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GRAPHICAL ABSTRACT

Introduction

Ab initio chemistry methods are computational
chemistry methods based on quantum chemistry
[1,2]. Ab initio quantum chemistry methods
attempt to solve the electronic Schrédinger
equation given the positions of the nuclei and the
number of electrons in order to yield useful
information such as electron densities, energies
and other properties of the system [3].
Computational chemistry aimed at solving
Schrodinger equations for electronic and nuclear
motions using different functional such as Hartree
Fock, Density Functional theory (DFT) and semi-
empirical methods. It is a method that generates
data to complement experimental
structures, properties and reactions of substances
[4].

Advancement in computational chemistry has
allowed quantum mechanical calculations to
support research in green chemistry and it has
contributed immensely to the green nature of
chemical practices [3]. The ability to run these

data on

calculations has enabled theoretical chemists to
solve a range of problems and their importance
[5].

The gas phase thermal decomposition of O-
isopropyl, S-methyl Xanthates has been reported
to give propene and methyldithiocarbonates

which then decomposes to carbonyl sulphide and
a thiol. Thermal decomposition of xanthates
which are sulphur containing compounds provide
preparatory or synthetic routes to higher yield of
alkenes which have become an attraction and
important materials in polymer production. [6-9].
According to experimental reports [10], the
mechanism of the reaction follows a concerted 6-
membered cyclic transition state. Kinetically, the
dithiocarbonates (Xanthates) can be categorized
to the group where oxygen atom is involved in
bonding i.e. O-alkyl, and where oxygen is not
involved which is S-alkyl, [6,11] reported that all
studied Xanthates: O-alkyl xanthates and S-alkyl
dithiocarbonates gives a good kinetic report and
passed the tests for homogeneity [11]. The first
reporter of systematic observation on xanthates
having several S-substituents came up with
suggestion that thermal stability decreases with
the attachment of electronegative groups to the
thiol Sulphur; which eventually results in
temperature decreased of the pyrolysis [12].
Many of the unimolecular reactions in gas-phase
which have been studied appeared to occur
through 4-center and 6-center cyclic process [13].
A study by Connor and Nace [14] indicated the
stability
cholesterol

alternative
S-substituted

same order for the

component in
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Xanthates. Although, there are numbers of
experimental researches on the gas phase thermal
decomposition of alkyl Xanthate in which few
works have been reported on the theoretical
studies on the kinetics, thermodynamics and
mechanism using computational approach [15].
The gas-phase thermal decomposition of alkyl
Xanthates takes place through an intensive
fragmentation and product could be conceived
through hydrogen atom abstraction from a
terminal carbon and the transfer (- hydrogen
atom is part of the six-member cyclic transition
state which involves a hydrogen-sulphur (H-S)
bond making; carbon-hydrogen (C-H) and carbon-
oxygen (C-0) bonds breaking [16]. The thermal
decomposition of alkyl Xanthate gives Olefins
together with gaseous carbonyl sulphide and a
thiol [17].

In recent work, the effects of the attachment on
pericyclic process like alkyl xanthate determining
the nature of substituent which influences the
feasibility of the reaction relating with the work
that has been carried out recently on the
thermodynamics and kinetics thermodynamics of
ethyl xanthates [18], it is evident that there is
paucity of information on the effect of alkyl or
attachment attached to the O-alkyl moiety on the
kinetics and thermodynamic parameters of
xanthate. Therefore, the aim of this work is to use
computational approach to study the influence of
electron donating groups attached to the O-alkyl
moiety of the xanthates on the thermodynamic
and Kkinetics parameters to show the effect on
activation and kinetics parameters [19].

Computational procedure

Conformational Search

The molecules were set up for pre-optimization
by search for conformers with the least possible
energy value. The molecular mechanics force field
(MMFF), a model that has shown good ability for
determining lowest conformer energy,
employed. MMFF has also proven to be efficient in

was

quantifying  estimated conformer energy
differences [20]. Seven conformers were
obtained, and their heats of formations are shown
in Fig. 1.

Fig. 2 shows the stoichiometry of the reaction. A
B-hydrogen is to be removed from the isopropyl
moiety and transferred to the other side of the -O-
part to form a -S-H group of the methyl
dithiocarbonate product. This was evident by the
acute negative dihedral angle that results.

