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Reduction potentials decrease and electron affinities increase in the
presence of H-bond interactions in 1,4-benzoquinines and its
derivatives. Synergetic energies are positive, which are
P accompanied with the weakening of all individual H-bonds.

Highlights

e Reduction potentials of 1,4-benzoquinones and its derivatives decrease and their electron
affinities increase in the presence of intermolecular H-bonds with positive synergetic
energies.
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Abstract

Some biological activities of quinones can be attributed to the H-bonding ability of acceptor oxygen
atoms. According to the results obtained from the quantum mechanical calculations performed on a
wide variety of complexes between the 1,4-benzoquinone (BQ) derivatives and HF molecules, the
interplay between H-bonds and individual H-bond interaction energies (Eng) can be affected by the
substituents placed on the six-membered ring of BQ. The total binding energies of complexes
become more negative by the electron donating substituents (EDSs) while the changes are reversed
by the electron withdrawing substituents (EWSs). The mutual interplay between the X-BQ---(HF)n
(n= 1-3) interactions has been investigated using the geometrical parameters, synergetic energies
(SE) and the Eng values. Hydrogen bonding decreases the reduction potentials (E%q) and increases
the electron affinities (EA) of X-BQ derivatives. Linear relationships have been observed between

the E%q (and EA) values and the Hammett constants of substituents.

Keywords: Intermolecular H-bonding, Synergetic energy, AIM analysis, NPA analysis, 1,4-

benzoquinones, Reduction potential, Electron affinity.

1. Introduction

The quinone compounds are important in a wide variety of biological processes, such as cellular
respiration, photosynthesis, blood coagulation, and tumor growth [1-4]. The quinone family,
including anthraquinone, napthoquinone and benzoquinone, can readily be converted to the
hydroquinone anion, via reaction with a hydride anion in a reversible process. They are also capable
to accept one or two electrons to form a radical anion (Q*) or hydroquinone dianion (Q?"). So, they

can inhibit the growth of tumors due to the high electron affinities and low redox potentials [5-7]. In



addition to biological activity [8-10], the electron-accepting ability of quinones has a very important
role in the organic and inorganic syntheses [11-16]. Benzoquinone derivatives have been specified
as electron and proton carriers in photosynthetic and respiratory electron transport chains and as a
redox component in the regulation of mitochondrial electron transport [17-22]. These act as primary
and secondary electron acceptors in photosynthetic centers [23].

It has been shown that the hydrogen bond formation has an important effect on the structure and
activity of quinone compounds in the biological systems [24-27]. The effects of molecular structure
and environment on the equilibrium of electron transfer coupled with the H-bonding were obtained
from investigation on the reduction potential of quinone systems [28]. The role of each H-bond can
be modified by other H-bonds in many chemical and biological systems [29-31].

Recently, the interplay between two or more important non-covalent interactions has been studied
in different systems experimentally and theoretically [9,19-33]. Investigation of this effect can be
helpful for understanding many biological processes such as binding a drug to the active site of
protein. 1,4-benzoquinone (BQ) derivatives are frequently used in many of drug structures. These
compounds with four lone pairs of electrons on two oxygen atoms can potentially contribute in four
H-bonds as acceptor. The study of synergetic effects can give valuable insights to drug designers
when several H-bonds coexist in the BQ complexes.

In this work, the active sites of BQ and its derivatives (X-BQ) were investigated by the quantum
mechanical calculations on the quinones and hydrogen bonded complexes illustrated in Scheme 1.
The HF molecule is small with one H bond donor, so the O---HF interactions can be studied without
additional unsuitable interactions. On the other hand, high electronegativity of F atom makes the
mentioned H-bond interaction suitably strong. As can be seen, D1-D3 are binary complexes, T4-T6

are ternary complexes and Q7 is a quaternary complex. Comparison between the results of



calculations obtained for three categories of complexes can be used to investigate the synergetic
effects of interactions, the effect of each interaction on the electronic properties of remaining active

sites, and the effects of substituents on the active sites of BQ skeleton.

