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ABSTRACT

A detailed quantum mechanical study of ground state sodium cation (Na') affinities (SCA) and some associated
parameters of conjugated o,p-unsaturated carbonyl compounds (acrolein [ACL], 4-hydroxy-2-nonenal [HNE],
methyl vinyl ketone [MVK], acrylamide [ACR], methyl acrylate [MA], and ethyl methacrylate [EMA]) has been
computed in gas phase and in different solvents (water, dimethyl sulfoxide, CCl,) phase using DFT [B3LYP]
method employing 6-311G (d,p) basis set. Sodium complexes are stabilized by solvation in all cases. ACR exhibits
the highest SCA in all medium. In gas phase, computed Na" affinity of the compounds are in following order ACR
> MA > HNE > MVK > EMA > ACL whereas upon solvation it shows different trend, follow ACR > MA > EMA
> MVK> ACL > HNE order. Sodium cation basicity (SCB) has been calculated from Gibbs free energies obtained
in frequency calculation at the same level of theory. Calculated SCA and SCB values in gas phase are higher in
comparison to the solvent phases. Entropy of the complex formation reactions has been estimated. Atomic charges
of the complexes have been calculated in two schemes Mulliken population analysis and natural population
analysis. The interactions sodium cation (Na') with ligand is electrostatic ion-dipole interaction in all case. The

local stereochemical disposition of the Na' is found to be almost same in each case.

Key words: Unsaturated, Sodium cation affinities, Sodium cation basicity, Aqueous, B3LYP, DFT.

1. INTRODUCTION

This work is part of a continuing effort from our
laboratory to provide additional information in
ion-molecular interaction in gas phase as well as
in different solvent phases using sodium cation
affinities (SCA), ligand-cation bond distance and
charge on different atom including metal cation
with other quantum mechanical parameters. The
interaction of alkali metal cation (Lewis acid) with
carbonyl compounds (Lewis base) extended the
area of theoretical and computational research. It is
known that a Lewis acid is an electron pair acceptor
because of having one or more empty orbitals which
make easier to complex formation by coordinating
ligands. The reactivity of alkali metal cations toward
ligand is quite simple compared to transition metal
ion and it can form clusters or adducts which are
ions “solvated” by one or several ligands [1]. Due
to easy production under vacuum, alkali metal ions
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became the first metal cations studied in the gas
phase. The bioinorganic chemistry of the alkali
metal ions has been extensively reviewed [2].
Solid state crystal structures have been determined
for many complexes of alkali metal ions in small
peptides, nucleic acid constituents, carbohydrates,
and ionophore complexes [3]. Sodium occurs in all
known biological systems, generally functioning as
electrolytes inside and outside cells [4]. Sodium is an
essential nutrient that regulates blood volume, blood
pressure, osmotic equilibrium, and pH. The minimum
physiological requirement for sodium is 500 mg per
day [5]. Ion-molecule complexes help to remove
metal cation from contaminated area with their active
involvement in molecular recognition processes [6].
Carbonyl compounds taken in this theoretical study
are known as environmental pollutants and dietary
contaminants. Exposure to these type-2 alkenes
produces major toxicity in organ systems and to
probable carcinogenicity in humans and laboratory
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animals [7-12]. Some experimental procedure
such as high pressure mass spectrometry high
pressure mass spectrometry [13-16], ion cyclotron
resonance [17-21], or unimolecular dissociation—
Cooke’s kinetic method [22,23] has been employed for
measuring most accurate alkali metal cation affinities.
The ground state SCA of a series of substituted
acetophenones was reported earlier [24]. The Na'
ion affinity of asparagine, glutamine, histidine,
and arginine were also studied theoretically [25].
Metal ion affinities and geometrical features of
formohydroxamic acids derivatives have been
investigated theoretically in gas and water phase [26].
On the basis of some previously evaluated [27,28]
sodium ion affinities, it may be assessed that sodium
will bind most preferentially with the acid function.
Although several important functional groups have
been studied, coverage might be not exhaustive and
some key groups would be of considerable interest.
To the best of our knowledge, no such computational
studies were performed systematically for six selected
carbonyl compounds to investigate comparative SCA
values in different phases. In this chapter, we have
systematically analyzed the structures, ground state
SCA, basicities, and some other computed parameters
of o,B-unsaturated carbonyl derivatives RC(H) =
C(A) — C(= O)B [A= -H, -CH; B= -H, -NH, —
CHj;, —OCHj3;, —OC,Hs] both before and after complex
formation in gas phase and in different solvents of
low, medium and high dielectric constant (¢). The
calculations have been carried out with the help of
most reliable B3LYP [DFT] method using most
accurate atom centered split valence with polarization
function 6-311(d,p) basis set [29,30]. The compounds
(Figure 1) undertaken in this study are acrolein (ACL),
4-hydroxy-2-nonenal (HNE), methyl vinyl ketone
(MVK), acrylamide (ACR), methyl acrylate (MA),
and ethyl methacrylate (EMA). The gas phase SCA
values are evaluated considering reaction between
free base (B;) and metal cation (M™") that is,

