787(1) 33(1) 

O(3) -3010(4) 9906(1) 8403(1) 34(1) 

S(1) 30(1) 9203(1) 6594(1) 34(1) 
   

Table S2b. Atomic coordinates (x 104) and 
equivalent isotropic displacement parameters (Å2 x 
103) for (II). U(eq) is defined as one third of the 
trace of the orthogonalized Uij tensor. 

Atom x y z U(eq) 

C(1) -7232(11) 1875(4) 712(4) 43(1) 

C(2) -4989(9) 3399(4) 778(3) 34(1) 

C(3) -776(8) 5156(4) 2161(3) 30(1) 

C(4) 3182(8) 6662(3) 3936(3) 29(1) 

C(5) 7155(8) 8841(4) 3748(3) 32(1) 

C(6) 8446(11) 9489(5) 2758(4) 42(1) 

O(1) -125(6) 5946(3) 1459(2) 38(1) 

O(2) -3032(6) 3840(3) 1957(2) 36(1) 

O(3) 4645(6) 7460(2) 3230(2) 33(1) 

N(1) 700(7) 5459(3) 3341(2) 32(1) 

S(1) 4142(2) 6998(1) 5373(1) 35(1) 



Table S3b continued.. 
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Table S3a. Bond lengths [Å] and angles 
[°] for(I). 

C(1)-C(2) 1.499(3) 
C(2)-O(2) 1.453(3) 
C(3)-O(1) 1.200(2) 
C(3)-O(2) 1.335(2) 
C(3)-N(1) 1.392(3) 
C(4)-O(3) 1.320(2) 
C(4)-N(1) 1.359(3) 
C(4)-S(1) 1.657(2) 
C(5)-O(3) 1.449(3) 

 
O(2)-C(2)-C(1) 106.38(18) 
O(1)-C(3)-O(2) 125.77(18) 
O(1)-C(3)-N(1) 127.32(18) 
O(2)-C(3)-N(1) 106.88(16) 
O(3)-C(4)-N(1) 113.19(17) 
O(3)-C(4)-S(1) 125.46(15) 
N(1)-C(4)-S(1) 121.35(14) 
C(4)-N(1)-C(3) 129.29(17) 
C(3)-O(2)-C(2) 116.62(16) 
C(4)-O(3)-C(5) 117.54(17) 

 

Table S3b. Bond lengths [Å] and 
angles [°] for (II). 

C(1)-C(2) 1.500(5) 
C(2)-O(2) 1.458(4) 
C(3)-O(1) 1.203(4) 
C(3)-O(2) 1.336(4) 
C(3)-N(1) 1.399(4) 
C(4)-O(3) 1.321(4) 
C(4)-N(1) 1.368(4) 
C(4)-S(1) 1.651(3) 
C(5)-O(3) 1.455(4) 
C(5)-C(6) 1.505(5) 

 
O(2)-C(2)-C(1) 106.8(3) 
O(1)-C(3)-O(2) 126.3(3) 
O(1)-C(3)-N(1) 125.9(3) 
O(2)-C(3)-N(1) 107.8(3) 
O(3)-C(4)-N(1) 112.2(3) 

O(3)-C(4)-S(1) 126.2(2) 
N(1)-C(4)-S(1) 121.6(2) 
O(3)-C(5)-C(6) 106.7(3) 
C(3)-O(2)-C(2) 115.1(2) 
C(4)-O(3)-C(5) 118.0(3) 
C(4)-N(1)-C(3) 128.5(3) 

 

Table S4a. Anisotropic displacement parameters 
(Å2 x 103) for (I). The anisotropic displacement 
factor exponent takes the form: -2π2[ h2a*2U11 + ... 
+ 2 h k a* b* U12]. 

Atom U11 U22 U33 U23 U13 U12 
C(1) 54(1) 31(1) 42(1) 5(1) 1(1) -1(1) 
C(2) 41(1) 30(1) 41(1) 3(1) 7(1) 3(1) 
C(3) 34(1) 28(1) 26(1) -1(1) 5(1) -3(1) 
C(4) 33(1) 30(1) 25(1) -1(1) 7(1) -5(1) 
C(5) 54(1) 38(1) 28(1) 8(1) 14(1) 6(1) 
N(1) 39(1) 28(1) 23(1) 1(1) 12(1) 1(1) 
O(1) 53(1) 34(1) 32(1) 1(1) 19(1) 6(1) 
O(2) 40(1) 30(1) 32(1) 5(1) 10(1) 4(1) 
O(3) 48(1) 32(1) 24(1) 3(1) 13(1) 5(1) 
S(1) 45(1) 29(1) 30(1) 1(1) 14(1) 4(1) 

Table S4b. Anisotropic displacement parameters 
(Å2x 103) for (II). The anisotropic displacement 
factor exponent takes the form: -2π2[ h2a*2U11 + ... 
+ 2 h k a* b* U12]. 

