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Abstract

The title dithiocarbamate compound was synthesiged,characterised by means of spectroscopic
and single-crystal X-ray diffraction methods. Déypsifunctional theory method with the
6-311++G(d,p) basis set was employed to affirm gpectroscopic and structural properties and
also to study the tautomerism in the compound. dlitained theoretical parameters clearly support
the experimental findings. Among the six structu@ms of the title compound, the/nketo-
amine-thione is found to be the most stable one tlaa stability sequence is as the followingg:
keto-amine-thione anti-enol-imine-thione >anti-keto-amine-thione anti-keto-imine-thiol >syn
keto-imine-thiol >synenol-imine-thione. The energy difference betweeaanti and syn forms
changes from ca. 8 to 59 kJ olith or without barriers. The energetic and thergrainic
findings of thesynketo-amine-thione2 synketo-imine-thiol reaction display that the singi®ton
exchange is unfavoured in both directions. Althotigh reverse barrier energy of thati-enol-
imine-thione2 anti-keto-imine-thiol tautomeric transformation is fauto be small, neither the

forward nor the reverse reaction appears to happenthe thermodynamic point of view.
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1. Introduction

Tautomerism is the ability of certain organic maoiles to exist in isomeric structures, which
are related by the movement of an atom, usuallydadgen atom, with simultaneous rearrangement
of a double bond1]. It is known as keto/enole2], nitroso/oxime 8] thioketo/thioenol 4],
azo/hydrazone 5], thioamide/iminothiol §,7] etc. One of the most commonly encountered
examples is keto-enol tautomerism resulting fromrthigration of a hydrogen atom from carbon to
oxygen [O=C-CH3=2 HO-C=CH?2].

In biology, tautomers of some molecules play vanpartant role in hydrogen bonding
interactions and stabilize the structure of molesB]. Mutations in DNA are thought to arise from
tautomeric alterations and unusual base paighgGonsidering the importance of tautomerism in
the pharmaceutical industry, identification of tberrect tautomer is recognized as one of the
important tasks in pharmacophore-based virtualesing and drug discovery programO]
Therefore, tautomeric structure stability of thetsesized molecule may determine their activity
[11]. Organic dithiocarbamates are organosulfur comdsuand they can also consist of the
tautomeric structure. At the same time, they cdraadigands for transition metals because of these
properties 12].

On the other hand, organic dithiocarbamates angabéd synthetic intermediates, which are
ubiquitously found in a variety of biologically as compounds13,14], whereas they are used as
accelerators in vulcanisation, as high-pressuradabts [L5] and as fungicides and pesticid&s][

In this work, 4-chlorophenyl benzoylcarbamoditheatas synthesized and characterised
with elemental analysis and spectroscopic techsigueh as IR and NMR, and single-crystal X-ray
crystallography. We focus our attention on thedeérism in the compound and report the results
from both theoretical and experimental points @i The effect of solvents with different polarity
on the tautomerism was examined by applying thegmt equation formalism polarizable
continuum model (IEF-PCM). Chloroform, methanol avater were chosen as solvent.

2. Materials and methods

2.1. General remarks

Reagents such as potassium thiocyanate, benzayiddl 4-chlorothiophenol and solvents
from Sigma-Aldrich were used without purificatiofhe melting point was measured on an Electro
Thermal IA 9100 apparatus using a capillary tube iaruncorrected. Reactions were monitored by
thin-layer chromatography (TLC) on silica-gel 605B2plates (Merck) and an UV lamp. The IR
spectrum of the title compound was recorded inrirge 4000-650 crh with a Perkin Elmer
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Spectrum 100 FT-IR spectrometer using KBr pell@tse '"H NMR and™*C NMR spectra were
recorded on a Bruker AVANCE DPX NMR spectrometeremping at 400 and 101.6 MHz,

respectively, using TMS as an internal standardM&O-ds as solvent.