2. Computational Methods

The geometry optimization has been performed in the gas phase at the B3LYP/6-311++G(d,p) level
using the Gaussian 09 program package [34]. The geometry optimization has also been performed
using M06-2X and B3LYP-D3 methods in conjunction with the 6-311++G(d,p) basis set for the
binary complexes to examine to what extents will be the differences in geometries optimized using
the functionals with and without dispersion correction. The single-point calculations were carried
out using the MP2 [35], CCSD [36] and M06-2X [37] methods in conjunction with the 6-
311++G(d,p) basis set on the geometries optimized at the B3LYP/6-311++G(d,p) level. The
interaction energies were corrected for the basis set superposition error (BSSE) using the
counterpoise method of Boys and Bernardi [38]. Topological analysis of electron charge density
were carried out using the atoms in molecules method AIM [39] by the AIM2000 [40] program on
the wave functions obtained at the B3LYP/6-311++G(d,p) level of theory [41]. Individual H-bond
energies (E;) were estimated using the following equation [42]

Ei = 100ci (1 - e”) eq. 1

where pi is the electronic charge density calculated at the i™" H-bond critical point (HBCP) and ¢; is
a fitting parameter obtained from a similar equation for a binary complex. The relation between total
H-bond energy (Eng) and the individual H-bond energies (Eis) is Eng=aiEi+a2E. for ternary
complexes and Eng= a1E1+azE>+azEs for quaternary complexes; herein, ais are also parameters for
fitting Exs with the E;i values. In addition, the natural population analysis (NPA) [43] has been

performed on the wave functions obtained at the B3LYP/6-311++G(d,p) level by the NBO3.1



program [44] under Gaussian 09 package. The nature of each stationary point was established via
the frequency calculations at the B3LYP/6-311++G(d,p) level of theory, the results were used to
calculate the Gibbs free energy of compounds and complexes. The redox potentials were also
calculated at this level of theory. It is actually preferable to study solution phase phenomena using
only solution phase calculations (ie. to calculate free energies in solution based on solution phase
geometries, frequencies and energies), rather than involving gas phase results [45]. So, the solvation
energies calculated based on solution phase geometries using the solvation model density (SMD)
[9,46-48], with the structural relaxation energy also included. The SMD model applies the IEFPCM
protocol, and solve the non-homogeneous Poisson equation using a single set of parameters
optimized for the IEF-PCM algorithm. In the SMD model, the dispersion and repulsion contributions
are calculated using the solvent surface accessible area and atomic surface tensions obtained of

electron density [49].

3. Results and Discussion

3.1. Geometrical parameters and interaction energies

The most important geometrical parameters, including the O---H bond length and O---H-F bond
angle, optimized at B3LYP/6-311++G(d,p) level of theory are given in Table S1, in Supplementary
Information (SI). The H-bond lengths are also graphed in Fig. 1 for binary complexes. The O--H
bond length is in the range of 1.624-1.782 A. It increases in the presence of electron withdrawing
substituents (EWSSs) in the complexes D1 and D2. The changes are reversed in the presence of
electron donating substituents (EDSSs) in those complexes. Although the changes of mentioned bond
length in D3 is similar to those of D1 and D2 in the presence of EWSs, but it increases with EDSs.
The H-F--O bond angle lies in the range of 161.34-179.4"; it increases/decreases with EDSs/EWSSs.

For example, in the presence of most powerful EDS, NHCHg, itis equal to 170.58,171.20 and 170.73



degrees in the complexes D1 - D3, respectively. On the other hand, the most powerful H-bond
interaction corresponds to D2 in the presence of NHCH?3 substituent. The lowest H-F---O bond angle
(and the weakest O---H bond) is observed in the presence of CN, which is the most powerful EWS,
in the complexes D1 - D2. The relationship between the above mentioned geometrical parameters
and the electronic properties of substituents can be generalized to the complexes T4-T6 and Q7.

In addition to B3LYP, the geometry optimization were also performed using the B3LYP-D3 and
MO06-2X methods in conjunction with the 6-311++G(d,p) basis set to examine the differences in
geometries optimized using the functionals with and without dispersion correction. The most
important geometrical parameters of binary complexes optimized at the mentioned levels are given
in Table S2.

