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An electrochemical study, using cyclic voltammetry of 2-hydroxybenzophenone and related molecules, con-
taining various electron withdrawing and/or electron donating groups, is presented. The CV profiles of the
various molecules show one sharp reduction and one small oxidation wave, coupled to the reduction wave.
Density functional theory (DFT) calculations shed light on the transmission of charges through the molecule, due
to the different substituent groups at the ortho, meta or para positions. Various DFT calculated energies relate
linearly to the experimentally measured reduction potential. These obtained linear relationships can be used to
predict the reduction potential of similar molecules.

Introduction

The 2-hydroxybenzophenone (HBP) framework (Scheme 1) is used
extensively in an array of natural products and biologically functional
molecules [1-3]. This moiety is an important component in the synthesis
of various pharmaceuticals [4]. Molecules with 2-hydroxybenzophe-
none skeletons display a wide range of biological activities, such as
anticancer [5,6], anti-HIV [7], antimicrobial [8], anti-inflammatory [9],
antioxidant [10] and antitubulin activities [11]. HBPs are broadly used
as sun-protection materials [13], valuable chemical auxiliaries [12] and
as important precursors for the synthesis of chiral molecules [13-15]
and fluorophores [16]. The 2-hydroxybenzophenone and related mole-
cules in this study contain two oxygen donor atoms and are reported to
have strong coordinating properties and ability to bind with transition
metals such as Fe [17], Co [18] and Zn [19] in a bidentate manner, to
form octahedral metal complexes.

The redox properties of a series of five 2-hydroxybenzophenone
(HBP) molecules have been previously reported, showing that 2-hydrox-
ybenzophenones containing an electron donating substituent, such as 2-
hydroxy-4-methoxybenzophenone (4-OMe) or 2-hydroxy-4-octyloxy-
benzophenone (4-Oct), alter the experimental cathodic peak potential
to a more negative potential than the wunsubstituted 2-

hydroxybenzophenone molecule (HBP) [20]. On the other hand, 2-
hydroxybenzophenones containing an electron withdrawing substitu-
ent, such as 2-hydroxy-5-chlorobenzophenone (5-Cl) and 2-hydroxy-5-
bromobenzophenone (5-Br), shift the experimental reduction potential
to a less negative potential than the unsubstituted 2-hydroxybenzophe-
none molecule (HBP) [20].

In this study, we present the electrochemical properties of seven
additional 2-hydroxybenzophenones and related molecules (Scheme 1),
some of whose electrochemical behaviour has not been previously re-
ported. The molecules of this study were chosen to be even more elec-
tron donating (molecules 1 and 2) and more electron withdrawing
(molecules 4 and 5) than those previously reported. Additionally, we
were interested to determine the influence of an ester substituent group
on the reduction potential of a substituted 2-hydroxybenzophenone
(molecule 3). An experimental electrochemical study in solvent DMSO
of the unsubstituted 2-hydroxybenzophenone (8) (for comparison), as
well as related molecules 2-amino-5-chlorobenzophenone (11) (previ-
ously reported in DMF [21]) and 4-hydroxybenzophenone (12), has also
been included, in order to investigate the influence of the type of ortho
substituent (2-hydroxy versus 2-amino) and the position of the hydroxy
substituent (2-hydroxy versus 4-hydroxy) on the reduction potential of
these molecules. This experimental electrochemical study was
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complemented by a theoretical computational chemistry study, using
density functional theory (DFT) methods. Towards this end, the DFT
study was extended to also include five additional 2-hydroxybenzophe-
none molecules, 6-10, which have been previously reported [20,22], for
a deeper understanding.

Experimental

The various 2-hydroxybenzophenone molecules were obtained from
Sigma Aldrich and used without further purification.