2.2. Synthesis

The mixture of benzoyl chlorid¢l) (2.32 ml, 20 mmol) in 20 mL acetone with the
equimolar amount of potassium thiocyanate (1.920gnmol) in 20 mL acetone was refluxed with
stirring for 1 h to obtain white colour benzoyl ismcyanate and then cooled to room temperature.
A solution of the appropriate of 4-chlorothiopheiid) (2.89 g, 20 mmol) in 20mL acetone was
added dropwise to the benzoyl isothiocyanate witbnmin and was stirred for ca. 3 h at room
temperature (Scheme 1). The progress of reactian awatrolled by TLC. As the reaction was
completed, yellow solution was filtered and orgasmlvent was concentrated with a rotary
evaporator under reduced pressure. After then,maduct was chromatographed over silica gel
using ethyl acetate-hexane (4:1) as the eluerggarate the product. After evaporation the solvent,
the fairly pure, brilliant yellow product (4-chlgshenyl benzoylcarbamodithioat€3)) was
crystallized out, mp. 109-110 °C, yield 90%, amalc. for G4H10CINO,S; : C, 54.63; H, 3.27; Cl,
11.52; N, 4.55; S, 20.83 Found: C, 53.97; H, 3Al911.66; N, 4.49; S, 20.64T7].

<Scheme 1>

2.3. X-ray crystallography

Intensity data of the compound were collected BITOE diffractometer with an IPDS I
image plate detector. The diffraction measuremeraie performed at room temperature (296 K)
using graphite monochromated Max Kadiation §£=0.71073 A) by applying the-scan method.
Data collection and cell refinement were carrietl waing X-AREA [18] while data reduction was
applied using X-RED321B]. The structure was solved by direct methods usingL1S¢5-2013 [L9]
and refined with full-matrix least-squares calciglas on F? using SHELXL-2016 20]
implemented in WinGX 21] program suit. All H atoms bonded to C atoms wpositioned
geometrically and refined as a riding model withHC= 0.93 A andJiso(H) = 1.2J¢(C), while the
H atom bonded to the N atom was located in a diffee Fourier map and refined isotropically
[N—H = 0.818(18) A]. Details of the data collectionnditions and the parameters of refinement
process are given in Table 1. The general-purpostatiographic tool PLATONZ2] was used for
the structure analysis and presentation of thelteesthe molecular graphics were generated using
ORTEP-3 P1].



<Table 1>

2.4. Computational procedure

The stationary structures were optimized usinghinee-parameter hybrid density functional
(B3LYP) [23, 24] and 6—-311++G(d,p)25, 26] basis set. The vibrational frequencies were olethi
at the same level to characterize the local minimamd the transition state (TS). The stable
structures exhibited all positive frequencies, welasrthe TSs possessed one imaginary frequency.
The recommended scale factor of 0.96Z9 jhas been applied to correct the theoretical haimo
vibrational frequencies. Th#H and*C NMR chemical shifts were calculated within theige:
independent atomic orbital (GIAO) approad8,[29] at the same level, in which solvent effects
were included by means of the IEF-PCM methg@.[All the calculations in the current paper were
performed via the GaussView molecular visualisagwogram B1] and Gaussian 03W package
[32].

3. Results and discussion

3.1. Experimental and theoretical structures
The structure of the compound was established bgyXdiffraction, which crystallizes in

the monoclinic space grof2/c with Z =8, and is depicted in Figure 1(a).
<Figure 1>

The structure contains three essentially plangnfients; a chlorobenzene ring (CI1/C1-C6),
a N-carbonylcarbamodithioate group (S1/C7/S2/N1/C8/@a)l a benzene ring (C9-C14). The
centralN-carbonylcarbamodithioate moiety makes dihedraleengf 56.17(6) and 13.76(8)° with
the chlorobenzene and benzene rings, respectwélje the chlorobenzene and benzene rings are
inclined to one another at 44.78(9)°. The bondtengf the carbonyl and thiocarbonyl groups have
usual double-bond character with distances of 218nd 1.649(17) A, respectively. The-8
bonds [1.379(2) and 1.383(2) A] are intermediatevben 1.48 A for a normal-eN single bond
and 1.25 A for a normal=N double bond33]. These results agree with expected delocalisation
this part of the molecule, and indicate that themgound has a keto-amine-thione form. All other

bond lengths and angles present no unusual features
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The molecular structure does not include any intdasular hydrogen bonds, and there are
no important interactions in the crystal structwfethe compound, other than van der Waals

contacts.
<Table 2>

The corresponding DFT structure is shown in Figli(e), while the experimental and
computed structural parameters are tabulated ifeT2bAs can be seen in the table, the biggest
deviation of the bond lengths is 0.19 A at-NH1 and the biggest deviation of the bond angles is
2.92° at N+-C8—C9. Theoretically, th&-carbonylcarbamodithioate moiety makes dihedralesng
of 89.37 and 24.82° with the chlorobenzene and dmmzrings, respectively, while the
chlorobenzene and benzene rings are tilted at gle ah65.53°.