B+M" - [B;-M"] (1

It was seen that sodium cation (Na') interacted with
carbonyl oxygen ligand of the unsaturated carbonyl
compounds and formed metal complexes in each
case (Figure 2). Compounds have more than one donor
atom (N and O in acrylamide) were optimized with
free Na' (not directly bonded with carbonyl oxygen).
We observed that Na" cation prefers to bind with
carbonyl oxygen (C=0) to form stable complexes.
Before attempting the ion-molecular optimization in
solvent phase, a detail idea of gas phase ion-molecular
interaction energies, geometrical features are required
[31]. We have observed the solvents effect on
equilibrium geometry and atomic charge distribution
of the complexes, because inclusion of solvents may
change the geometrical and electronic parameters. The
goal of our present study to supply a bunch of reliable

quantum mechanical parameters including SCA in gas
phase and in three different solvents water (¢=78.39),
dimethyl sulfoxide (e=46.7) and CCl, (e=2.228). The
data obtained from this theoretical analysis has been
discussed comprehensively. It is expected that the
model system chosen above will provide some initial
insight into the binding of a univalent cation, i.e. ,Na"
to carbonyl oxygen of unsaturated compounds.
Compounds studied in this theoretical calculation are
listed bellow with their name and proper abbreviation.

2. COMPUTATIONAL DETAILS

The geometry of the six o,B-unsaturated carbonyl
compounds and their metal ion complexes in gas phase
and different solvent phases has been completely
optimized with hybrid B3LYP/DFT method using most
accurate 6-311G(d,p) basis set of Gaussian “9” program
package [32]. To optimize these systems in solvents,
we used polarization continuum model (PCM) [33] and
water, dimethyl sulfoxide (DMSO) and CCl, have been
selected from given solvents list in the programme.
Specifically three dielectric constants were utilized
to create the solvents environment. Thermodynamics
data of ion-molecule complexes (cation-Lewis base)
obtained from B3LYP/DFT calculations at 6-311G(d,p)
basis set level are very close to accuracy [34] and
differed only by 10 kj/mol therefore DFT method can
be used as an appropriate alternative to conventional ab
initio methods for investigating larger ion-molecular
interactions. Mulliken population analysis (MPA) [35]
and NBO analysis (natural population analysis [NPA]
only) are used to determine equivalent charges on all
atoms of the free bases and their O—Na' complexes.
Basis set superposition error (BSSE) was not made
in this calculations. The magnitude of BSSE was
evaluated at the B3LYP/6-311G (d,p) level for a small
test set of molecules using counterpoise correction [36]
and found to be small (0.5 kcal/mol or less). Gibbs free
energies (G) and enthalpies (H) were evaluated using
un-scaled frequencies calculation at the same level of
basis set.

3. RESULTS AND DISCUSSION

A general geometrical structure of the studied o,f3-
unsaturated carbonyl compounds and their O-Na®
complexes are given bellow.

The gas phase SCA of'the selected unsaturated carbonyl
compounds has been evaluated as negative value of
the enthalpy change (AH298'15K) of the reaction.