Reaction path study

The optimized structures of O-isopropyl
(dithiocarbonates) Xanthates were subjected to
reaction path study. This was achieved by taking
the Hi-S16 bond length as the typical coordinate
for the reaction. The value of the initial internal
coordinate in the steady reactants was adjusted
gradually to the fair accurate length in the
product. O-isopropyl xanthates, for instance, was
studied by setting the Hi-C; bond length gradually
from 4.723A in about 20 steps to 1.2004, being the
estimated value in the product. Mclver and
Kormonicki [21] in their work reported that
rather than the reaction path energy rising to a
very a high potential through a maximum, it
abruptly falls to product. This is accompanied by
a decrease in the enthalpy of formation, though
relatively close to that of the products, i.e. Methyl
dithiocarbonates and Propene. This is presented
in Fig. 3.
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Energy A = -33.608k]/mol Energy B = -33.608Kk]/mol Energy C =-29.527k]/mol

£33

Energy D =-14.928k]/mol Energy E =-2.150k]/mol  Energy F = 7.119Kk]/mol

Sihs

Energy G = -7.735k]/mol

¢

Fig. 1. Conformer distribution of O-isopropyl S-methyl Xanthates with their corresponding energy values
C

H

C5H10520 C2H4520 + C3H6
O-Ipropyl S-Methyl Methyl Dithiocarbonates Propene
Fig. 2. Structures of reactants and products

4|Page


http://www.ajchem-b.com/

Esan, Timothy Oluwaseun et. al. / Adv. ]. Chem. B, Adv. J. Chem. Sect. B. Nat. Prod. Med. Chem 2021, 3(1), 1-15

™
™
o
L S, |
— |
O
g
“!-\.,_‘
h
L
I~
B
o
@
I
o
N
H-
I

Fig. 3. Reaction path study O-ipropyl S-methyl dithio
i

Fig. 4. A plot of energy against the number of molecules to depict the reaction path studies.
Transition State Structure
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The potential energy surface (PES) provides a
fundamental knowledge of the relation between
structures and stability of stable molecules to the
minimal enthalpy the length side of the reaction
path. In this case, the transition state (TS)
geometry corresponds to energy maxima. The
basic idea is that steady molecules unified by an
even pathway which goes sharp
transition state. In order to overcome the
challenge of locating the TS structure, the guess-
TS structure provided by the suggested
mechanism was optimized and put through the
two-test needs. This is resourceful and pivotal in
locating the saddle-point i.e. transition state. It
also helps to show that the TSs connect the
reactants as well as the products.

The tests are that:

(i) the Hessian matrix of second-order

through

energy derivatives when compared to
coordinates gives only a single imaginary
frequency within the range of 400-2000
cml, and

(ii) Normal coordinates match up to the
imaginary frequency slickly connects
both reactants and products. This is
obtained when the regular coordinate is
animated.

Intrinsic Reaction Coordinate

Each molecule was optimized by being subjected
to a fixed point on the reaction path with the aid
of intrinsic reaction coordinate (IRC) [20]. This
method helps to affirm the transition states. The
first IRC calculation, positive
perturbation, was based on atomic coordinate
directed towards a single negative frequency. The
second, being negative perturbation, is done on
the same typical coordinate.

known as

Mechanism of decomposition of Alkyl
Dithiocarbonates (Xanthates)

The Chugaev reaction [22] is comparable to
thermolysis of alcoholic carboxylic esters as well
as other alcohol derivatives including carbamates
and The
mechanism is a fragment of concertedness.
However, the product formation may result from
abstraction of -hydrogen through the thiol or
thione sulphur atom in the reaction route. This is
shown in Fig. 5.

Mechanism A is a one-step reaction wherein the
products were formed at a goal. On the other
hand, mechanism B is a complex reaction giving
intermediate products alkene and an unstable
dithiocarbonate  derivative. The unstable
intermediate then breaks down to give carbonyl
sulphide and a thiol, i.e. the desired products.
Huckel et al, [23] hypothesized mechanism A
while Barton [24] projected the mechanism B. The
research work of Bader and Bouns [25] on the
effects of 14C and 13C isotope on the pyrolysis of
trans-2-methyl-1-indanyl Xanthate with normal
isotopic loads reveals the experimental indication
of thio posing an attack on the B-hydrogen rather
than usual thiol nor sulphur atoms.

