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Abstract: The present work is related to predicting the pK, values of organo-
sulfur compounds through the density functional theory (DFT). In this study,
22 organosulfur compounds were considered to calculate the theoretical pK,
values. The main emphasis was given on the substitution of different groups on
the sulfur atom. The computations were performed in the presence of dimethyl
sulfoxide (DMSO) as solvent. Experimentally, the order of increase of acidity
is; sulfides < sulfoxides < sulfones. The herein computed pK, values also fol-
low the same order. The theoretical pK, values were computed using the DFT
method B3LYP, with the basis sets 6-31G(d), 6-31+G(d,p) and the IEFPCM
bulk solvation model. The majority of the pK, values computed through the
diffuse function basis set were in excellent agreement with the experimental
ones. Hence this computational approach, B3LYP/6-31+G(d,p)/IEFPCM,
could be utilized to predict the pK, values of these types of organosulfur com-
pounds.

Keywords: DFT method; diffuse function basis set; DMSO solvent.

INTRODUCTION

The acid dissociation constant (pKj,;) is an important property of many
organic compounds and it is strongly related to their applications. Fast and
accurate methods for determining aqueous pK, values of organic compounds
would have a wide range of applications. Aside from experimental measure-
ments, theoretical determination of the acidity of a compound has been an imp-
ortant and challenging objective of computational chemistry.!-2 The comput-
ations (theoretical calculations) are a reconfirmation of experimental results. A
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computation provides an idea of the structural information of a molecule in
vacuum (gas phase), which is difficult to obtain through experiments. Theoretical
calculations are also helpful in providing information for the determination of the
preferred protonation site when more than one site is available.3

Organosulfur compounds have many important applications, which have
already been reported in literature.#~7 In this communication, we are presenting a
very easy computational approach for theoretical calculation of pK, values. This
theoretical model is employed for three types of organosulfur compounds, i.e.,
sulfides, sulfoxides and sulfones. Different kinds of substituents were selected
that were attached on both sides of the sulfur atom. The structures of compounds
considered for pK, calculation are shown in Fig. 1. The significance of this com-
putational model is that it could be uniformly applied for sulfides, sulfoxides and
sulfones.
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Fig. 1. Compounds considered for the theoretical pK, calculations.

This computational protocol was developed in previous studies related to
pK, calculations.8-9 In these studies, it was shown that the theoretically calcul-
ated pK, values could be utilized to resolve discrepancies in experimental pKj,
values. These computational studies were performed with different solvation
models but only water was used as the solvent.
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EXPERIMENTAL

The experimental pK, values of different derivatives of sulfide, sulfoxide and sulfone
were obtained from literature.!%-13 These experimental pK, values are determined in DMSO as
solvent. The series starts with the simple forms, i.e., dimethyl sulfide, dimethyl sulfoxide and
dimethyl sulfone. Other derivatives were set by variation of different groups (see Fig. 1). First,
the geometries of all the considered compounds were drawn with the help of GaussView 6.14
Then the molecular modeling software Gaussian 1615 was employed for all quantum calcul-
ations. For the computation of the pK, values, the Gibbs energy changes in the gas phase
(AGys) were calculated through the DFT method, B3LYP, with the basis sets 6-31G(d) and
6-31+G(d,p). Solvation free energy changes (AGg,,) in DMSO have been obtained by single
point computations on gas phase geometries, using the bulk solvation model — integral equat-
ion formalism polarizable continuum model (IEFPCM). The calculations of pK, values is per-
formed by using a well known thermodynamic cycle (Scheme 1; Egs. (1) and (2)).1° The
Gibbs energy of the gas phase proton!” was taken from the Sackur-Tetrode Equation as
Ggas(H") = —6.28 keal* mol!; for the Gibbs energy change of hydration of the proton, the
experimental value,!8 AG,,,(H") = —270.0 kcal mol!, was used. The usual correction term of
1.9 kcal mol! was applied for standard state conversion between 1 atm in the gas phase and 1
mol L' in solution.!?

AGgas

HAgsy —  » Ay + H+Fg-’l'!}

AG;s aIr(HA) A Gmf“ (A-) A Gsol|'(H+)
HA (salv) » A_fmf\'} + H+|fsoh',l
AG
Scheme 1. The thermodynamic cycle utilized for Egs. (1) and (2).
pK, = AG/(2.303RT) €8
AG= AGgas + AGsolv(A-) + AGsolv(H+) - AGsolv(HA) (2)
RESULTS AND DISCUSSION

The data set of experimental pK, values shows that changing the methyl
group with a phenyl or a benzyl group increases the acidity of the considered
organosulfur compounds. Electron withdrawing substituents also have the same
effect (see Table I). Addition of oxygen atoms on sulfur also increases the acidity
from sulfide to sulfoxides and sulfones (see Fig. 2).

Initially all structures were fully optimized with frequency calculations, by
the B3LYP method using the basis set, 6-31G(d). Solvation energies were
obtained by single point computations with the same basis set. The calculated
pKa values obtained through this computational approach and the experimental
pK, values are summarized in Table 1.