When the experimental and computed structuresitied by PLATON as shown in Figure
1(c), the obtained root mean square (RMS) bonarfit angle fit values of 0.019 A and 1.493°
emphasize the close relationship between them. Aesalt, the theoretical structure sufficiently
resembles to the experimental one, and the leveh@bry can be applied to obtain the other

properties.
3.2. Spectroscopic characterisation

The FT-IR spectrum of the compound is shown in Bigthile the observed and calculated

frequencies with their proposed assignments arengiv Table 3.
<Figure 2>
<Table 3>

A series of absorptions appearing in the high-eneggion (3500-2500 cm) of the infrared
spectrum are associated with the-tland G-H stretching modes3fl]. The experimental band at
3286 cm’ corresponds to the stretching vibration of theHNgroup, which has been calculated at
3472 cm®. The G-H aromatic stretching modes were observed at 3078 2060 crit
experimentally and were calculated at 3091 and 3982. We assigned the absorption band at
1689 cm’ due to the €0 stretching vibrations3p], which is in coincidence with its theoretical
value of 1693 cnt. The thiocarbonyl €S stretching mode recorded at 1078 ti86] is in good
agreement with theoretical result of 1056 tnThe bands at 1598 and 1573 ¢im the FT-IR
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spectrum of the compound, which can be attributethé ring G=C stretching vibrations, were
calculated at 1588 and 1561 ¢mThe infrared spectrum shows a very strong absort 1459
cm™, which is tentatively assigned to the rocking defation mode on the #H group and has
been calculated at 1449 cmThe G-N and G-S stretching modes recorded at 1196 and 679 cm
is in good agreement with theoretical results d88.and 669 cit, respectively. The stretching of
the G-C| bond was confirmed at 744 ch{37] while this band appeared at 730 ¢rin the
theoretical spectrum.

As a result, the IR spectrum of the compound doextiibit the S-H and G-H vibration
modes indicating that in the solid state this coumabexists in the keto-amine-thione form.
The NMR spectra of the compound is given in Fig.i®the supplementary material while the
experimental and calculated chemical shifts aralédéd in Table 4. The proposed structure of the
compound was confirmed by use '#f and**C NMR spectroscopy. The-MH proton is an amid
proton rather than imide due to the resonance thi¢hcarbonyl (&0) and thiocarbonyl (€S)
groups. The compound shows a peak at 10.17 ppraspmnding to the proton of the-N group,
which has been calculated at 10.29 ppm. The arorpations were observed at 7.96-7.28 ppm that
have been appeared at 8.59-7.70 ppm in the thealrsfpectrum. In thé’C NMR spectrum, the
signals of the characteristic thiocarbonyl and cayh carbons were monitored at 204.55 and

166.53 ppm, while these peaks were calculated46Z2and 170.78 ppm, respectively.

<Table 4>

3.3. Molecular conformation and tautomerism

The three tautomeric forms can be expected forctdmpound; namely keto-amine-thione
(1), keto-imine-thiol (I1) and enol-imine-thiongll1) (Scheme 2). Besides, the conformational
flexibility over the central GFN1 bond permits the structure to possess variotsneric forms.
So, possible rotamers of the three tautomers weaecked at the same level by changing the
¢(S1—-C7—N1—C8) torsion angle from —180° to 180° in steps of Bfe potential energy curves are
shown in Fig. 3. The results show that the moleouds be found in six structural forms, namely
synketo-amine-thione,anti-keto-amine-thione,synketo-imine-thiol, anti-keto-imine-thiol, syn

enol-imine-thione andnti-enol-imine-thione (Scheme 2).
<Scheme 2>
The energy trend of the six conformers was obtaassynketo-amine-thione anti-enol-