Cyclic voltammetry

Cyclic voltammetric (CV) measurements were conducted on a
BAS100B Electrochemical Analyzer linked to a personal computer, uti-
lizing the BASI00W Version 2.3 software. Measurements were done at
293 K and temperature was kept constant to within 0.5 K. A three-
electrode cell was used, with a glassy carbon working electrode (sur-
face area 0.0707 cm?), Pt auxiliary electrode and a Ag/AgCl reference
electrode (BASI P/N MF-2052). The analyte was dissolved in dime-
thylsulfoxide (DMSO, anhydrous, >99.9% Sigma Aldrich) and separated
from the reference electrode with a bridge filled with a 0.1 mol dm 3
tetra-n-butylammoniumhexafluorophosphate (TBAHFP) in DMSO. The
working electrode was polished on a Biihler polishing mat, first with 1
um and then with ' micron diamond paste (in a figure-of-eight motion),
rinsed with EtOH, HoO and CH3CN, and dried before each experiment.
The electrochemistry measurements were performed on 0.002 mol dm ™3
(or saturated) samples in DMSO, with 0.1 mol dm™3 tetrabutylammo-
nium hexafluorophosphate, TBAHFP, as supporting electrolyte. The
DMSO liquid was drawn from the bottle with a syringe under argon and
transferred to the CV cell. The voltammograms were obtained at room
temperature under a blanket of argon, to prevent traces of oxygen or
moisture from entering the cell. Scan rates were varied between 0.020
and 10.240 V s~ 1. Ferrocene was used as an internal standard, and cited
potentials were referenced against the Fc/Fc' couple, as suggested by
IUPAC [23]. Ep, = anodic peak potential and i, = anodic peak current,
Ep. = cathodic peak potential and i, = cathodic peak current. The
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reduction potential is determined by the formal reduction half-wave
potential E” = (Epa — Epc)/2, and the peak potential separation AE, =
Epa — Epe-

Density functional theory (DFT) calculations

Density functional theory (DFT) calculations were performed on the
neutral (q =0, S = 0), reduced (q = —1, S = %) and oxidized (q =1, S =
5) molecules, using the B3LYP functional which is composed of the
Becke 88 exchange functional [24], in combination with the LYP cor-
relation functional [25], as implemented in the Gaussian 16 package
[26]. The triple-{ 6-311G(d,p) basis set was used. Calculations were
performed in DMSO as implicit solvent. The solvation model used is
based on density (SMD) [27]. Default parameters were used for the
polarizable continuum model (PCM) of the solvents. This solvation
model applies the integral equation formalism variant (IEF-PCM) [28].
The input coordinates for the compounds were constructed using
Chemcraft [29]. DFT energies [30-37] and molecular electrostatic po-
tentials (MESP) [38] were calculated as described in literature [21,39].

Results and discussion
DFT study

The geometries of molecules 1 — 12 were optimized using DFT, in
order to obtain more insight into the geometry and energies involved in
the reduction process of these molecules.

Geometry

In the optimized geometries of 1 — 2 containing only one phenyl ring,
the hydroxy oxygen and carbonyl carbon are in the same plane as ring
Phl (with dihedral angle ¥; = 02C2C1C7 ~ 0, Fig. 1). However, for
molecules 3 — 10 containing two phenyl rings, these two phenyl groups
are tilted relative to the CO group. The two dihedral angles around C7C1
and C7C1’ (¥; and ¥; in Fig. 1) are 10.9° and 42.2° respectively, in the
neutral unsubstituted HBP molecule 8, see Table 1. In all neutral mol-
ecules 3 — 10, Ph2 is more tilted than Phl. In molecules 3, 9 and 10,
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Scheme 1. Structure of molecules of this study, including abbreviations used for the twelve 2-hydroxybenzophenone and related molecules.
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Fig. 1. (a) General structure of 2-hydroxybenzophenone, indicating the atom
numbering, and the dihedral angles ¥; and ¥, corresponding to the tilting of
phenyl rings Phl and Ph2 (respectively), relative to the carbonyl group.

containing electron donating alkoxy substituents, ¥; is slightly smaller
than in molecule 8 (9° versus 11°), while in molecules 4 — 7, containing
electron withdrawing halogen substituents, ¥ is slightly larger than in
molecule 8 (12° versus 11°). Upon reduction, both dihedral ¥, and 6
(the angle between the plane through Ph1 and the plane through Ph2)
are decreasing, see values in Table 1. For example, 6 decreases from
52.3° in neutral HBP 8, to 35.0° in reduced 8 (Fig. 2). The decrease in
dihedral ¥, and angle 6 upon reduction, leads to a better overlap be-
tween the rings Ph1l and Ph2, enabling a better transmission of charges
between Phl and Ph2 in the reduced molecule.

Both molecules 7 and 11 have a Cl in the meta position, while 7 has a
hydroxy and 11 an amino substituent in the para position. In both 7 and
11 a hydrogen bond is formed to the carbonyl oxygen from the hydroxy
(in 7) or from an amino hydrogen (in 11), although dihedral ¥; is much
larger in both neutral and reduced 11 than in neutral and reduced 7.
However, the angle 6 in neutral 7 is 51.9° (and 35.5° in reduced 7),
while angle 0 in neutral 11 is 56.8° (and 45.8° in reduced 11). There

Table 1
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should thus be a better transmission of charges between Ph1 and Ph2 in
both neutral and reduced 7 with smaller angle 0, than in neutral and
reduced 11 with larger angle 6. This could contribute to a more positive
reduction potential for 7 compared to 11 [40], as was indeed experi-
mentally observed; see the CV section below.