B,+Na'<—B;Na" )

Where SCA is defined as —AHy,+. In the similar way,
sodium cation basicity (SCB) is defined as negative
of the Gibbs free energy change associated with the
above thermodynamic equation, where SCB =—-AGyg--
We also report the entropies (AS**'*%) of the same
reaction. The interaction enthalpy (AH*"*X) for the
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Figure 1: Structure of several o,f-unsaturated carbonyl compounds.

metal ion—Lewis base complexes can also be obtained
by following equation:

AHZ%‘ISK {E298415
E** (M) +APV)

(B/M) [E¥*7 (B))+

(€)

The compounds studied are listed in Table 1 along with
their respective abbreviated names and total energies
of the free bases (B;) and their sodium complexes
(BjNa") in gas phase and in different solvents.
Table 2 reports the calculated SCA of the carbonyl
compounds using equation 3. Where AE, are the gas
phase SCA values and AE ) are the SCA in solvent
phases. Table 3 summarized the total enthalpies (H),
Gibbs free energies (G), SCA, and SCB results of

@) A %’a
Figure 2: General structures for conjugated o,p-
unsaturated carbonyl compounds of type-2-alkene
chemical class. (R = —H or alkyl group, A = —H or
—CH3 and B = —H, —CH3, —OCH3, —NHz, —OC2H5).

the compounds. We observed that SCA values of the
compounds obtained in two different calculations do
not differ significantly. It is very much expected for
a thermodynamic equilibrium reaction. Difference of
SCA values evaluated in two methods of calculation
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Table 1: Computed total energies (hartree) of the carbonyl derivatives and their sodium complexes (B;Na") for
both gas phase and in different solvent phase at the equilibrium geometry of the ground state.

Carbonyl compounds

Total energy (hartree)

Gas phase Aqueous phase DMSO CCl,

B, B;Na" B, B;Na" B, B;Na" B, B;Na*
ACL —191.96  —354.11 -191.97 35423 -191.94 35422 -191.97 -354.17
HNE —503.15  —66530  —503.16 —66542  —503.16 —665.41  —503.15 —665.36
MVK —231.30 —39344 23130 39356 23130 39356 —231.30  —393.51
ACR —24736  —409.52 24737  —409.63 24737  —409.63  —247.37  —409.58
MA -306.54  —468.69  —306.55 —468.80 —306.55 —468.80 —306.54  —468.75
EMA —385.21  —547.35 38521 54747 38521 54747 38520 54741

DMSO: Dimethyl sulfoxide

Table 2: Calculated Sodium cation affinities (SCA)
of six conjugated a,B-unsaturated carbonyl
derivatives in equilibrium ground state both in gas
phase and solvents.

Compounds Gas phase [AEg], Solvent phase [AEsol],

kcal/mol kcal/mol

Water DMSO CCly
ACL —34.67 —5.367 —5.55 -17.15
HNE —37.62 -5.18 —-543 -17.91
MVK —35.61 —5.43 -5.682 -17.60
ACR —42.265 —743 -7.68 2224
MA —41.70 —-6.43 -6.74 -21.18
EMA —35.42 -5.55 580 -21.05

DMSO: Dimethyl sulfoxide. SCA calculated as
AHZBISK — (E2RIS(g N [E28I5(B,) + EXSIS(M)] )+
A(pV). Here SCA values are expressed in term of [AE,]
for gas phase and [AE,] for solvents.

[Exa+ (Gas) =—162.0874 hartree, Ey,+ (aqueous) =
—162.2468 hartree. Ex,+ (DMSO) =—-162.2454 hartree,
Ena+ (CCly) =— 162.1764 hartree]

can be neglected considering minor computational
errors. The calculated AE, values have a variation
in the range of —34.67 to —42.265 kcal/mol in gas
phase. In solvents, AE,, varying in the range of
—5.18 to —7.43 kcal/mol, —5.43 to —7.68 kcal/mol and
—17.15 to —22.24 kcal/mol in water, DMSO and CCly,
respectively. Acrylamide (ACR) exhibits the highest
affinity for sodium cation in both gas and in all solvent
phases in comparison to other compounds in the series.
Differences of SCA values of selected unsaturated
carbonyl derivatives obtained due to the non-unique
effect of conjugated double bond on binding oxygen.
SCA values are also influenced by different substituent
attached to carbonyl carbon and by the substituent at
a-carbon of the alkyl chain of the compound.

In Acrylamide, -NH, group is present at carbonyl
carbon. Lone pair electron of amide nitrogen helps

to increase electron density on binding oxygen which
enhances the ligand—cation interaction. Magnitudes of
SCA’s for all six compounds are found to be smaller
in all solvents relative to the gas phase. Based on the
AE, values, SCA’s are found to follow the order
as ACR > MA > EMA > MVK> ACL > HNE in all
solvents.