The O-'H bond length decreases/increases in changing the method from B3LYP to MO06-
2X/B3LYP-D3 by 0.01-0.03/0.03-0.06 A. On the other hand, the O...H-F bond angle increases in
the changing B3LYP - M06-2X by 3.20-5.99 °. Although the angle decreases in many cases (0.22-
1.61 °), but increases in some cases (0.10-1.11 °) in the changing B3LYP - B3LYP-D3.

The total binding energies |AE| of complexes calculated at the above mentioned level are
summarized in Table S3. The BSSE corrected values calculated at the above mentioned level and
the MP2, M06-2X and CCSD methods in conjunction with the 6-311++G(d,p) basis set, via the
single point calculations are summarized in Tables S4 and S5 in SI. The |AE| values are also graphed
in Fig. 2. As can be seen in Tables S3-S5 and Fig. 2, the |AE| values obtained at the M06-2X/6-
311++G(d,p) and MP2/6-311++G(d,p) levels are higher up to 8 and 16 percent, respectively, than
those obtained at the B3LYP/6-311++G(d,p) level, while the values obtained at the CCSD/6-

311++G(d,p) level are lower down to 10 percent. Although the |AE| values depend on the method



selected for calculation, but approximately identical orders are observed for substituents, and also
for different positions at various levels of theory.

The trend in the average values of |AE| calculated at mentioned levels of theory is D1> D2 >D3; the
order is poorly maintained constant especially with bulky substituents. Although D1>D3 is
approximately maintained with all substituents, D1 > D2 is not kept in the presence of OCHas, NHz,
and NHCH3 substituents and D2>D3 is not preserved with COH, COCHzs, and CONH: substituents.
These exceptions are probably related to the steric effects and intramolecular H-bond formation. The
H- bonds are strengthened with an EDS (increased interaction energy, decreased H-bond distance)
and weakened with an EWS (decreased interaction energy, increased H-bond distance) in the
complexes D1 and D2. The steric bulk of the substituent amplifies this effect at the Y2 site. On the
other hand, a substituent of either character weakens the H-bond interaction in D3. These results are
in agreement with the changes in the molecular electrostatic potential (MEP) around the oxygen
atoms (Fig. 3). Blue and red colors indicate positive and negative regions, respectively. It is apparent
that the basicity of oxygen atom (O1) involved in D1 and D2 is greater than the O2 one. The EWSs
(left) decrease the red negative region, around the oxygen atoms, while the EDSs (right) increase
that region around the farther oxygen atom and decrease that around the nearby oxygen. The
minimum values of MEP (Vmin) calculated around the O10 are approximately in linear correlation
with the AE values of complexes D1 and D2, while no relationship is observed between the AE
values of D3 and Vmin calculated around the O11 atom (see Fig. S2). The electron donation via the
resonance effect of substituent is less important in the complexes D3, while the direct interaction of
substituent with the oxygen atom decreases the tendency of that atom for interaction with the HF

molecule.



The relationship between the AE values and the electronic properties of substituents has been
investigated using the Hammett constants om and op, [50] which can describe the electrostatic and
resonance effects, respectively. No linear correlation is observed for AE-om and AE-op pairs.
Therefore, the electrostatic and resonance effects are not merely sufficient to predict the trend of the
AE values. The linear relationship of AE with the sum of Hammett constants of substituents (otot =
op* om) [51,52] has been examined for the complexes D1-D3. Although a good linear correlation is
not observed for D3, in which the direct interaction of substituent and the oxygen atom is observed
for some substituents, good correlations are observed between the AE value and ot for D1 (R? =
0.94) and D2 (R?=0.93) that can be seen in Fig. 4. Also, linear correlations are observed between the
AE and oot in the complexes T4-T6 and Q7 (see Fig. 5). This indicates that both electrostatic and
resonance effects of substituents are vitally important in these intermolecular interactions. In
addition, the relationship between the |AE| values and the electronic properties of substituents has
been investigated using the Taft constants o* [53,54] for the complexes D1-D3 (Fig. S1). A good

linear correlation is not observed when all substituents are considered in the relationship.