Similarly, when comparing the geometries of unsubstituted 2-
hydroxybenzophenone (8) and 4-hydroxybenzophenone (11), the
angle 60 in neutral 8 is 52.3° (and 35.0° in reduced 8), while angle 6 in
neutral 12 is 55.8° (and 39.6° in reduced 12). There should thus be a
better transmission of charges between Ph1 and Ph2 in both neutral and
reduced 8 than in neutral and reduced 12. This could contribute to a
more positive reduction potential for 8 compared to 12 [40], as is indeed
experimentally observed; see CV section below.

The amount of flow of electron density between rings Ph1 and Ph2,
due to better overlap between Phl and Ph2 in molecules 3-12, is a
consequence of either the electron donating or withdrawing properties
of the substituents on Phl and Ph2. This is indeed experimentally
observed in the various reduction potentials, measured experimentally
for molecules 3 — 12 in the electrochemistry (CV) section.

Frontier MOs

Reduction occurs when the potential applied to the electrochemical
cell containing a chemical species in solution, is enough to move an
electron from the working electrode into the lowest unoccupied mo-
lecular orbital (LUMO) of the species. The HOMOs (highest occupied
molecular orbitals) and LUMOs of 2-hydroxybenzophenones and related
molecules 1 -5, 8,11 and 12, are shown in Fig. 3 (HOMOs and LUMOs
of 6 — 7 and 9 -10 are similar [20]). The HOMO of the neutral molecules
is predominantly located on the hydroxy-substituted phenyl ring Phl.
The LUMO is mainly located on the carbonyl moiety, but is also
distributed over the phenyl rings of the molecule. Reduction in mole-
cules 1 — 12 will therefore occur mainly on the CO group, while the
added electron will spread out over the phenyl groups of the reduced

The B3LYP/6-311-+G(2df,2p) calculated angles 6 (angle between the plane through Phl and the plane through Ph2), and dihedral angles ¥; and ¥, (see Fig. 1 for

definition of dihedrals), in 1 — 12.

No Hydroxybenzophenone Neutral complex Reduced anion
v, v, 0 v, v,

1 HPP 0.0 - 1.9 - -

2 HAP 0.0 - 0.0 - -

3 4-alloyloxy-HBP 8.7 44.0 52.5 17.2 16.3 339
4 4',5-Cl-HBP 12.0 40.7 51.6 15.7 18.9 349
5 3,5-CI-HBP 12.1 40.7 51.7 11.8 24.7 36.8
6 5-Br-HBP 11.5 41.4 52.0 14.1 21.5 35.8
7 5-Cl-HBP 11.8 41.3 51.9 14.3 20.9 35.5
8 HBP 10.9 42.2 52.3 16.0 18.8 35.0
9 4-OMe-HBP 8.6 44.4 52.8 17.2 16.0 335
10 4-Oct-HBP 8.6 44.3 52.7 17.1 16.4 339
11 2-NH,,5-Cl-BZ 15.4 42.9 56.8 321 12.8 45.8
12 4-HBP 23.8 34.0 55.8 23.0 14.8 39.6

mean:CCCCCC

mean:CCCCCC

mean:CCCCCC

Fig. 2. The B3LYP/6-311+G(2df,2p) optimized geometries of neutral (left) and reduced (right) unsubstituted HBP 8, showing the planes through Ph1 (red) and Ph2
(blue), with the angle 0 between the planes (indicated in green). Colour code of the atoms (online version): C (black), O (red), H (grey), with the carbonyl C and O

atoms shown as balls.
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Fig. 3. B3LYP/6-311+G(2df,2p) calculated HOMOs and LUMOs of the indicated neutral 2-hydroxybenzophenones and related molecules. A contour of 0.06 /A%
was used for the MO plots. Colour code of the atoms (online version): Br (red), Cl (green), N (blue), C (black), O (red), H (grey).

molecule to form a radical anion. visualized by a spin density plots (Fig. 4) and quantized by Mulliken spin
populations on the different atoms (Table 2). Distribution of the Mul-