*1kcal=4184 ]
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TABLE I. Comparison of experimental and calculated pK, values

Sulfide Sulfoxide Sulfone
Comp. Exp. Caled.2Caled.’ Comp. Exp. Caled.2Calcd.® Comp. Exp. Calcd.? Caled.b
1a 45.0 557 457 2a 351 469 35.1 3a 31.1 382 313
1b 424 513 432 2b 29.0 353 28.6 3b 254 302 244
1c 308 37.6 32.0 2c 33.0 535 341 3¢ 29.0 36.5 28.6
1d 26.7 320 27.7 2d 272 338 27.6 3d 234 298 241
le 20.8 245 18.6 2e 245 303 253 3e 223 321 234
1f 18.7 249 21.7 2f 15,1 219 12.8 3f 120 15.2 9.4
1g 16.9 252 154 3g 114 245 17.0
1h 11.8 157 8.7 3h 7.1 10.1 3.0
MAD 6.8 1.7 9.6 0.83 6.8 1.9
R’ 0.99 0.98 0.83  0.99 0.89 0091

aB3LYP/6-31G(d)/IECPCM; PB3LYP/6-31+G(d,p)/IECPCM

Dimethyl Sulfide  Dimethyl Sulfoxide Dimethyl Sulfone
pK. = 45.0 pKs = 35.1 pK. = 31.1
Oxidation of Sulfurincreases the acidity

Ll

Fig. 2. Addition of oxygen atoms increases the acidity.

A comparison of the experimental and computed pK, values shows that the
pKa values computed through B3LYP/6-31G(d)/IEFPCM procedure are large
than experimental pK, values. The mean absolute deviations (MAD) are also
large (<7pK, — units) in sulfide, (<9pK, — units) in sulfoxide and (<7pK, — units)
in sulfone. However, the correlation coefficients (R2) are somehow better in each
series (>0.8).

Addition of a diffuse function in the basis set subsequently improved the
results. The MAD values decreased significantly in each series (<2pKj, — unit) and
the R? values also improved (>0.9). The data obtained through the B3LYP/6-
-31+G(d,p)/IEFPCM computational approach shows an excellent agreement
between the experimental and computed pK, values (see Table I). Hence, this
computational model is excellent in predicting the pK, values of these kinds of
organosulfur compounds. All investigated data obtained through B3LYP/6-
-31+G(d,p)/IEFPCM computational model are presented in Fig. 3.

CONCLUSIONS

The DFT method was employed to calculate theoretical pK, values of org-
anosulfur compounds using two different basis sets. The diffuse function basis set
provided the best calculated pK, values and these are in excellent agreement with
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0 0 10 20 20 20 5o Fig. 3. Plot of experimental and computed
pK, [Exp] pK, through B3LYP/6-31+G(d,p)/IEFPCM.

the majority of the experimental pK, values. Oxidation of sulfur and substitution
of electron withdrawing and aromatic groups increase the acidity of considered
organosulfur compounds. The predicted pK, values showed the same phenom-
enon regarding the acidity of organosulfur compounds. Finally it was concluded
that the proposed computational approach B3LYP/6-31+G(d,p)/IEFPCM is pre-
dictive and could be utilized to calculate theoretical pK, values of these kinds of
small organosulfur compounds. For large and flexible organosulfur compounds,
conformational analysis will be required.
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U3BO[
JETHOCTABAH PAUYHAPCKH ITPUCTYII U3PAYYHABAWY pK, OPTAHOCYMIIOPHUX
JEOULERBA
SYED TAHIR ALI, ANEESA CHOUDHARY', SYED MAJID KHALI? u ARIF ZUBAIR®
'Department of Chemistry, Federal Urdu University of Arts Science and Technology, Karachi, Pakistan,
“Bosch Pharmaceutical Private Limited, Plot No. 209, Sector 23, Korangi Industrial Area, Karachi,
Pakistan u *Department of Environmental Science, Federal Urdu University of Arts Science and
Technology, Karachi, Pakistan

OBaj papn ce opHocu Ha mnpensubame pK, BPEAHOCTH OPraHOCYMIIODHHX jeNHIbema
nomohy Teopuje dynkuuoHana ryctude (DFT). ¥ oBoj cTynmuju cy pasmaTpaHa 22 opraHo-
CyMIIOpHA jeIVierma 3a U3pauyHaBamwe Teopujckux pK, BpenHoctu. Harmacak je craB/beH Ha
CYICTHUTYLHjy Pa3THYUTHX Ipyla Ha atoMy cymropa. M3pauyHaBawa cy ypaheHa 3a mpu-
cyctBo pumetmi-cyndokcuga (DMSO) xao pactBapada. ExcnepumeHTanHu penociien mopac-
Ta KUCEJOCTH je: cyndupu < cyndokcunu < cyndonu. Hame nspadynare pK, BpeAHOCTH
takohe cnene oBaj nopenak. Teopujcke pK, BpenHocTH uspavyHare cy kopucrehu DFT meton
B3LYP, ca 6asucuma 6-31G(d), 6-31+G(d,p) u IEFPCM nomMohHH CONBaTallMOHH MOZEI.
Behuna pK, BpemgHOCTH, H3pauyHaTHX oMohy AudysHor dasuca, Cy y U3BDPCHOj CarylaCHOCTH
ca excnepumeHTanHUM. OTyna ce oBaj pauyHapcku npuctyn, B3LYP/6-31+G(d,p)/IEFPCM,
MO’Ke KOPUCTHUTH 3a npensubhame pK, BpeIHOCTH OBOT TUIIA OPTAaHOCYMIIODHHUX jeUbeha.

(ITpummeno 18. maja, mpuxsaheno 7. jyna 2020)
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