Atom U11 U22 U33 U23 U13 U12 
C(1) 52(2) 37(2) 35(2) 9(2) 0(2) 1(2) 
C(2) 43(2) 34(2) 22(2) 8(1) 1(1) 6(2) 
C(3) 35(2) 28(2) 25(2) 5(1) 3(1) 8(1) 
C(4) 33(2) 25(1) 29(2) 3(1) 3(1) 8(1) 
C(5) 34(2) 29(2) 31(2) 5(1) 4(1) 2(1) 
C(6) 44(2) 40(2) 41(2) 15(2) 10(2) 5(2) 
O(1) 48(1) 36(1) 25(1) 12(1) 3(1) 2(1) 
O(2) 47(1) 33(1) 25(1) 10(1) 2(1) 1(1) 
O(3) 41(1) 31(1) 24(1) 6(1) 5(1) 3(1) 
N(1) 40(2) 28(1) 24(1) 7(1) 2(1) -1(1) 
S(1) 45(1) 34(1) 23(1) 7(1) 2(1) 5(1) 
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Table S5a. Hydrogen coordinates (x 104) and isotropic displacement 
parameters (Å2x 103) for (I). 

Atom x y z U(eq) 
H(1) -1920(70) 10510(16) 5690(30) 55(8) 

H(1A) -7030(70) 13025(16) 4430(30) 62(9) 
H(1B) -3530(70) 12739(15) 4430(30) 48(7) 
H(1C) -6330(70) 12305(16) 3690(30) 51(8) 
H(2A) -8120(70) 12059(16) 5810(30) 54(8) 
H(2B) -5260(70) 12514(18) 6520(30) 55(9) 
H(5A) -3370(60) 9363(14) 10050(30) 49(8) 
H(5B) -3620(70) 8888(17) 8860(30) 49(8) 
H(5C) -270(80) 9172(17) 9480(30) 57(9) 

Table S5b. Hydrogen coordinates (x 104) and isotropic displacement 
parameters (Å2 x 103) for (II). 

Atom x y z U(eq) 
H(1) -310(110) 4840(50) 3690(40) 50(12) 

H(1A) -8710(110) 1540(50) -90(40) 57(13) 
H(1B) -6070(110) 1080(50) 810(40) 62(14) 
H(1C) -8760(110) 1800(50) 1310(40) 55(13) 
H(2A) -6190(90) 4120(40) 620(30) 32(9) 
H(2B) -3510(100) 3420(40) 180(40) 46(11) 
H(5A) 9040(90) 8630(40) 4300(30) 31(9) 
H(5B) 5990(100) 9480(50) 4240(40) 51(12) 
H(6A) 6730(110) 9700(50) 2280(40) 48(12) 
H(6B) 10140(130) 10450(60) 3080(50) 78(16) 
H(6C) 9490(120) 8840(50) 2310(40) 63(14) 

 

Table S6a. Torsion angles [°] for (I). 

O(3)-C(4)-N(1)-C(3) -3.2(3) 

S(1)-C(4)-N(1)-C(3) 177.63(16) 

O(1)-C(3)-N(1)-C(4) -10.9(4) 

O(2)-C(3)-N(1)-C(4) 170.87(19) 

O(1)-C(3)-O(2)-C(2) -7.3(3) 

N(1)-C(3)-O(2)-C(2) 170.92(17) 

C(1)-C(2)-O(2)-C(3) -167.68(18) 

N(1)-C(4)-O(3)-C(5) 177.85(19) 

S(1)-C(4)-O(3)-C(5) -3.0(3) 

Table S6b. Torsion angles [°] for (II). 

O(1)-C(3)-O(2)-C(2) -4.0(5) 

N(1)-C(3)-O(2)-C(2) 175.8(3) 

C(1)-C(2)-O(2)-C(3) 177.4(3) 

N(1)-C(4)-O(3)-C(5) 175.2(3) 

S(1)-C(4)-O(3)-C(5) -5.6(4) 

C(6)-C(5)-O(3)-C(4) 178.6(3) 

O(3)-C(4)-N(1)-C(3) -12.3(5) 

S(1)-C(4)-N(1)-C(3) 168.5(3) 

O(1)-C(3)-N(1)-C(4) -1.6(6) 

O(2)-C(3)-N(1)-C(4) 178.5(3) 
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