Electron distribution liken spin population of the reduced anions of these 2-hydroxybenzo-
The calculated spin density of the reduced anion gives an indication phenones and related molecules 1 — 12, is indicated by the ratio [Phl:

of the charge distribution of the unpaired electron added upon reduc- CO: Ph2], shown in Fig. 4 and tabulated in Table 2 (Ph1l and Ph2 are
tion, resulting in the radical species. Calculated spin density can be defined in Fig. 1) The added electron upon reduction is mainly located

]

HPP (1) HAP ) 4-alloyloxy-HBP (3) 4',5-CI-HBP (4)
45:55:0 45:54:2 15:55:30 24:54:23

3,56-CI-HBP (5) 5-Br-HBP (6) 5-CI-HBP (7) HBP (8)
30:53:16 26:54:20 26:54:20 21:54:24
Ty :! L “.‘., §
e .‘ ) o
",", v ') o
4-OMe-HBP (9) 4-Oct-HBP (10) 2-NH,,5CI-BZ (11) 4-HBP (12)
16 : 54 : 30 14 :55: 31 19:55:26 17 : 54 : 29

Fig. 4. B3LYP/6-311+G(2df,2p) calculated spin density plots of the twelve indicated reduced molecules, the anions of 1-12. The Mulliken spin density distribution
is indicated by the % ratio [Ph1: CO: Ph2] below each molecule, where Ph1 is the phenyl ring containing the hydroxy group. A contour of 0.006 e/A was used for the
spin plots. Colour code of the atoms (online version): Br (red), Cl (green), N (blue), C (black), O (red), H (grey).
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Table 2

Mulliken spin distribution indicated by the ratio [Ph1: CO: Ph2], of the indicated
substituted 2-hydroxybenzophenones and related molecules 1 — 12 from this
study.

No Molecule Mulliken Spin Density %

Phl co Ph2
1 HPP 44.7 55.3 0.0
2 HAP 44.8 53.5 1.7
3 4-alloyloxy-HBP 15.3 54.6 30.2
4 4,5-Cl-HBP 23.6 53.5 22.9
5 3,5-Cl-HBP 30.4 53.3 16.3
6 5-Br-HBP 26.3 53.8 19.9
7 5-Cl-HBP 25.8 54.1 20.1
8 HBP 21.5 54.2 24.4
9 4-OMe-HBP 15.5 54.3 30.2
10 4-Oct-HBP 14.3 55.2 30.5
11 2-NH,,5-Cl-BZ 19.0 55.1 25.9
12 4-HBP 16.9 54.1 29.0

on the carbonyl group moiety ca. 54%. Reduction thus largely occurs on
the CO group, and spread out over the rest of the molecule, resulting in
an unstable radical species. Electron density largely varies in phenyl
rings Phl and Ph2 for reduced 3 — 12, depending on the substituent
groups attached to the Phl and Ph2. For the unsubstituted 2-hydroxy-
benzophenone 8, the spin density is approximately evenly distributed
in Ph1 and Ph2.

Due to electronic influences, it is generally observed that electron
withdrawing substituent groups (e.g. 5 (3,5-Cl)) on one phenyl ring,
generally withdraws the electron density towards the phenyl ring it is
attached to (Ph1), while an electron donating substituent groups (e.g. 3
(4-alloyloxy)) on one phenyl ring, generally shift the electron density
towards the other phenyl ring (Ph2). Relative to HBP, 8, the % spin
population on CO is slightly higher for molecules 3, 9 and 10 containing
electron donating substituent groups and slightly lower for molecules 4
— 7 containing electron withdrawing substituent groups, see Fig. 5 and
Table 2. For molecule 4 with an electron withdrawing substituent group
on each phenyl ring, the electron density is almost evenly spread out
across both phenyl rings. For the reduced complexes 1 and 2, the alkyl
group donates electron density to the phenyl group, while the CO group
have ca. 54% spin population. Thus, replacing the second phenyl ring (in
2-hydroxybenzophenone 8) with an alkyl group (methyl or ethyl as in 1
and 2 respectively) does not change the locus of the reduction centre.