imine-thione <anti-keto-amine-thione <anti-keto-imine-thiol <synketo-imine-thiol <synenol-

imine-thione. Especially, theynketo-amine-thione conformer was demonstrated esnibst stable
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one. The relative energy of tlamti andsyn conformers was determined as ca. 21 kJ hfol the
keto-amine-thione tautomer and ca. 8 kJ Thébr the keto-imine-thiol tautomer. The energy
barriers forsyn— anti isomerisation were calculated as ca. 42 and 3Wd{J" for the keto-amine-
thione and keto-imine-thiol tautomers, while theseriers were found to be 20 and 45 kJ thidr
anti — synisomerisation, respectively. Thanti form of the enol-imine-thione tautomer is more

stable than itsynform by ca. 59 kJ mot without barrier (Table 5).

<Figure 3>
<(Table 5).>

As shown in Scheme 2, two possible tautomeric foamsations can occur. The structural
parameters belonging to these two transformatioasakso listed in Table 2, while their energetic
and thermodynamic parameters are given in TabBu@ng the discussion of these reactions, the
forward direction is chosen as the proton tranfan the more stable tautomer to the less stable

one, and the reverse is the opposite one.

<Table 6>

In the synketo-amine-thione2 synketo-imine-thiol tautomerisation, the imaginary
wavenumber at the TS is calculated at 1641i, 166678i and 1679i ci for the gas phase,
chloroform, methanol and water, respectively. Dgitimesynketo-amine-thione» TS — synketo-
imine-thiol single proton transfer reaction, the-M41 (1.011 A) bond breaks and the-$21 bond
(1.349 A) forms simultaneously. The N1---H1 and $2t distances in the TS structure are found
as 1.402 and 1.633 A, respectively. When going ftoesynketo-amine-thione teynketo-imine-
thiol form, the N+C7 bond length is reduced from 1.387 to 1.285 Aictvishows corresponding
N—C single bond is transformed into N=C double boftdrahe hydrogen transfer. In adition, the
S2-C7 distance increases from 1.655 to 1.780 A inwigathat ther bond in this SC bond is
broken down and the=8&C double bond is transformed into anG single bond. The other bond
distances remain almost unchanged. In the boncdeantle C-N1—C8 and S2C7—S1 angles
decrease while the NAC7—S1 angle increases.

< Figure 4>
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Fig. 4 displays the relative energy curve for fyaketo-amine-thione2 synketo-imine-
thiol isomerisation. The energy difference betwtem is obtained as —-45.24, -49.55, -51.28 and
-51.49 kJ mol* in going from the gas phase to water, respectivihe reaction barrier is high and
in the range 143.50-151.46 kJ ridbr the forward reaction and in the range 98.203%J mol*
for the reverse reaction. Consequently, it is obsithat the proton transfer for both directions
requires very high energy to happen. This factlse &erified by the standard enthalpy and free
energy changes since these are obtained as lasgv@alues implying its endothermicity

In the anti-enol-imine-thione 2 anti-keto-imine-thiol tautomerisation, the imaginary
wavenumber at the TS is calculated at 736i, 7910j 8nd 812i cn for the gas phase, chloroform,
methanol and water, respectively. Thati-enol-imine-thione— TS — anti-keto-imine-thiol
transition happens in a concerted way with the kingaof the O+H1 (1.008 A) bond and the
formation of the S2H1 bond (1.374 A). The O1---H1 and S2---H1 distimcthe TS structure are
found as 1.379 and 1.490 A, respectively. On gdiom the anti-enol-imine-thione taanti-keto-
imine-thiol form, the O+C8 bond length is reduced from 1.318 to 1.234 Ajlevthe S2-C7
distance increases from 1.682 to 1.767 A. Thisesponds to the breaking of theS double bond
and the formation of a€©C double bond. A shortening in the-NC7 bond and a lengthening in the
N1—C8 and C8C9 bonds are also noteworthy. In the bond anglbs, $2-C7—S1 and
N1—C8—C9 angles decrease as thedfCI/—S1 and O+C8—C9 angles increase.