3.2. Individual hydrogen bond energies

In order to quantify the interplay between two or three H-bonds, the AE values of ternary and
quaternary complexes were weighted using the interaction energies of binary complexes, using
individual H-bond energies Exg estimated for the former cases. The Engs of ternary and quaternary
complexes were estimated from the p values calculated at the H-BCPs of the complexes. The pn-scp
values obtained from AIM analysis and the estimated Engs are given in Tables S6 and S7 in SI. The
|Ens1 + Enss| values in the complexes Q7 are lower than the |AE| values in the complexes T4 (Table
S7). The Eng values of interactions 1 and 3 estimated in the complexes Q7, T4, D1 and D3 are in

consistent with the O---H bond length and also O---H-F bond angle.



The O--H-F bond angle in the complexes D1 and D3 is significantly higher than that in the
complexes T4 and Q7. The O--H bond length in the complexes D1 and D3 with one H-bond is
shorter than that in the complexes T4 with two H-bonds and Q7 with three H-bonds. In addition, the
p values calculated using the AIM analysis at the H-BCPs of the complexes Q7 are lower than those
of the complexes T4, D1 and D3 (see Table S6 in Sl). The absolute values of Exg1 and Engs are
reduced in average by 9.4% and 2.9%, respectively, in Q7 as compared with those in T4. Thus, the
HB2 interaction weakens other two H bonds in the complex Q7, such that the change in HBL1 is
higher than that in HB3. Participation of the second lone pair of O11 in the HB2 formation reduces
propensity of the first lone pair in the HB1 formation. Comparison between Q7 and T5 indicates that
the |Ens2+Engs| value generally decreases in the presence of HB1 (Table S7). The order of p values
calculated at each H-BCP (HB1, HB2, or HB3) is Q7 < T5 < D2 and D3.

The values of |Engz| and |Engs| are lower in Q7 as compared to T5 by 7.7 and 4.3 percent in average.
Participation of the first lone pair of O11 in the HB1 formation reduces propensity of the second
lone pair in the HB2 formation. The estimated values of |[Exg1+EHns2| in the complexes Q7 are lower
than those in the complexes T6. The estimated Exg1 and Ens2 values in the complexes Q7 and T6
are consistent with the O---H-F bond angles and O---H bond lengths. The comparison of |Eng1| and
|Eng2| values in Q7 with those in T6 shows that they decrease by ~4.5 % in average in the presence
of HB3. This can be generalized to other complexes; the absolute value of each Enxg in T4-T6 is

lower than that in D1-D3 by 5-10 percent in average.

3.3. Synergetic energies
The mutual interplay of H-bonds can be considered in terms of a practical parameter that is called
synergetic energy (SE) [55-58]. Some SE values have been calculated by the following equation (see

Table S8)



SEi = AE - Y AEin i=1-4 eg. 2

where AE is the complexation energy of a ternary or quaternary complex and AEuinS are the
complexation energies in related binary complexes. The SEs to SE7 values have been calculated by
the following equation

SEi = AEq - (AETj+AEpK) i=5-7 eq. 3

where T;j/Dx pair is T4/D2, Te/D3 and Ts/D1 for SEs, SE¢ and SEz, respectively.

As can be seen in Table S8 and Fig. 6, all SE1-SE7 values are positive, which confirm negative
synergetic effects when two or three H-bonds coexist in the complexes. Positive synergetic energies
are in agreement with the geometrical parameters. A positive SE can be accompanied with the
weakening of all or some individual H-bonds. What is happened can be specified from the estimated
individual H-bonds energies. The SE values are in good agreement with the geometrical parameters

of the complexes and the results of AIM analysis.

3.4. The natural bond orbital (NBO) analysis

The effects of interactions on the electronic nature of H-bond acceptors have also been investigated
via the NBO analysis [43]. The energy values of the most important donor-acceptor interaction
Ipo—¢ nr, E2, and the natural charges calculated on the bridged hydrogen atoms, gu, calculated at
the B3LYP/6-311++G(d, p) level of theory are given in Tables 1 and S9, respectively.