The position of the substituent on the phenyl ring relative to the

electron donating electron withdrawing
(OR) (halogen)

60
50
2
(%2}
§ 40
£ Ph1
& 30 L - -F 3
c L - -
2 m = g
=) 12 -4t Ph2
2 -
X
10
0
> > N N o
o O'F\ @0 Q;z (,50 O QD «
DN o “ $51
’b\\OA bno ’1}2\ W >
Ll mPh1 mCO mPh2

Fig. 5. B3LYP/6-311+G(2df,2p) calculated Mullikan spin population distri-
bution of the indicated reduced anions of molecules 3 — 10. The Mullikan spin
density distribution is indicated by the % on Ph1 (blue), on CO (orange) and on
Ph2 (gray) on the vertical axis. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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reduction centre CO in molecules 3 — 10, influences the electronic effect
on any substituent on the phenyl rings. Inductive electronic contribu-
tions that arise due to electronegativity differences, can occur from
ortho, meta and para substituents, while alkoxy groups on the ortho and
para positions also donate electron density through resonance [41]. The
larger amount of spin density on the Ph2 (ca. 30%) of reduced molecules
3, 9 and 10, thus results from a combination through induction and the
lone pair electron density donation through resonance of electron-
donating alkoxy groups (OR). However, Ph2 becomes increasingly
deficient of the unpaired electron density as Cl and Br substituents on
Phl-substituents withdraws electron density to Phl through induction.
Molecule 5 containing two halide groups have 30.4% spin density on
Ph1, while molecules 6 and 7 with one halide group has on average 26%
on Phl.

Molecules 8 and 12, have a hydroxy substituent in the ortho and para
positions respectively. The OH group donates electron density through
resonance and through induction at the ortho and para positions. The
electronic inductive effect of a substituent in the ortho position is found
to be much larger than its effect in the para position [42], but steric
effects plays a role for ortho substituents, complicating direct compari-
son of the electronic effect of an ortho versus para substituent. However,
OH in molecule 12 (4-HBP) donates more electron density to Ph2 than
molecule 8 (HBP), 29.0% in 12 versus 24.4% in 8, suggesting that the
para OH group in 12 is more electron donating than the ortho OH group
in 8. This may lead to a more negative reduction potential for 12 than for
8, as indeed experimentally observed, see CV section below.

Molecules 7 and 11 have a Cl in the meta position while 7 has a
hydroxy and 11 an amino substituent in para position. Inboth 7 and 11 a
hydrogen bond is formed to the carbonyl oxygen from the hydroxy or an
amino hydrogen. The amino group in 11 donates more electron density
to Ph2 than molecule 7, 25.9% in 11 versus 20.1% in 7, suggesting that
the para NH; group in 11 is more electron donating than the para OH
group in 7. This may lead to a more negative reduction potential for 11
than for 7, as indeed experimentally observed, see CV section below.

These shifts in electron density are theoretically visualized by the
spin density plots (Fig. 4) and experimentally reflected by the different
reduction potentials reported in the electrochemistry (CV) section.

CV study

Experimental study

The electrochemical properties of molecules 1 — 5, 8, 11 and 12,
described in Scheme 1, were examined using cyclic voltammetry (CV)
measurements in DMSO solvent media. Cyclic voltammograms obtained
for the five derivatives 1 — 5 (and unsubstituted 2-hydroxybenzophe-
none 8 for comparison) at a scan rate of 0.100 Vs~! are shown in
Fig. 6. Further CVs with varying scan rates up to a scan rate of 10.24
Vs ™! showed the same redox process as for 0.100 Vs~!. The values ob-
tained for the peak anodic potential (Ep,), peak cathodic potential (Ejc),
peak separation (AE}) and the corresponding formal reduction potential
(E” in V) at the scan rate of 0.100 Vs™!, are tabulated in Table 3. The
species in this study show a very sharp reduction peak, with a very small
re-oxidation peak coupled to the reduction peak, which become more
pronounced at higher scan rates (Fig. 7). The re-oxidation peak increases
with scan rate, implying that the reduced radical that formed upon
reduction is relatively stable at higher scan rates on the timescale of the
CV experiment. The locus of the added electron upon reduction, which is
mainly located on the carbonyl group, is described in the previous sec-
tion; see also Figs. 3 & 4 and Table 2.

The peak cathodic current follows the Randles-Sevéik equation,
indicating that the reduction process is diffusion-controlled [43]; see
Fig. 7 for unsubstituted molecule HBP (8) and substituted 3,5-CI-HBP (5)
as examples. However, the peak current ratios ip,/ipc are much lower
than 1, indicating that the reduced radical that forms upon reduction, is
unstable and partially decomposes before re-oxidation occurs. The peak
separation lies between AEj, = 0.072 - 0.095 V for the 0.100 Vs~ ! scans,
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Potential vs Fc/Fc*/V

Fig. 6. Cyclic voltammograms (versus Fc/Fc™) of 0.002 mol dm 2 solutions of 2-hydroxybenzophenone (HBP) molecules 1-5 (and unsubstituted 2-hydroxybenzo-

phenone (8) for comparison) in DMSO, at 0.100 Vs~ ! scan rate.