< Figure 5>

Fig. 5 exhibits the relative energy curve for t@i-enol-imine-thione2 anti-keto-imine-
thiol isomerisation. The energy difference betwé#sem is computed as -21.44, -20.32, -20.10
and —20.09 kJ mat, while the energy of the TS is higher than dmé-enol-imine-thione tautomer
by 25.23, 25.17, 25.33 and 25.37 kJ thai going from the gas phase to water, respectiviigse
energies together with the positive standard epyhahd free energy changes make the forward
reaction a disfavoured process. In the case ofrékierse reaction, very low energy barriers are
found as 3.79, 4.85, 5.23 and 5.27 kJ thisl going from the gas phase to water, respectivihe
values of the standard enthalpies for the reveesetion show that all the proton transfers are
enthalpically favoured (exothermic). However, th@tpn transfer reaction needs larger entropy
change rather than energy change to ocdurShg>| AHzog). Therefore, the reverse reaction is

thermodynamically disfavoured for all phasasges > 0) [38].



4. Conclusions

In this study, the title dithiocarbamate moleculaswobtained and characterised by IR and NMR
spectroscopies. The structure of the molecule veedirmed by single-crystal X-ray diffraction
technique. To support spectroscopic and structcharacterisation and also to investigate the
tautomerisation of the compound, theoretical comipans have been fulfiled by DFT/B3LYP
method with the 6—-311++G(d,p) basis set, in whiah EEF-PCM method is further used to expose
the solvent effects on the tautomerisation. Expenital and quantum chemical calculations show
that the keto-amine-thione form is the predominané among the three possible tautomers.
According to the predicted relative energies of $heconformers of the title compounrsiynketo-
amine-thione conformer is again obtained to bentlst stable one. The barrier energydati <«

syn conformational interconversion for the keto-amihene and keto-imine-thiol tautomers is
very high and above ca. 42 kJ ffolwhile the two conformations are separated froohesther by

59 kJ mol* without barrier for the enol-imine-thione tautomérhen the two possible tautomeric
transitions within the six conformers are considetbe corresponding energy barriers for s
keto-amine-thione2 synketo-imine-thiol tautomerisation are bigger than 88 kJ mot' in both
directions. In the case of thenti-enol-imine-thione2 anti-keto-imine-thiol tautomerisation, it
seems impossible to happen thermodynamically fdh lolirections even if the reverse reaction

barrier energy is small.
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Appendix A. Supplementary data

Crystallographic data for the structure reportedhis paper have been deposited at the
Cambridge Crystallographic Data Centre (CCDC) wjttotation number CCDC 1041602 and can
be obtained free of charge on application to CCDEZ,Union Road, Cambridge CB2 1EZ, UK
[Fax: +44 1223 336 033, e-mail: deposit@ccdc.camkac
http://www.ccdc.cam.ac.uk/getstructures].
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#-chlorophenyl

Table 1. Crystal data and structure refinement parameters
benzoylcarbamodithioate.

CCDC deposition no. 1041602

Colour/shape Yellow/prism

Chemical formula @H10CINOS,

Formula weight 307.80

Temperature (K) 296

Wavelength (A) 0.71073 MoK

Crystal system Monoclinic

Space group
Unit cell parameters
a, b, c(A)
o B,y (°)
Volume (&)
Z
Dcalc (g/CWF)
p (mm)
Absorption correction
Tmin, Tmax
Fooo
Crystal size (mr)

C2/c (No. 15)

28.9120(12), 4.1382(2), 24.0699(11)
90, 107.043(3), 90
2753.3(2)
8
1.485
0.570
Integration
0.7039, 0.8930
1264
0.76 x 0.43 x 0.19

Diffractometer/measurement method STOE IPDS ll£ scan

Index ranges

6 range for data collection (°)
Reflections collected
Independent/observed reflections
Rint

Refinement method
Data/restraints/parameters
Goodness-of-fit orfr?