Kinetics and thermodynamic parameters

The thermodynamic parameters achieved for
isopropyl xanthate was from calculations of the
ground state (GS), transition state (TS) and the
products structures. The statistically mechanistic
premeditated enthalpy and the ground state
energy (GSE) were summed up to obtain the
approximate molecular energy. This
necessitated by the fact that high percentage of
molecule’s energy is domiciled in the bonds and
physical geometry. The energy of a molecular
entity is defined as;

H; = GSE; + H;™ 1
SM denotes statistical mechanistically determined

carbonates. xanthates reaction

was

energy. When substituted into initial description
of enthalpy of reaction gives equation 2.
AH,y, = (GSE, + H3™) — (GSE, + Hi™) 2
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Fig. 5: Reaction Mechanism

The activation barrier, E,, was determined in line
with the transition state model for reaction
involving one molecule at 623K;

E, = AH+RT 3
The reaction entropy was evaluated by finding
the difference between entropies of the products
and that of the reactants.

ASpyn = Sp— S» 4
ASactivatea = Sts — Sr 5
The Gibb’s free energy was determined by
modifying the equation for heat of reaction i.e.
G=H-TS;

AG* = AH* — TAS 6
The transition state theory, [26] which proposes
that the co-efficient of transition is unity, was
employed to determine the first-order co-efficient
kr.

kp = K —e~G'/RT 7
AG* represents change in Gibb’s free energy
between reactants and transition state; K is the
Boltzmann constant and h is the Planck’s constant.
The Arrhenius factor is expressed as;

A=Ky T/, e/ 8
By the use of the rate equation, Arrhenius rate is
given as;

ky = AeEa/RT 9

Wiberg bond indices

Moyano et al, [23] termed the comparative
disparity of the bond indices of the reactant,
transition state and the product (0 Bi) for each
bond i, associated with a chemical reaction as

ts r
0B, = L=t
-

10
Terms r, ts and p in equation (10) refers to the
reactant, transition state and product
respectively. Hence, percentage of evolution
(%E.) of the order of the bonds can be evaluated
by given chemical steps.

%E, = 1000B; 11
As hypothesized by Taylor, [27] C«-O bond
breaking ahead of Cg-H bond agrees with
information available from experimental study
for 1,5 thermolysis. This relies on the evidence
that Hammelt P-values of the a-carbon are higher
than those for (-carbon. It can also be inferred
that greater dissociation potential of C«-O bond
account for increased reaction rate. On the other
hand, greater dissociation potential of Cg-H bond
accounts for reduced rate of reaction.

The average value of the bond indices 6Bay is
calculated as

0By = - X 0B; 12
Where n represents number of bonds engaged in
the reaction coordinate. Itis a measure of the level
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of progression of the transition state the length of
the reaction coordinate. As it can be shown, the
6Bav values show that there is difference between
the two pathways of the Chugaev reaction.

The measure of how synchronous a chemical
reaction is expressed as:

Sy,=1—-A4A 13
A represents asynchronicity evaluated by using

the proposal of Moyano et al, [23].

1 /8B; —3Bgy/
T (2n-2) X 8Bgy 14

Synchronicity ranges from 0 to 1, being the limit
where all bonds along the reaction path are
broken or formed at closely the same level in the
transition states.