The CT values estimated on the basis of atomic charges (3.q) of the X-BQ fragments are reported in
Table 1. As can be seen, CT is occurred from BQ to the HF molecule; it is higher in the presence of
EDSs. The highest/lowest CT corresponds to NHCH3/CN substituent in the complexes D1-Q7. A

linear correlation is observed between CT and the Y pscp values calculated at the O--H BCPs. The

CT value is higher in Q7 as compared to the complexes D1-D3 and T4-T6.
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The E? value of Ipo— o 1F interaction can be used as a measure of the strength of O---H interaction.
The O---H bond length decreases/increases in the presence of EDSs/EWSs. The highest/lowest E?
value corresponds to F/NHCHj3 in the complexes D1 and D2 and COOH/SH in the complex D3. In
addition, the highest E? value corresponds to NHCHj3 in the complexes T4-T6 and Q7, and the lowest
value corresponds to F in the complex T4, COCHjs in the complexes T5 and Q7, and CN in the
complex T6. A linear correlation is observed between CT and YE? in the ternary and quaternary
complexes (see Fig. 7).

The gn values and the occupation numbers of c*nr orbitals can be used in the investigation of
individual HBs. A higher natural charge on the H atom is accompanied by a higher electrostatic
contribution in HB. As can be seen in Tables S3-S5, and S9, the |AE| values increase with increasing
the change in the gn values. In addition, increase in the Ipo—c*Hr interaction energy enhances the
occupation number of o*nF and strengthens the H-bond. The highest/lowest occupancy of 6*Hr
corresponds to NHCH3/CN substituent. The changes of occupation numbers of Ipo and o*nr orbitals

are in agreement with the binding energies of complexes.

3.5. One-electron reduction potentials

The standard reduction potential (E%q) that measures the propensity of molecules in electron
donation and electron acceptation processes, is used in chemical and biological electron-transfer
reactions [6]. The E%q values are usually measured relative to a reference electrode; the IUPAC had
recommended a value of 4.44 eV as the reduction potential of the standard hydrogen electrode SHE
in 1986 [9,59].

Although the type of solvent has a significant effect on quinone reactions, they were often considered
in water. The electrochemical data of non-aqueous solvents are more limited than those of water

solvent [60-63]. The free energy change of the redox process (AGsol) is used in direct computation

11



of E%q [10,64-67]. Herein, in order to estimate the one-electron reduction potentials in water, para
benzoquinone (P-BQ) is chosen as a reference in the following reaction

Y +P-BQ" — Y" +P-BQ eq. 4

where Y is X-BQ or a complex (D1-D3). The reduction potential of Y can be calculated by the
following equation

E%d (Y/ Y") = E%q (P-BQ/ P-BQ" ) + AG sl F eq. 5

where E%q (P-BQ/P-BQ" ) is equal to 4.52 eV in water [68]. The gas phase free energy difference
between the ground state and the state with one-electron eliminated from the molecule as well as the
solvation free energy of each compound are used to calculate the free energy change of the redox
process in the solution

AG ol = AG"g + AGsoly eq. 6

where

AG"3=Gg(Y") + Gy (p-BQ) - Gy (Y) - Gg (p-BQ") eq. 7

Gg(X) is the standard Gibbs free energy of compound X in the gas phase, and

AGsolv = AGsov (Y* ) + AGsolv (p-BQ) - AGsolv (Y) - AGsov (p-BQ") eq. 8

AGsov(X) is the solvation energy of compound X.

In addition to the aqueous solution redox potentials, the gas-phase electron affinities (EA) have also
been estimated for X-BQ and X-BQ---HF complexes. The EA values were computed using the Gibbs
free energy changes of the following process (EA = Gneutral - Ganion) [10].

Y+e »Y eq. 9

The EA and E%q values of some X-BQ, as well as D1, D2 and D3 complexes calculated in water at

the B3LYP/6-311++G(d,p) level of theory are given in Table S10 and graphed in Fig. 8.
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The reduction potential of X-BQ is different from those of the complexes D1-D3. As can be seen in
Table S10, the reduction potentials in water are in the range of 2.44 to 5.23, 2.64 to 5.30, 2.70 to
5.20 and 3.45 to 5.84 eV for D1, D2, D3, and X-BQ, respectively. EDSs increase the E%q value
significantly, while EWSs decrease that. The EA values are in the range of 47.17 to 79.09, 47.30 to
80.07, 47.24 to 79.84, and 36.55 to 67.95 kcal mol™ for D1, D2, D3, and X-BQ, respectively. They
decrease in the presence of EDSs, while they increase with EWSs. The E%eq /EA value is
higher/lower in the X-BQ molecule as compared to the complexes D1-D3.