Table 3

Data for the experimental reduction potentials (V vs Fc/Fc™), obtained from ca. 0.002 mol dm~2 DMSO solutions of molecules 1 — 12, listed at scan rate 0.100 Vs~ ! as
obtained in this study, as well as calculated DFT energies (in eV) and redox potential (V vs Fc/Fc™).

Experimental Calculated

Epe Epa E” AE EA IP ELumo % g n o Ecatc
1 HPP? —2.210 2.47 6.38 —2.08 4.43 —4.43 3.91 2.50 —2.518
2 HAP? —2.193 2.49 6.40 —-2.13 4.45 —4.45 3.92 2.52 —2.498
3 4-alloyloxy-HBP —-2.017 —-1.934 —-1.976 0.083 2.64 6.25 -2.18 4.44 —4.44 3.61 2.73 —2.359
4 4',5-Cl-HBP? -1.757 2.99 6.35 —2.59 4.67 —4.67 3.36 3.24 -1.997
5 3,5-Cl-HBP® —1.633 3.04 6.40 —2.67 4.72 —4.72 3.35 3.32 —1.940
6 5-Br-HBP® —1.851 -1.779 —1.815 0.072 2.92 6.32 —2.53 4.62 —4.62 3.40 3.14 —2.068
7 5-Cl-HBP® —1.886 —1.804 —1.845 0.082 291 6.33 —-2.53 4.62 —4.62 3.42 3.12 —2.073
8 HBP —1.953 —1.876 -1.915 0.077 2.78 6.39 —2.38 4.59 —4.59 3.61 291 —2.204
9 4-OMe-HBP" —2.019 —1.947 —1.983 0.072 2.63 6.25 —-2.17 4.44 —4.44 3.62 2.73 —2.359
10 4-Oct-HBP" —2.029 —1.954 —1.992 0.075 2.62 6.23 -2.16 4.42 —4.42 3.60 2.72 -2.371
11 2-NH,,5-Cl-BZ —2.158 —2.078 —2.118 0.080 2.63 5.73 -2.19 4.18 —4.18 3.10 2.82 —2.359
12 4-HBP —2.138 - - - 2.49 6.43 -2.10 4.46 —4.46 3.94 2.52 —2.504

a Re-oxidation peak appear only at higher scan rates.
b Values from reference [20].

which is larger than the expected value of AE, = 0.059 V for a one
electron transfer process [44]. The reduction process of the HBP de-
rivatives 1-10 could therefore be considered quasi-reversible [45-47].
The diffusion coefficient obtained from the peak current/scan rate data
shown in Fig. 7 (b), gives a diffusion coefficient for unsubstituted HBP
(8) in DMSO of 1.93 x 10° cm? s’l, which compares well with the re-
ported value of 3.9 x 10® cm? s™! obtained in molten acetamide at
85 °C.

The experimental reduction potential of the derivatives follows the
order from most negative to least negative, in the order of molecule 1 >
2>10>3>9>8>7>6>4>5(Table 3). Molecules with electron
withdrawing groups (e.g. 4 and 5) yield more positive reduction po-
tentials, while molecules with electron donating groups (e.g. 1 and 2)
yield more negative reduction potentials in DMSO. The electron with-
drawing effect of the substituent groups are cumulative; for example,
molecules 4 and 5 with two Cl groups have more positive redox po-
tentials than 7. Molecule 4 has an electron withdrawing (Cl) group on

each phenyl ring, simultaneously withdrawing electron density from
each phenyl ring, while in molecule 5 both Cl groups are withdrawing
electrons from only one phenyl ring, leading to a less negative reduction
potential for 5 than for 4.

In Fig. 8(a) comparative CVs of 2-hydroxybenzophenone (HBP, 8)
and 4-hydroxybenzophenone (12) are shown, in order to illustrate the
influence of the position of the hydroxy group on the resulting redox
potential. 4-Hydroxybenzophenone (12) is reduced at a more negative
potential, indicating that the electronic influence in the para position (4-
OH) due to induction and resonance, is more electron donating relative
to the ortho position (2-OH), due to induction and resonance and steric
effects in the ortho position. This also agrees with the finding that the
electrical effect of a substituent in the ortho position is about 0.75 times
its effect in the para position [42]. The reduction potential of 4-HBZ (12)
with hydroxy in the para position, is even slightly more negative than
the reduction potential of the 2-hydroxybenzophenones 3, 9 and 10
containing an alkoxy group in the para position. However, the reduction
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with hydroxy groups substituted in different positions; as well as scans of (b) 5-Cl-HBZ (7) and 2-NH,,5-Cl-BZ (11), all in DMSO only at 0.100 Vs~ ! scan rate.

process of 4-HBZ (12) is completely irreversible with no observed re-
oxidation peak for scan rates up to 1 V s~ %, The added electron upon
reduction in the reduced radical of molecules 3 — 10 is probably slightly
better stabilized by the hydrogen bond and better overlap of Phl and
Ph2 in reduced molecules 3 — 10, than in reduced molecule 12.