Result and discussion

The pyrolysis of O-isopropyl S-methyl Xanthates
(dithiocarbonates) initiated from hydrogen (H)
atom that is attached to B-carbon which is
removed from alkyl moiety of the Xanthate which
gives propene (C3He¢) and methyl
dithiocarbonates  (CH3SCOSH), the methyl
dithiocarbonate decomposes further to yield
methyl sulphide and thiol from the reaction path
as shown in Fig. 5.

first

—_—
CsH10S20 C2H4S:0 + C3He
Isopropyl Xanthate Methyl Dithiocarbonate Propylene

This decomposition also occurs through a
concerted fragmentation via an E1 mechanism
which includes a cyclic transition state with six-
member ring as shown in Fig. 3 that also involving
C1 - 0z and Ci5 - His bond cleavages and a S5 - His
bond making. The bond lengths are shown in
Table 1. We observed a long stretching in the
bond length between C; - Oz in the ground state
from 1.4689A and 1.4625A to 2.1830 A and
2.19304 in the transition state, for C1s - Hi from

1.0925A and 1.0925A in the ground state, to
1.2050A and 1.21514 in the transition state. The
S - Hi bond length from 4.980 A and 4.97504A in
the ground state to 1.3475 A and 1.3404 A are the
indications that a new bond is to be formed using
B3LYP/6-31+G* and DFT/B3LYP/6-311+G**
methods respectively. The bond angles and
dihedrals are shown in Table 2 and 3 below. The
Mulliken charges represent the atomic charges
and they provide simple and logical estimates of
the atomic charges. From Table 1 below showing
the bond length, the two dotted lines in the bonds
of C1- 03 and Cis - His shows the point where
cleavage occurs with alengthy stretch in the bond
length at the transition state, which leads to a
bond is formation between So- His. The variation
observed in the bond angle (Table 2) and in the
dihedral angle (Table 3) is as a result of the
distortion that occurs during the breaking and the
formation of new bonds [16]. Atomic charge
(Table 4) calculation is very important to
molecular systems because it affect molecular
properties like polarizability, dipole moment and
electronic Atomic charge
calculated in Mulliken charge distribution for the
reactant, transition and product state, as given in
Table 4 at the transition state (TS), shows that Hi¢
has the leading charge population while C; has the
least charge population [25]. The reason for the
increase in positive charge development on C; and
C1is carbon atoms from Table 4, is as a result of
charge polarization of the bonds between C; - O3
and Cis - Hie which also causes the sulphur atom
(Ss) atom to become more negative. The
intermediate formation of methyl
dithiocarbonates in the mechanism of the reaction
in (Fig. 5) is caused by the positive charge cloud
on the B-hydrogen His atom which attack ethyl

structures. was

vinyl carbon Cis which is negatively charged
shown in Table 4 [25].
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Table 1. Bond length for the pyrolysis of o-isopropyl s-methyl dithiocarbonates

BOND (A) STATE DFT/B3LYP/6-31G* DFT/B3LYP/6-311+G**
Cis-Hie GS 1.10 1.09
TS 1.22 1.23
PRD - -
Ad(TS-GS) 0.13 0.11
Ci-Css GS 1.52 1.52
TS 1.41 1.41
PRD 1.33 1.33
Ad -0.11 -0.10
Ci-03 GS 1.47 1.47
TS 2.22 2.18
PRD - -
Ad 0.75 0.71
03- Cs GS 1.33 1.33
TS 1.24 1.24
PRD 1.20 1.20
Ad -0.09 -0.08
Cs=Ss GS 1.65 1.65
TS 1.73 1.73
PRD 1.81 1.83
Ad 0.09 0.08
Csa-Se GS 1.79 1.79
TS 1.80 1.79
PRD 1.79 1.79
Ad 0.01 0.01
Se— C7 GS 1.82 1.82
TS 1.83 1.83
PRD 1.83 1.83
Ad 0.01 0.01
Ss- Hie GS 497 3.00
TS 1.87 4.98
PRD 1.35 1.90
Ad -3.10 1.35
-3.07

Note: Ad = d(TS) - d(GS)
Bond length in the transition state (TS) - Bond length in the Ground State (TS) PRD = Product
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Table 2: selected bond angle for the pyrolysis of o-ipropyl s-methyl dithiocarbonates