The ability of X-BQ to capture an electron is lower as compared to the complexes D1-D3; so, lower
free energy changes are observed on radical anion formation for X-BQ as compared to the complexes
D1-D3 in the gas phase and solution media (see Table 2). They increase/decrease in the presence of
EWSS/EDSs. The compounds with more negative AG s values are more active on reduction. On
the other hand, the H-bond interactions decrease the E°<q values in the complexes D1-D3 in
comparison with the X-BQ molecules.

The values of E%uq and ot are in linear correlations in the complexes D1-D3 (E%eq = aciot + b);
herein, a, b, and R? are, respectively, equal to -1.09, 3.83, and 0.94 for D1, -1.09, 3.85, and 0.93 for
D2, and -1.055, 3.83, and 0.92 for D3 (see Fig. 9). Linear correlations are also observed between the
values of EA and E%eq (E%d = CEA + d); ¢, d, and R2 are respectively, equal to -0.08, 8.95 and 0.99

for D1, -0.08, 8.97 and 0.98 for D2, and -0.078, 8.8, and 0.99 for D3.

4. Conclusions

1,4-benzoquinones with four lone pairs of electrons on two oxygen atoms can potentially contribute
in four H-bonding as acceptor. In this work, the activities of different positions on the BQ, its
derivatives X-BQ, and their complexes with the HF molecule were investigated by quantum

mechanical calculation. The results of calculations on the binary (D1-D3), ternary (T4-T6) and

13



quaternary (Q7) complexes have been used to investigate the synergetic effects of interactions, the
effect of each interaction on the electronic properties of remaining active sites, and the effects of
substituents on the active sites of BQ skeleton.

The total binding energies of complexes become more negative with EDSs and become less negative
in the presence of EWSs. Reliable descriptors have been obtained from good correlations observed
for energetic data, geometrical parameters, and some properties obtained from the AIM and NBO
analyses with the oot values.

The sum of |Eng| values for (1, 3), (2, 3) and (1, 2) pairs of interactions in the quaternary complexes
are smaller than the |AE| values of the complexes T4, T5 and T6, respectively, and the |AE| values
for ternary complexes are smaller than the sum of |AE| values of related binary complexes. On the
other hand, the SE values are positive in the complexes T4-T6 and Q7. Positive SE are accompanied
with the weakening of all individual H-bonds. They are in good agreement with the geometrical
parameters of the complexes and the results of AIM and NBO analysis.

It is important to bear in mind that any modification of the ring substituents of a benzoquinone will
weaken hydrogen bonding to the adjacent oxygen atom; this can be minimised by using an EDS,
which has the added advantage of significantly strengthening the hydrogen bonds at the Y1 and Y2
sites. The use of a relatively bulky substituent will confer particular stabilization on the D2 H- bond.
The E%.q/EA value of the X-BQ molecule is higher/lower than that of the complexes D1-D3. X-BQ
has a lower ability to capture an electron in comparison with the complexes D1-D3 with respect to

the free energy changes calculated for the radical anion formation processes.
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Scheme 1 The binary (Di), ternary (Ti) and quaternary (Q7) complexes.

Fig. 1 The O--H bond length (in A) optimized at the B3LYP/6-311++G(d,p) level in the complexes
D1-D3.

Fig. 2 The AE values calculated using mentioned methods in conjunction with the 6-311++G(d,p)
basis set.

Fig. 3 Electrostatic potentials mapped on the molecular surfaces of BQ (middle), CN-BQ (left), and
NHCH3-BQ (right).

Fig. 4 Correlation between AE and oot for the complexes D1 (A) and D2 (m).

Fig. 5 Correlation between the binding energies (AE) and the Hammett constants (otwt) in the
complexes T4 (m), T5 (¢) T6 (o) and Q7 (A).

Fig. 6 Synergic energies were calculated using the egs 2 and 3, where SE1=AE (T4)-E (D1)-E (D3),
SE2=AE (Ts)-E (D2)-E (Ds), SEs=AE (Te)-E (D1)-E (D2), SEs=AE (Q7)-E (D1)-E (D2)-E (D),
SEs=AE (Q7)-E (T4)-E (D2), SE6=AE (Q7)-E (Te)- E (D3), SE7=AE (Q7)-E (Ts)-E (D1).