In Fig. 8(b) comparative CVs of 5-Cl-HBZ (7) and 2-NHj,5-Cl-BZ (11)
are shown together to illustrate the influence of the amino (NH3) versus
the hydroxy (OH) group in the two molecules on the resulting redox
potential. The two molecules are isostructural, since both molecules
have a hydrogen bond to the central carbonyl group. Amino is more
electron donating than hydroxy, explaining the more negative reduction
potential for 11 than for 7. At 0.100 V s1, both molecules have a similar
small re-oxidation peak.

Influence of substituents

The good communication between the various substituents and the
rest of the molecule in complexes 1-12 is reflected by the large shift in
the experimental reduction potentials, for molecules containing electron
donating versus electron withdrawing substituents. The electronic
property of aromatic substituents can be expressed by the Hammett
substituent constants. A linear trend between the experimental reduc-
tion potential of 3-10 and the Hammett substituent constants for the
molecules (meta or para as applicable) [41] was obtained, see Fig. 9(a). A
Hammett value for ortho-OH in molecules 3 — 10 was not added to these
graphs, since the use of Hammett constants for ortho-substituted ben-
zene derivatives are generally unsuccessful, due to their additional steric
effects [42]. Molecules 11 and 12 are therefore also not included in this
relationship, due to their ortho substituents not being OH.

The effect of the electronic property of substituents was also
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Fig. 9. The linear relationships found between the reduction potential (Epc) (V versus Fc/Fc™) of the 2-hydroxybenzophenone molecules 3-10, and (a) sum of the
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illustrated theoretically, by the DFT calculated Mulliken spin pop-
ulations located on the CO and phenyl groups in molecules 3-10 (Fig. 4
and Table 2). A linear trend between the experimental reduction po-
tential and the computed % Mulliken spin distribution on Ph1, CO and
Ph2 (defined in Fig. 1) of molecules 3-10 was obtained; see Fig. 9(b) and
(o).

Theoretical prediction of reduction potential

Computational chemistry calculated energies can be used to predict
experimental redox potentials for series of related molecules, extrapo-
lated from existing relationships between experimental reduction po-
tential and DFT calculated energies [48-52]. Although electrochemical
data for some of the molecules has been reported previously, this report
is the first comprehensive study with additional 2-hydroxybenzophe-
nones and related molecules, containing also other electron donating

or electron withdrawing groups than the molecules previously reported.
Consequently the range of reduction potentials of the molecules in this
study was extended from 0.2 V (previously reported for 5 molecules
[20]) to 0.6 V for the twelve molecules in this study. Relationships be-
tween the experimental reduction potential of molecules 1-12 and DFT
calculated solvent phase energies are shown in Fig. 10, with the corre-
sponding data provided in Table 3. The relationships obtained hereby,
lead to the following insights.

The energy of the LUMO (Epypmo), which is the orbital involved in the
reduction process (Fig. 10(a)), is inversely proportional to the experi-
mental reduction potential, resulting in a graph with a negative slope. A
LUMO with a lower energy is less stable, has a higher affinity for elec-
trons and can accept an electron more easily. A molecule with a lower
energy LUMO thus results in a reduced species at a more positive po-
tential. The n-resonance system of the LUMO of the 4-alkoxyhydroxy-
benzophenones 3, 9, 10 and also the 4-hydroxybenzophenone 11,
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molecules, and various energies calculated by computational chemistry in the DMSO solvent phase, namely: (a) Eyymo, (b) electrophilicity index (w), (c) electro-
negativity (yr), (d) energy difference (Eneutral — Eanion), (€) the relationship between the electrophilicity index (») and energy difference (Eneutral — Eanion) and (f) the
MESP on CO of the reduced molecule. Red triangular and blue diamond points were not considered in the linear fit. (For interpretation of the references to colour in

(En - Ea) (eV) calculated (DMSO)

(Ex - Ea) (eV) calculated (DMSO)

this figure legend, the reader is referred to the web version of this article.)