BOND (°) STATE DFT/B3LYP/6-31G* DFT/B3LYP/6-311+G**
Hig- C15- Cs GS 110.452 110.504
TS 103.610 103.820
PRD - -
Cis- Ci- 03 GS 105.056 105.196
TS 103.780 105.840
PRD - -
Ci- 03— Cq GS 124.897 124.755
TS 120.89 121.580
PRD - -
03- C4 =S5 GS 119.721 129.905
TS 125.441 125.280
PRD 123.974 123.678
03- Ca- Se GS 115.359 115.214
TS 119.206 119.297
PRD 124.506 124.567
Ss = C4— Se GS 124.917 124.878
TS 115.345 115.415
PRD 111.520 111.682
C4- Se- C7 GS 102.094 102.390
TS 100.695 101.420
PRD 98.139 98.136
S11- C1- C1s GS 113.482 113.630
TS 123.025 122.880
PRD 125.257 125.250

Note: GS = Ground State, TS = Transition State, PRD = Product

Table 3. Selected bond dihedral for the pyrolysis of o-ipropyl s-methyl dithiocarbonates

BOND (°) STATE DFT/B3LYP/6-31G* DFT/B3LYP/6-311+ G**
03- C1-C15- His GS -60.504 60.628
TS -11.35 -12.590
PRD - -
C1- 03— C4=Ss GS -177.657 -176.833
TS 35.810 37.420
PRD - -
03- C4- S6- C7 GS 178.224 178.781
TS -3.82 -4.260
PRD -0.000 -0.000
Ss= C4- Se- C7 GS -1.200 -0.571
TS 177.148 176.71
PRD 180.000 180.000
Hi13- C15- C1- C11 GS 58.716 58.781
TS 91.21 93.09
PRD - -
C4- 03- C1- C15 GS -150.967 -149.948
TS -4.62 -5.320
PRD - -

Note: GS = Ground State, TS = Transition State, PRD = Product
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Table 4. Atomic charges (mulliken) of o-ipropyl s-methyl dithiocarbonates

ATOM STATE DFT/B3LYP/6-31G* DFT/B3LYP 6-311+G*
His GS +0.168 +0.159
TS +0.157 +0.120
PRD +0.129 +0.093
Aq(TS-GS) -0.011 -0.039
C1s GS -0.448 -0.417
TS -0.499 -0.358
PRD -0.333 -0.547
Aq -0.051 +0.155
C: GS +0.090 -0.185
TS +0.085 +0.030
PRD -0.041 -0.043
Aq -0.005 +0.215
03 GS -0.394 +0.205
TS -0.452 -0.089
PRD -0.389 -0.207
Aq -0.058 -0.294
Cy GS +0.065 -0.074
TS +0.088 +0.054
PRD +0.098 +0.079
Aq +0.023 +0.128
Ss GS -0.191 -0.291
TS -0.158 -0.302
PRD -0.011 -0.112
Aq 0.033 -0.011
Ss GS +0.156 -0.009
TS +0.150 -0.011
PRD +0.158 +0.084
Aq -0.006 -0.002
C; GS -0.593 -0.459
TS -0.586 -0.515
PRD -0.587 -0.511
Aq 0.007 -0.056

Note: Aq = Atomic charge in transition state (TS) - Atomic charge in the Ground State (GS)

Wiberg Bond Order for O-isopropyl Xanthate

Using Wiberg bond equations [23] variation of
bond indices 8B; have been calculated and the
percentage evolution of each bond has been
obtained. The calculated percentage evolution of
bond involved in the reaction coordinate is
summarized in Table 5. The result obtained for

the O-ipropyl xanthates, the breaking of the bond
C5-07 with 71.6% is the most leading process
accompanied by the changing of the bond (S¢-Cs)
from double bond to single bond with a
percentage evolution 58.2% and also conversion
of Co-Og single bond of 56% to double bond. The
simplest of the process is the formation of the Cs-
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Cis double bond of 30.2% accompanied by the
formation of So-H1s bond at 33.7% evolution and
the breaking at bond C5-H16 of 40.8% evolution.

The average value of bond indices (8Bav) is a
measure of the degree of progression of the
transition state through the reaction path for O-
ipropyl S-methyl Xanthate is 0.487 indicating that
the transition state formed closer to the reactants

than to the products. The synchronicity (Sy) value
of the reaction for the O-ipropyl S-methyl
Xanthate was 0.832, which indicate that the O-
ipropyl S-methyl dithiocarbonate corresponds to
high asynchronous processes. The determined
Arrhenius parameters are in good order with the
experimentally determined values.