SCA of the compounds in solvent phase are in the
order Water < DMSO < CCly. AE; values in
DMSO observed little bit more (0.183-0.31 kcal/mol)
compared to water, while in carbon tetra chloride, it
increased markedly. This trend indicates that solvent
polarity has marked influence on SCA values. In
Table 3, total enthalpies (H), Gibbs free energies (G)
of the free bases and their O-Na " complexes and SCA
as —AHy, and SCB as ~AGy, are tabulated (~AHy,
has been calculated as difference between enthalpies
of the product and reactants [SCA = Hyat + Hiee pase —
Heomplex] and —AGy,  has been calculated as difference
between free energies of the product and reactants
[SCA = GNa+ + Gfree base ~ Gcomplex])-

The SCA values reported in Tables 2 and 3 are differ
only by 0.03-2.35 kcal/mol in gas phase, while in
solvents, this difference become distinctly less. The
calculated SCA values of all unsaturated derivatives
reported in Tables 2 and 3 maintain same trend in
both gas and different solvent phases. The computed
Gibbs free energies (AGy, ) are negative and have
a large energy difference from —27.79 kcal/mol to
—34.32 kcal/mol in gas phase. On solvation (water,
DMSO), interaction Gibbs energies difference reduced
alot [(0.9412 to —0.3765 kcal/mol in water and 0.5647
to —0.502 kcal/mol in DMSO)] and positive value
also obtain in some cases. In non-polar CCl, solvent,
AGy, values has a variation in the range —9.78 to
—14.11 kcal/mol clears the fact that SCB values are
somehow influenced by solvent polarity.

We know, for molecular complexes, the associating
tendency is described by Gibbs free energies. Hence,
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Table 3: Obtained enthalpy, free energy of six a,-unsaturated carbonyl derivatives and sodium cation
affinities (SCA, in kcal/mol), sodium cation basicities (SCB, in kcal/mol) and entropies (AS) in cal/mol by
B3LYP/DFT method at 6-311G (d, p) level in gas and different solvents. SCA calculated as: Hya+ + Hiree base

- HComplex'

At 298.15° K H G SCA (AHy,") SCB (AGy,") AS

Gas phase
Na+ -162.0851 -162.1018 -33.88 -27.79 —20.42
ACL -191.9027 -191.9334
ACL-Na' —354.0418 —354.0795

Aqueous phase
Na+ —162.2445 -162.2613 -5.39 1.25 2227
ACL -191.9077 -191.9393
ACL-Na" ~354.1608 —354.1986

In DMSO
Na+ -162.2431 -162.2599 -5.58 1.00 -22.08
ACL -191.9076 -191.9392
ACL-Na" —354.1596 —354.1975

In CCl,
Na+ -162.1741 -162.1908 -17.005 -9.78 —24.24
ACL -191.9044 -191.9359
ACL —Na" —354.1056 —354.1423

Gas phase
HNE -502.9046 502.9601 -37.65 -31.31 -21.26
HNE-Na" —665.0497 —665.1118

In aqueous phase
HNE -502.9142 -502.9699 -5.33 0.941 -21.033
HNE-Na' —665.1672 —665.2297

In DMSO
HNE -502.9140 -502.9697 —5.64 0.7531 —21.44
HNE-Na' —665.1661 —665.2284

In CCl,
HNE -502.9086 ~502.9641 -18.07 ~11.10 -23.37
HNE-Na' —665.1115 —665.1726

Gas phase
MVK —231.2063 —231.2420 -35.51 —29.053 -21.65
MVK-Na" —393.3480 —393.3901

In aqueous phase
MVK -231.2123 —231.2481 —5.584 1.06 2228
MVK-Na" 393.4657 -393.5077

In DMSO
MVK 2312122 —231.2480 -5.773 0.815 -22.09
MVK-Na" —393.4645 -393.5066

In CCl,
MVK —231.2089 —231.2446 -17.63 ~11.546 —20.40
MVK-Na” —393.4111 —393.4538

(Contd...)
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Table 3: (Continued)