Fig. 7 Correlation between CT and Y'E? in the complexes T4-Q7.

Fig. 8 The reduction potentials (E%q) and electron affinities (EA) calculated in BQ and the
complexes D1-D3.

Fig. 9 Correlation between the reduction potentials (E%eq) and the Hammett constant (o) in the

complexes D1 (o), D2 (a) and D3 (a).

23



910

D1:Y1=HF,Y2=Y3=—
D2: Y2 =HF,Y1=Y3=—
D3: Y3=HF,Y1=Y2=—
T4:Y1=Y3=HF,Y2=—
T5:Y2 = Y3 = HF, Y1= —
T6:Y1=Y2=HF,Y3=—
Q7:Y1=Y2=Y3=HF

X=F, ClI, Br, OCHs, CN, CONH2, COCHgs, H, NH2, NHCH3s, COOH, OH, SH, COH

Scheme 1

24



ACCEPTED MANUSCRIPT

1.76

1.72

T 1.68

1.64

1.6

D1 D2 D3

—@—Br —&—C| —6—CN —a&— COH
—>—=COCH3 —#%—=CONH2 ==—=——COOH  =—F
—e—H —&—O0CH3 —6—0OH —&—SH
—— NH2 =¥—=NHCH3

Fig. 1

25



-
=
c
O
2]
=
=
<
=
1l
=
o
L
m
<

o o

lown [eaygv|

= O

rlow [eay/|av|

—E—L0ONHZ —w—(00H
=—i— NHZ

—a—Cl —i—LN ——L0H —d—LOCH3
e [ ——5H

—Br

—@—NHCH3

i [ —&—H —4—0CH3

Fig. 2

26



ACCEPTED MANUSCRIPT

Fig. 3

27



ACCEPTED MANUSCRIPT

]
=]

oo
<
1

\Oo
<
1

-10.0 -

AE/kcal mol-!

-11.0 A

-12.0 . .
-1.5 -0.5 0.5 1.5

Fig. 4

28



ACCEPTED MANUSCRIPT

-10.0

-15.0 A

-20.0 A

AEp/keal mol-!

[\

o

o
|

Fig. 5

29



ACCEPTED MANUSCRIPT

SE / kcal mol?*

SE1 SE2 SE3 SE4 SEs5 SE6 SE7
—8—Br —a—Cl ——CN ~—4—COH —#—COCH3
—+—CONH2 —@—COOH —=—F —H —#— OCH3

—— OH —8—5H —6—NH2  —A—NHCH3

Fig. 6

30



ACCEPTED MANUSCRIPT

10.5
9.5 1 R2=10.99
8.5
7.5
6.5
55 A
45 1"
3.5

CTx10%e

25.0 30.0 35.0 40.0 45.0
YE?/kcal mol!

Fig. 7

31



ACCEPTED MANUSCRIPT

=
a
S
o
o
X-BQ D1 D2 D3
85
—— 4
75 &
'E b —
E 65 =
© & —
-
Z 55
<L
w
. -8 )
35
X-BQ D1 D2 D3
—B—Br ——al —4—CN —3—COH
—%—(COCH3 —=—CONH2 —=—(COOH —@—F
—=—H —6—(0CH3 —A—OH —+—SH
—©—NH2  —@—NHCH3
Fig. 8

32



ACCEPTED MANUSCRIPT

Fig. 9

33



Table 1 The results of NBO analysis obtained at the B3LYP6-311++G(d,p) level of theory