Final Rindices | > 24(1)]
Rindices (all data)

A,Dmax, Apmin (E/AB)

-38 h< 36, -5<k<5, -30<1<30
1.443<27.155
17554
3052/2141
0.1294
Full-matrix least-squares-on
3052/0/176
1.008
R: = 0.0339wWR= 0.0775
R; = 0.0584wR,= 0.0833
0.25, -0.12




Table 2. Experimental

benzoylcarbamodithioate.

and optimized structural

13

parameters tiie gas phase for the tautomeric transformation 4e¢hlorophenyl

Parameters X-ray B3LYP/6-311++G(d,p)

syn-keto-amine-thione TS syn-keto-imine-thiol anti-enol-imine-thione TS anti-keto-imine-thiol
Bond lengths (A)
Cli—C4 1.743(2) 1.757 1.755 1.755 1.756 1.755 1.754
S1—C1 1.770(2) 1.796 1.805 1.805 1.790 1.794 1.795
S1—-C7 1.741(2) 1.787 1.743 1.789 1.787 1.780 1.785
S2-C7 1.649(2) 1.655 1.726 1.780 1.682 1.737 1.767
S2-H1 - - - 1.349 - - 1.374
01-C8 1.210(2) 1.215 1.223 1.223 1.318 1.259 1.234
O1—H1 - - - - 1.008 - -
N1—C7 1.379(2) 1.387 1.339 1.285 1.355 1.310 1.289
N1—C8 1.383(2) 1.396 1.395 1.403 1.312 1.365 1.391
N1—H1 0.818(18) 1.011 - - - - -
C8-C9 1.485(2) 1.498 1.492 1.492 1.475 1.483 1.490
Bond angles (°)
C1-S1—-C7 104.12(8) 101.29 101.14 102.10 104.50 104.31 104.70
C7—N1—-C8 127.72(17) 130.11 124.36 121.04 124.38 122.66 125.07
C7/—N1—H1 112.7(12) 112.10 - - - - -
C8—N1—-H1 119.6(12) 117.71 - - - - -
C8-01—H1 - - - - 108.47 - -
N1—-C7—S2 118.82(13) 118.73 106.54 118.14 129.63 127.68 129.68
N1—-C7—-S1 115.79(13) 115.34 125.10 125.38 106.96 111.52 112.49
S1-C7-S2 125.38(10) 125.93 128.36 116.48 123.41 120.81 117.83
C7—S2-H1 - - - 92.62 - - 90.04
0O1-C8-N1 120.36(17) 122.17 121.70 123.46 125.91 124,98 125.28



01—C8—C9
N1—C8—C9
Dihedral angles (°)
C8-N1-C7-S2
C8-N1-C7-S1
C1-S1-C7—N1
Cl-S1—-C7-S2
C7—N1—C8-01
C7—-N1—-C8—C9

121.59(16) 122.70
118.04(16) 115.12

178.54(14) 178.55
~2.5(2) ~1.62
~176.32(12) -178.08
2.55(13) 1.74
-5.6(3) ~3.73
173.94(15) 177.08

14

122.63 121.94
115.67 114.60

—180.0080.00
0.00 0.00
180.00 -179.99
0.00 0.02
0.00 -0.01
—-180.0080.00

114.90
119.19

—-0.01
180.00
—-180.00
0.01
—-0.00
180.00

118.95 120.44
116.07 114.28

0.00 0.00
—180.00180.00
180.00 -180.00
0.00 0.00
0.00 -0.00
—180.00-180.00




Table 3. Experimental and calculated vibrational frequen¢ims ™) for 4-chlorophenyl benzoylcarbamodithioate.

Assignments Experimental Calculated
vN—H 3286 3472
vC—H 3078 3091
vC—H 3060 3082
vC=0 1689 1693
vC=C 1598 1588
vC=C 1573 1561
y N—H 1459 1449
vC—N 1196 1188
vC=S 1078 1056
vC—Cl 744 730
vC—S 679 669

v, stretchingy, rocking.

15
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Table 4. Experimental and theoreticll and**C NMR chemical shifts from TM$r 4-chlorophenyl benzoylcarbamodithioate.