At298.15° K H G SCA (AHy,") SCB (AGx,") AS

Gas phase
ACR —247.2839 —247.3195 —40.72 -33.25 -25.05
ACR-Na" —409.4339 —409.4743

In aqueous phase
ACR —247.2946 —247.3295 ~-6.96 —0.125 —22.92
ACR-Na" —409.5502 -409.5910

In DMSO
ACR —247.2945 —247.3294 -7.21 -0.313 -23.13
ACR-Na" —409.5491 ~409.5898

In CC14
ACR —247.2885 —247.3238 —21.14 ~14.11 -23.57
ACR-Na" —409.4963 ~409.5371

Gas phase
MA ~306.4391 -306.4775 ~41.603 34324 —24.41
MA-Na" —468.5905 —468.6340

In aqueous phase
MA ~306.4492 -306.4878 —6.463 -0.3765 —20.41
MA-Na" —468.7040 —468.7497

In DMSO
MA ~306.4490 -306.4876 —-6.777 —0.502 -21.04
MA-Na" —468.7029 —468.7483

In CC14
MA —306.4434 -306.4819 -21.021 ~14.056 -23.36
MA-Na" —468.6510 ~468.6951

Gas phase
EMA —385.0356 ~385.0812 -37.776 -30.81 -23.36
EMA-Na* —547.1809 —547.2321

In aqueous phase
EMA —385.0448 ~385.0903 —5.647 0.753 —21.46
EMA-Na* —547.2983 —547.3504

In DMSO
EMA —385.0447 ~385.0902 -5.898 0.5647 -21.67
EMA-Na* —547.2972 —547.3492

In CC14
EMA —385.0394 ~385.0849 -20.833 ~12.612 -27.57
EMA-Na* —547.2467 —547.2958

SCB calculated as: Gya++Grree base~Gomplex

it is important to know the significance of entropy
in the process studied. Since a single cationic metal-
ligand complex is formed from a couple of reactant,
loss of entropy should be involved in the process
which exactly happened in our study. From Table 3
we observed that entropy change due to complex
formation of the studied carbonyl derivatives vary in
the range of —20.42 to —25.05 cal/mol in gas phase, it
is —20.41 to —22.92 cal/mol, —21.04 to —23.13 cal/mol

and —20.40 to —27.57 cal/mol in aqueous, DMSO and
CCly, respectively. Loss of entropy in the gas phase
for six o,B-unsaturated carbonyl complexes is differ
by —4.63 cal/mol only. This difference is reduced to
—2.51 cal/mol in water, —2.09 cal/mol in DMSO and
—7.17 cal/mol in CCly.

We are unable to compare the energetic values obtained
in this theoretical analysis due to the unavailability of
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exact experimental data of this class of compounds.
However, metal cation affinity, basicity values obtained
from B3LYP level of theory provide good accuracy in
comparison to experimental results [37,38].

Atomic charge on the atoms are non-unique, depend
on the basis set used in the theoretical calculation [39]
but till it used in theoretical calculations. Table 4
reported the computed Mulliken net charge on the
carbonyl oxygen atom of the free bases and the Na"
complexes both in their equilibrium ground state in
gas phase and in solvents. Mulliken net charge carried
out by Na' cation of the metal complexes in different
phases at the equilibrium ground state are tabulated
in Table 5. Charge on oxygen atom of the free bases
and of their metal complexes and charge on Na' cation
in complexes are also evaluated by means of NPA.
The calculated NPA results are listed in Table 6. The
atomic charges obtained in MPA by dividing orbital
overlap equally by two shared atoms.

It is observed from Tables 4 and 5, the charge density
on oxygen is higher in solvents relative to gas phase.
Charge on Na' cation in sodium complexes vary in

the range of 0.7544-0.7925 in gas phase, 0.8479-0.877
in water, 0.89-0.911 in DMSO and 0.8756-0.8933 in
CCl,. The relative magnitudes of the charges on Na"
cation indicate that, the bond formed by the sodium
cation is largely ionic. Therefore, the interactions
between Na' cation and carbonyl oxygen of the Lewis
base is predominantly an ion-dipole attraction and
ion induced dipole interaction as well rather than a
covalent interactions. Increases of dipole moment (p
in Debye) in all solvents (Table 6a) clearly indicate
the higher charge separation in solution phase (as it
is expected for polar molecules). The magnitudes
of the charges also indicate that both pre- and post-
complex correlations with local charge densities of
the adjoining locality of the carbonyl oxygen sites
are not strong. Hence, SCA of the corresponding
unsaturated carbonyl compounds (Lewis bases)
cannot be explained properly considering the binding
site properties only.