MESP (V¢o) calculated



E. Chiyindiko et al.

extends onto the oxygen of the 4-alkoxy substituent, see the LUMOs in
Fig. 3. Due to the additional resonance effect involving this 4-alkoxy and
4-hydroxy oxygen, in addition to the inductive electronic effect, these
molecules 3, 9, 10 and 11 (marked by red triangles in Fig. 10(a)),
deviate from the reduction potential - E;yyo trendline of the rest of the
molecules. A similar result has been previously reported for redox po-
tential relationships involving a series of benzophenone molecules,
where the molecules containing aromatic rings with alkoxy substituents
deviate from relationships involving molecules with alkyl substituents
[21]. However, this study found that 2-hydroxybenzophenones with
alkyl or halogen substituents do not deviate but follow the same linear
reduction potential - E;yyo relationship.

Further, the experimental reduction potential of molecules 1, 2, 4 —
8, also related linearly to the DFT calculated electrophilicity index (o,
measure of electrophilic power of atoms and molecules [39]), electro-
negativity (y, measure of the tendency of an atom to attract electrons)
and solvent phase calculated energy difference (Eneutral — EAnion), that is
similar to the electron affinity (EA, the amount of energy released when
an electron is attached to a neutral atom or molecule in the gaseous
state) of the molecules, as shown in Fig. 10(b)-(d) respectively. Mole-
cule 11 with a 2-amino substituent shows a similar reduction potential -
Erumo trend than molecules 1, 2, 4 — 8, but deviates slightly from the
trends shown in Fig. 10(b)-(d). The computed adiabatic solvent phase
calculated energy difference (Exeutral — EAnion) and electrophilicity index
(w) of all molecules 1 — 12 are highly correlated, as seen in Fig. 10(e),
since both these properties measure the propensity of electron intake
[53]. In Fig. 10(f) a general trend is observed, namely that the molecular
electrostatic potential (MESP) on the CO group also decreases (more
negative) as the experimental reduction potential of the molecules
decrease (more negative). Thus, molecules containing electron donating
groups lead to a lower MESP on CO. The MESP potential is known to be
used for prediction of reduction potentials of molecules [54,55].

The linear relationships obtained from the graphs in Fig. 10 are a
measure of the reliability of the results obtained in this study. Good
linear correlation between experimental and calculated results is
important, since these linear equations can be used to predict the
reduction potential of further substituted 2-hydroxybenzophenones and
structural related molecules. This capability is anticipated to be of great
aid in the pre-design (before synthesis) of customized complexes with
specific required redox properties, without first having to work through
often costly and tedious experimental processes.

Conclusions

The reduction process of 2-hydroxybenzophenone and related mol-
ecules could be described as quasi-reversible, since the experimental
peak current ratio is lower than 0.5 and the peak separation AE, =
0.072-0.095 V, for the 0.100 Vs™! scans. The reduction process of 4-
hydroxybenzophenone is irreversible. The experimental reduction po-
tential values clearly show that derivatives of 2-hydroxybenzophenone
containing electron withdrawing groups (e.g. Cl, Br), have more
favourable reduction potentials (less negative reduction potential),
while derivatives with electron donating groups (e.g. OMe, OEt), have
less favourable reduction potentials (more negative reduction poten-
tial), compared to the unsubstituted 2-hydroxybenzophenone. The dif-
ference of nearly 0.6 V in reduction potential of 2-
hydroxybenzophenones and related molecules with substituent
groups, illustrates the sensitivity of the reduction process to the type and
position of substituents on the aromatic rings, indicating that excellent
communication exists between the 2-hydroxybenzophenone backbone
and the various substituent groups.

The character of the DFT calculated LUMO and Mulliken spin plots of
the optimized neutral as well as reduced benzophenones respectively,
shows that electron donating substituent groups on one phenyl ring
(Ph1) shift the electron density towards the other phenyl ring (Ph2),
whereas electron withdrawing substituent groups on one ring phenyl
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(Ph1) generally withdraw the electron density towards their own phenyl
ring which they are attached to (Ph1). The redox potentials of 2-hydrox-
ybenzophenones containing alkyl or halogen substituents, correlate well
with their theoretically calculated LUMO energies and solvent phase
calculated energy difference (Eneutral — EAnion)- 2-Hydroxybenzophenone
molecules with oxygen-containing groups, such as 4-alloyloxy, 4-
methoxy and 4-octyloxy substituted benzophenones, did not fit this
relationship, due to the enhanced resonance electronic effect from the
lone pair electrons on the oxygen of the para alkoxy substituent to the 2-
hydroxybenzophenone backbone.
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