Atom Experimental Calculated Atom Experimental Calculated
H1 10.17 10.29 C3 129.52 137.15
H2 7.28 7.75 C4 132.07 153.56
H3 7.48 7.72 C5 129.52 137.38
H5 7.48 7.84 C6 131.26 144.41
H6 7.28 7.70 C7 204.55 224.67
H10 7.96 8.01 Cc8 166.53 170.78
H11 7.57 7.83 C9 138.22 139.89
H12 7.67 7.99 C10 129.08 133.35
H13 7.57 7.95 Cil1 130.11 136.10
H14 7.96 8.59 C12 133.90 142.07
C1 135.86 143.08 C13 130.11 136.84
c2 131.26 145.06 Cl14 129.08 137.93

Notes:The atom numbering according to Fig. 1(a) usetiénassignment of chemical shifts.
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Table5. Energies of the tautomers in hartree, and theivelanergy between tranti andsynconformers of the tautomers in kJ itol

tautomers E AE
synketo-amine-thione -1926.33199085 21.93
anti-keto-amine-thione -1926.32363827
synketo-imine-thiol -1926.31476043 8.36
anti-keto-imine-thiol -1926.31794323
synenol-imine-thione -1926.30360050 59.10

anti-enol-imine-thione -1926.32610911
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Table 6. Energies of the tautomers in Hartree, and enefffigrdices, activation energies and thermodynanrarpeters in kJ maot.

E]_ E2

AE Ea(f) Ea(r) AHzgg(f) Angg(f) TASzgs(f) AHzgg(r) Angg(r) TASzgs(r)

synketo-amine-thione synketo-imine-thiol

gas phase -1926.33199085 -1926.31476043 -45.24 143.50 98.26 126.00 126.99 -0.99 90.00 90.790.78

chloroform -1926.34071439 -1926.32184233 -49.,55 .94899.42 131.30 131.17 0.14 91.22 93.13 -1.92
methanol  -1926.34428320 -1926.32475166 -51.28 95199.91 133.51 133.93 -0.41 91.72 9354 -1.82
water -1926.34470047 -1926.32508936 -51.49 151.8®79 133.78 134.33 -0.55 91.77 93.60 -1.82

anti-enol-imine-thione anti-keto-imine-thiol

gas phase -1926.32610911 -1926.31794323 -21.44 25.23 3.79 11.10 13.94 -2.85 -3.37 1.38 54.7
chloroform -1926.33121266 -1926.32347318 -20.32125.4.85 10.92 14.71 -3.78 -2.59 2.40 -5.00
methanol  -1926.33333080 -1926.32567508 -20.10 25.8323 11.06 14.33 -3.27 -2.28 3.29 -5.57
water -1926.33358081 -1926.32592782 -20.09 25.327 5.11.09 14.19 -3.10 -2.24 341 -5.65

AE = E; — Ey, E4(f) = forward activation energ¥,(r) = reverse activation energy.
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Figure Captions

Scheme 1. Synthesis pathway of 4-chlorophenyl bgoadamodithioate.

Scheme 2. Tautomerism in 4-chlorophenyl benzoybradalithioate.

Figure 1.(a) The molecular structure of 4-chlorophenyl betzarbamodithioate showing the
atom-numbering scheme. Displacement ellipsoidsdaagvn at the 30% probability level and H
atoms are shown as small spheres of arbitrary. ré@iiThe theoretical geometric structure of 4-
chlorophenyl benzoylcarbamodithioate. (c) A moleculit of the experimental and calculated
structures shown in red and black, respectively.

Figure 2. (a) FT-IR spectrum of 4-chlorophenyl beylcarbamodithioate.

(b) Simulated IR spectrum of 4-chlorophenyl benzagthamodithioate.

Figure 3.The potential energy profiles for interconversiatvireen two low energy forms of the
keto-amine-thione (a), keto-imine-thiol (b) and kemaine-thione (c) tautomers of 4-chlorophenyl

benzoylcarbamodithioate.

Figure 4. Relative energy profile of tkgnketo-amine-thionez2 synketo-imine-thiol tautomerism

in the gas phase and various solvents.

Figure 5. Relative energy profile of thati-enol-imine-thione2 anti-keto-imine-thiol tautomerism

in the gas phase and various solvents.
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Resear ch Highlights

¢ In this work, 4-chlorophenyl benzoylcarbamodithioate was synthesized and characterised with
elemental analysis and spectroscopic techniques such as IR and NMR, and single-crystal X-ray
crystallography.

* We focus our attention on the tautomerism in the compound and report the results from both
theoretical and experimenta points of view.

» The effect of solvents with different polarity on the tautomerism was examined by applying the
integral equation formalism polarizable continuum model (IEF-PCM). Chloroform, methanol
and water were chosen as solvent.