A significant ligand to metal charge transfer values
(Aqcr) calculated from NPA in both gas and different
solvent phase are summarized in Table 7. The extent
of charge transfer (Aqcr) might have expected

Table 4: Calculated Mulliken net charges on oxygen atom (q,-) in unit “e” in free bases and in sodium
complexes in equilibrium ground state both in gas phase and in different solvent phases.

Compounds (qo-) Gas phase (qo-) Solvent phase
Free base Sodium Water DMSO CCly

complex  pree pase Sodium Free base Sodium Free base Sodium
complex complex complex
ACL —0.2864 —0.4283 —0.4675 —0.3728 —0.4668 -0.3732 —0.4352 —0.3972
HNE —0.2944 -0.4514 —0.3520 —0.3796 —0.3483 —0.3804 —0.3185 —0.4148
MVK —0.3022 —0.4608 —0.3574 —0.3935 —0.3567 —0.3944 —0.3260 —0.4277
ACR —0.3594 -0.5181 —0.4316 —0.4607 —0.4307 —0.4612 —-0.3904 —0.4903
MA —0.3525 —0.4173 -0.3778 —0.4249 —-0.3770 —0.4253 —0.3424 —0.4503
EMA -0.3071 —0.5099 —0.3701 -0.3974 —0.3691 —0.3981 —0.3339 —0.4373

DMSO: Dimethyl sulfoxide

Table 5: Mulliken net charges (unit “e”) on sodium ion (qng) in sodium complexes (B;Na") and ligand to metal
charge transfer (Qcr) in the complexes in equilibrium ground state in both gas phase and in different solvent
phase.

Compound (qo-) Gas phase (qo0-) Solvent phase
Water DMSO Water
B;Na" Qcr B;Na" Qcr B;Na" Qcr B;Na’ Qcr

ACL 0.7925 0.2075 0.8742 0.1258 0.9110 0.089 0.8933 0.1067
HNE 0.7724 0.2286 0.877 0.123 0.9116 0.088 0.8883 0.1117
MVK 0.7765 0.2235 0.8746 0.1246 0.909 0.091 0.8901 0.1099
ACR 0.7544 0.2456 0.8479 0.1521 0.896 0.104 0.8769 0.1231
MA 0.7643 0.2357 0.8545 0.1455 0.890 0.11 0.8764 0.1236
EMA 0.7666 0.2334 0.8561 0.1439 0.903 0.097 0.8756 0.1244

DMSO: Dimethyl sulfoxide
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Table 6: Computed partial atomic charges (units ‘e’) on the carbonyl oxygen (qqo ) of the free bases (B;) and
charge on alkali metal ion (qn, ) and on carbonyl oxygen (qo ) of the O-Na" complexes (B;Na") obtained from

NPA analysis in both gaseous and different solvents.

Compound (qo) Gas phase qn.'  (qo) Water  qn.’ (o) DMSO  qn,’ (q0) CCly Ina

B, B;Na" BNa®* B, B/Na" BNa" B, B;Na" BNa" B, B,Na®* B;Na"
ACL -0.505 —0.716 0.977 -0.567 —0.624 0.983 —0.566 —0.625 0.982 —0.538 —0.669 0.980
HNE -0.521 —0.723 0.975 -0.553 —0.650 0.984 -0.554 —0.651 0.983 —0.535 —0.698 0.979
MVK -0.549 —0.751 0.970 -0.597 —0.660 0.978 -0.597 —0.661 0.978 —0.570 —0.710 0.974
ACR -0.604 —0.812 0.954 -0.671 —0.744 0.979 —0.683 —0.745 0.977 -0.649 —0.780 0.975
MA -0.567 —0.679 0.953 -0.626 —0.686 0.974 —0.625 —0.687 0.974 -0.592 —0.729 0.973
EMA -0.558 —0.759 0.964 -0.618 —0.689 0.979 —0.617 —0.690 0.979 —0.583 —0.727 0.973

DMSO: Dimethyl sulfoxide

Table 6a: Selected computed parameters of six conjugated a,p-unsaturated carbonyl derivatives in gas phase as

well as in various solvent phase.