Table 5. Wiberg bond indices derived parameters

Compound State C;-Cs Cz-Hi  Hi-S9  So-Cs  03-Cy Ci5-03
O-ipropyl BF  1.018 0928 0.002 1.666 1.041 0.790
S-methyl B:.E 1.310 0.549 0.325 1.319 1.407 0.225
Xanthate Bip 1.985 0.000 0.962 1.070 1.695 0.000
6B 0.317 0.408 0.337 0.582 0.560 0.716
%Ev 30.2 40.8 33.7 58.2 56.0 71.6
6Bav  0.484
A 0.168
Sy  0.832

Table 6. Heat of formation of the pyrolysis of o - ethyl, s-methyl x anthate (dithiocarbonates)

Methods O-isopropyl S-methyl Xanthate
DFT/6-31G** -2700797.560 -2700564.825  -2700670.875
DFT/6-31+G* -2700804.320 -2700560.625  -2700676.125

Table 7. Arrhenius Parameters O-Isopropyl S-Methyl Xanthate (Dithiocabonates)

AS AG AH Ea A k (S
(J/mol.K)  (kJ/mol) (k]/mol) (k]/mol)
EXPERIMENTAL -28.000 143.560 161.000 166.200 4.70X1011 1.4x10-2
DFT/6-31G* -29.842 181.491 162.808 167.988 3.56x101t  2.93x10-2
DFT/6-3+1G** -28.480 131.164 113.720 118.897 4.20x1011  4.45x10!

Table 8. Variation of rate of reaction (sec!) with Temperature (K)

Temp(K) DFT/6-31G*
373 1.56X10-10
398 2.37X10"°
423 8.11X10-°
448 1.11X108
498 9.16X107
523 6.24X10-6
548 3.54X10-5
573 1.74X10+4
598 7.57X10+4
623 2.93X103

DFT/6-31+G**

4.56X107
3.56X10-¢
9.57X10-+
6.167X10-3
1.46X101
5.72X101
1.966
6.130
17.400
44.5
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Spectra of O-Isopropyl, S-Methyl Xanthate

Fig. 8: Productl Ethene of O-ethyl S-methyl Xanthates

Conclusion

This study presented the theoretical calculations
of the kinetics and mechanism as well as
thermodynamics of the thermal decomposition of
O-isopropyl, S-methyl dithiocarbonates in the gas
phase. Geometric parameters such as bond length,
bond angle, dihedral angle and atomic charges in
the ground state, transition state and the products
have been systematically studied using Ab-initio
quantum mechanical theory at B3LYP/6-31G*
and 6-31+G**basis sets. [t was discovered that the
difference in the geometric features is more than
an order of magnitude.

It was also discovered that these calculation
methods could effectively be used to study the
kinetics, mechanism and thermodynamics of
thermal decomposition of O-isopropyl S-methyl
xanthates in the gas phases because the result

Fig. 9: Product 2 Methyl Dithiocarbonate of O-ethyl,
S-methyl Xanthates

obtained at B3LYP/6-31G* and 6-31+G** basis
sets for the enthalpy of activation AH* (162.808
and 113.702kJ/mol ) , Gibbs free energy of
activation AG* (181.49 and 131.164Kk]J/mol ),
change in entropy AS* (-29.842 and -
28.480]/mol) and activation energy, Ea (167.988
and 118.897kJ/mol) rate of reaction k (2.93x10-2
and 4.45x 10-2) are in good agreement with the
experimental values AS =-28.00]/mol/K, AG=
143.560kJ/mol, AH= 161Kk]/mol, AEa=
166.2Kk]/mol, A= 4.70x10!! and k = 1.4x 10-2(S-1)
[9]. The result of this study showed that
progressive methylation at the o-carbon was
more rate enhancing than at the progressive
methylation at the B-carbon position which is
similar to the report on ethyl acetate [16,28]. This
is an indication that computational modeling is an
environmentally friendly methodology because it
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helps researchers to get insight into the reaction
mechanism, rate of reactions, quantity of heat
required etc. This fore knowledge helps to reduce
cost, time of laboratory experiments and most
importantly the level of exposure to release of
hazardous chemicals.
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