D1/T4 D2/T5 D3/T6 Q7
X YE? CTx102 YE? CTx102 YE? CTx102 YE? CTx102
Br 27.23,28.25| 4.20,5.74| 27.35,28.48 | | 4.17,5.80 | 27.54,30.08 | 3.80,6.47 | 36.32 7.54
cl 27.39,34.16 | 4.20,7.13| 27.36,28.43 | | 421,578 | 27.64,30.21 | 3.79,6.48 | 36.84 7.68
CN 27.45,30.58 | 3.78,6.36 | 27.44,31.46 | | 3.71,6.47 | 27.61,26.98 | 3.44,571| 37.49 7.78
COH | 2697,3354| 395 7.01| 27.1,31.17 | | 376,497 | 26.97,27.82 | 391,596 | 4041 8.50
COCHs | 26.91,35.25 | 4.16,7.35| 27.05,25.82 | | 3.89,4.79 | 26.89,28.81 | 4.09,6.20 | 33.01 6.72
CONH: | 26.14,33.93 | 4.05,7.06| 26.47,31.47 | | 3.60,6.53 | 26.75,30.65 | 3.83,6.64 | 40.62 8.53
COOH | 27.09,38.89| 4.08,7.12| 27.13,2853 | | 397,591 | 28.02,29.17 | 252,628 | 4162 8.78
F 2751,23.87 | 4.15,477| 27.48,34.04 | | 4.16,7.13 | 27.74,29.78 | 3.76,6.36 | 41.09 8.67
H 27.13,37.41| 4.33,7.82| 27.13,37.48 | | 4.33,7.83 | 27.13,30.49 | 4.33,6.62 | 44.40 9.42
SH 26.29,35.43 | 4.95,6.96| 26.06,41.25 | | 523,865 | 26.50,36.72 | 4.25,6.96 | 45.00 9.66
OCHs | 26.35,35.96 | 4.95,7.44| 2654,3561 | | 4.63,7.45 | 27.67,33.50 | 3.65,7.21 | 44.28 9.40
OH 26.69,36.61 | 4.69,7.61| 26.79,38.02 | | 4.64,7.95 | 27.70,34.48 | 3.77,7.41| 4592 9.74
NH, 26.35,42.20 | 551,867 | 26.39,4252 | | 562,889 | 27.42,40.28 | 413,871 | 3827 8.33
NHCH; | 25.87,43.62 | 5.70,8.96| 25.88,44.47 | | 5.90,9.30 | 27.00,42.38 | 4.93,9.16 | 55.83 9.40

The bold data correspond to ternary complexes T4, T5, and T6. The Y E? (in kcal mol) and CT (in e) values are the sum
of E? value of the Ipo—¢”1r interaction and the sum of atomic charges on the X-BQ fragments, respectively.
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Table 2 The standard Gibbs free energy changes of the electron interchange reaction in the gas phase
and solution media AG"(in kcal mol™) calculated at the B3LYP/6-311++G(d,p) level of theory

AG™g AG"s

X X-BQ D1 D2 D3 X-BQ D1 D2 D3

Br -7.33 -20.04 | -19.73 | -19.85 -10.53 | -29.63 | -29.13 | -28.76
Cl -6.66 -19.63 | -19.36 | -19.56 -10.04 | -29.72 | -29.36 | -30.03
CN -16.61 | -2454 | -28.74 | -28.51 -24.68 | -42.83 | -43.29 | -42.04
COH -13.25 | -25.77 | -24.90 | -25.40 -20.18 | -37.29 | -38.14 | -37.98
COCHs -10.35 | -22.42 | -21.54 | -22.17 -13.04 | -32.99 | -31.96 | -32.23
CONH:2 -10.72 | -2251 | -21.29 | -23.98 -16.87 | -33.54 | -31.92 | -35.12
COOH -10.21 | -22.20 | -21.07 | -22.62 -13.72 | -33.86 | -32.93 | -34.21
F -5.27 -18.69 | -18.73 | -18.80 -8.57 | -28.18 | -28.26 | -28.18
H 0.00 -13.87 | -13.87 | -13.88 0.00 -20.61 | -20.60 | -22.55
OCHs 4.46 -8.03 -8.22 -8.56 8.65 -11.64 | -11.67 | -11.45
OH -2.16 -14.87 | -1451 | -15.53 -1.14 | -20.99 | -20.43 | -20.93
SH -3.89 -16.40 | -15.95 | -16.65 -3.85 | -22.57 | -22.89 | -23.53
NH2 14.02 2.70 2.33 2.95 28.52 12.69 14.18 14.31
NHCH3 14.78 4.17 4.04 4.10 30.44 16.30 17.95 15.67
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