Carbonyl compound Hardness (N=[(€ Lumo—€ nomo)/2] hartree Dipole moment (Debye)
Gas phase Solvent phase Gas phase Solvent phase

Water DMSO CCl, Water DMSO CCl,
ACL 0.0957 0.0982 0.0981 0.0968 3.15 4.04 4.032 3.54
HNE 0.0943 0.0964 0.0963 0.0952 2.12 2.83 2.82 2.40
MVK 0.0963 0.0983 0.0983 0.0971 2.70 3.51 3.49 3.03
ACR 0.1058 0.1099 0.1098 0.1076 3.88 5.14 5.12 4.40
MA 0.1083 0.1127 0.1127 0.1102 432 5.56 5.54 4.84
EMA 0.1137 0.1172 0.1172 0.1167 1.78 5.51 5.48 4.64

DMSO: Dimethyl sulfoxide

parallel to the alkali metal binding affinities of the
compounds, but this is not occurred. The NPA results
gave uncooperatively MA > ACR > EMA > MVK >
HNE > ACL in gas, MA > MVK > ACR = EMA >
ACL > HNE in water, MA > ACR > MVK > EMA
> HNE > ACL in DMSO and MA = EMA > MVK
> ACR> HNE > ACL in CCl,. No direct correlation
between SCA and Aqcr has been observed. It was
seen from a previous study of dichalcogen-bridged
complexes with divalent metal cation (Mn+2, Fe+2,
Co'™, Ni*?, Cu'?, Zn™?) by Jeanvoine and Spezia [40]
using B3LYP and MP2 method that there was also no
direct good correlation between (Aqct) and binding
affinities.

We observed the calculated NPA atomic charge on
carbonyl oxygen and sodium cation in complexes
is higher compared to MPA charges. Magnitudes of
Aqcr are smaller than Qcr (Tables 5 and 7). Although
the relative order of charge transfer in MPA and NPA
follows a parallel trend. Both Aqcr and Qcr values
have been predicted to be highest in ACR in gas phase
and it is found minimum for ACL which satisfy their
obtained SCA results.

Optimized geometry of free base and complexes are
shown in Figure 3. Important geometrical parameters

Table 7: Charge transfer (Aqcr) (unit e) in different
phase. Calculated from the data of (qy, ) listed in
Table 7 [the ligand to metal charge transfer (Aqct)] =
[(Formal + 1 charge on the metal ion) — (charge on
the metal in the complex)] obtained in NPA.

Carbonyl Gas Water DMSO CCl4
compounds Aqcr Aqcr Aqcr Aqcr
ACL 0.023 0.017 0.018 0.020
HNE 0.025 0.016 0.017 0.021
MVK 0.030 0.022 0.022 0.026
ACR 0.046 0.021 0.023 0.025
MA 0.047 0.026 0.026 0.027
EMA 0.036 0.021 0.021 0.027

DMSO: Dimethyl sulfoxide

such as bond angle (in degree), bond distance (A), and
dihedral or torsion angle (in degree) of the optimized
structures are summarized systematically in Table 8.
The local streochemical properties around the carbonyl
moiety are found to be almost identical in each
compound. The C = O bond length of the free bases
elongated by 0.023A-0.029A in complexes in the gas
phase, whereas in solvents atmosphere, it is remain
almost same (increased slightly by 0.001-0.0154).
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Figure 3: Optimized structure of the studied o,f-
unsaturated carbonyl compounds and their O-Na'
complexes in gas phase and in different solvents
[optimized structures of the free bases in dimethyl
sulfoxide and CCly are almost similar as they obtained
in aqueous phase thus not given].

In solvents, distance between carbonyl carbon and
donor oxygen of the free bases and their Na" complexes
has a variation in the range 1.20-1.23A and 1.22-1.24A,
respectively. Analysis of the C = O bond length in each
compounds are tend to suggest that substituent’s effect
on bond length is marginal. Since the sodium-ligand
interaction is electrostatic, the bond length between
ligand and cation should be a supporting parameter
to realize the strength of interaction. From Table 8, it
is seen that O-Na' distance remains within the range
from 2.092 to 2.22A in the gas phase. The O-Na' bond
length is found to be shortest in ACR in gas phase
as well as in all solvents. Thus, it can be predicted
partially that ligand-cation interaction is stronger in
ACR compared to other compounds.

Employing PCM type solvents model leads to
increase of O—Na' bond distance of the given class of
compounds. Ligand-cation bond lengths are elongated
by 0.09-0.189A, 0.09-0.176A, and 0.058 to 0.083A
in aqueous, DMSO and CCly; with an exception
of MA complex in carbon tetra chloride where it is
reduced by 0.02A. We also observed that O-Na"
bond distances are reduced by 0.08-0.11A in CCl,
compared to other two solvents. This may be occurred
in non-polar solvent where solvent particles compress
the electron density between the nuclei of two bonding
atom responsible for decreased bond length. The
equilibrium geometrical optimized structures of the
unsaturated carbonyl compounds obtained with DFT/
B3LYP/6-311G (d,p) calculation in gas phase and
in different solvents do not changed significantly.
Concerning torsion angles [t (adjacent to carbonyl C—
carbonyl C—carbonyl O — Na' cation)] for all metal
complexes, it should be noticed that except the sodium
complex of ACR and EMA, all complexes have planar
structure in all gas and solvent phases. ACR has non-
planar structure in all medium (dihedral angles are
13.5°, —4.18°, —5.82° and 3.24°). EMA has planar
geometry in CCly (t=—178.86°) but in gas, water and
DMSO, non planar structures have been obtained.

In ACL torsion angle (t) is 180° in all medium, in
HNE it is —175-172°, in MVK, t=179-180° and
which estimated —179° in MA. The almost invariant
stereochemistry around the complex formation site
of bases forced to suggest that the entire contribution
from different substituent effects to SCA cannot be
described comprehensively without considering the
contribution from far away centers.

We have analyzed hardness (1) as a single global
parameter for all compounds in the equilibrium ground
state in gas phase as well as in solvents. Hardness
() = [[Lumo-Tnomo)/2 parameters are listed in Table 6a.

Calculated n values clearly reflects that, EMA is more
hard (n=0.1137-0.1172 hartree) in all medium while
HNE exhibit lowest 1 values (0.0943-0.0964 hartree)
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Table 9: Calculated salvation energies (hartree)

of the six a,B-unsaturated carbonyl compounds by
DFT/B3LYP method at 6-311 G(d, p) basis set level.
Solvation energy (AE) = [(total energy in solvent
phase) - (total energy in gas phase)].

Carbonyl compound Solvation
energy (AE;) (hartree)
Water DMSO CCl,

ACL —0.0059  -0.0058  —0.0025
HNE —0.0093  —-0.0091  —0.0040
MVK —0.0060  —0.0059  —0.0026
ACR -0.0108  —-0.0107  —0.0047
MA —0.0101  —-0.0099  —0.0043
EMA —0.0059  —-0.0093  —0.0038

DMSO: Dimethyl sulfoxide

in gas and also in solvents. Compounds are stabilized
in all solvents. The solvation energy (AE;) of all
studied a,B-unsaturated compounds listed in Table 9.
Solvation energy of the compounds follows the order
water > DMSO> CCl; which fulfil the chemical
expectation raised from the dielectric constant of the
solvents.

CONCLUSION

The theoretical calculation of six o,B-unsaturated
carbonyl compounds using DFT [B3LYP] method at
hybrid triple zeta 6-311G (d,p) basis set level provides
a set of important data like SCA, SCB, entropy of the
reactions process in gas phase as well as in different
solvents. The applications of PCM-SCRF model
in the study not influence markedly on geometrical
structures of the compounds but it change a lot of
chemical properties. The calculations indicate that
Na' cation prefer to bind with carbonyl oxygen of the
studied bases. SCA is predicted to be highest in ACR
in all medium of reactions. The interaction enthalpies,
Gibbs free energies of the complexation reactions
reduced in solvents in each case.

The SCA of the unsaturated compounds obtained
from a delicate balance between inductive and
resonance effect of different substituent or group
present at the carbonyl carbon or any other position
in the compound. Finally, from the different electronic
properties of the complexes, we can conclude that the
interactions are predominantly an ion-dipole attraction
and ion-induced dipole interaction as well rather than
covalent interaction.
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