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SYNOPSIS TEXT

Density  functional  theory  calculations and  cyclic  voltammetry  of  tris(2-

hydroxybenzophenone)iron(I1I) complexes showed that their reduction is metal-based.

Abstract

The synthesis, identification and electrochemical behaviour iron(IlI) complexes containing different
2-hydroxybenzophenone ligands are reported. The first reduction of the tris(2-
hydroxybenzophenone)iron(Ill) complexes follow the same trend as that of the free, uncoordinated
ligands and bis(2-hydroxybenzophenone)copper(Il) complexes. The first reduction of the iron(III)
complexes occur at a potential ca 1 V more positive than the reduction of the free ligands, but within
0.06 V of the reduction of bis(2-hydroxybenzophenone)copper(Il) complexes. DFT calculations
showed that [Fe(HBP)3] (where HBP = 2-hydroxybenzophenone) is high-spin. Calculations further
showed that tris(2-hydroxybenzophenone)iron(Ill) complexes can exist as both the fac and mer
isomers. DFT calculations further showed that the first reduction of the tris(2-

hydroxybenzophenone)iron(IIl) complexes is iron based, while further reductions are ligand based.

1 Introduction

Metal atoms, especially iron, are present at the active catalytic centre in almost a third of all
known enzymes [1]. Iron(III) shows biochemical activity due to its capacity to both donate and accept
electrons. Consequently it plays a crucial role in the metabolic processes of biological systems as a
vital element [2—4]. Several iron(Ill) catalysts are used as starting material for a wide range of
chemicals and intermediates in renewable biodiesel [5]. In response to the defining climate change
crisis, industries are moving to more cost-effective and eco-friendly manufacturing and
simultaneously reducing usage and production of substances hazardous to the environment and
human health, an approach termed “green chemistry”. In the last decade, iron catalysts have received

much attention due to their nontoxic, abundant, and inexpensive qualities [6].

In all catalytic processes the redox state of the catalyst is important. Metal complexes with
variable oxidation states are likely candidates as redox shuttles, because of a shift in their redox
potentials with varying ligands. We have recently reported on the redox properties of a series of bis(2-
hydroxybenzophenone)copper(Il) [7] and tris(2-hydroxybenzophenone)manganese(Ill) [8]
complexes, showing that the copper(II/T) reduction is irreversible while the Mn(III/IT) reduction is

quasi reversible. We were interested to investigate the redox behaviour of related iron complexes; if
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they have irreversible, quasi reversible or reversible redox behaviour, and how 2-
hydroxybenzophenone ligands influence the observed redox behaviour of the tris(2-
hydroxybenzophenone)iron(Ill) complexes. In this research, we provide an experimental
electrochemical and a  theoretical computational  chemistry study of  tris(2-
hydroxybenzophenone)iron(III) complexes shown in Scheme 1 (a). The redox behaviour of the
tris(2-hydroxybenzophenone)iron(IIl) are compared to the redox behaviour of the free, uncoordinated
ligands and the related bis(2-hydroxybenzophenone)copper(Il) complexes (Scheme 1). The tris(2-
hydroxybenzophenone)iron complexes can exist in two structural isomeric forms, namely the fac and
mer isomers, according to the arrangement of the three 2-hydroxybenzophenone ligands around the
iron(IIT) metal centre. The experimental findings in this study are further supported by a density
functional theory study (DFT) of the spin state, geometry and frontier orbitals of these iron

complexes.
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Scheme 1. Structure of the (a) fac and mer isomers of the four tris(2-
hydroxybenzophenone)iron(IIl) complexes (1b) — (4b) in this study, containing the ligands (1a) —
(4a) respectively. (b) Ligands 2-hydroxybenzophenone (ligand 1a with R=H, abbreviated HBP), 2-
hydroxy-4-(alloyloxy)benzophenone (ligand 2a with R=OCH>CHCH23, abbreviated 4-alloyloxy-
HBP), 2-hydroxy-4-methoxybenzophenone (ligand 3a with R=OCH3, abbreviated 4-OMe-HBP)
and 2-hydroxy-4-(octyloxy)benzophenone (ligand 4a with R=O(CH2)7CH3, abbreviated 4-Oct-
HBP). (¢) Trans and cis isomers of the related bis(2-hydroxybenzophenone)copper(Il) complexes
(1¢) — (4¢) containing the same ligands (1a) — (4a) respectively.



2 Experimental

2.1 General

Melting points (m.p.) were determined with an Olympus BX51 system microscope, assembled
on top of a Linkam THMS600 stage and connected to a Linkam TMS94 temperature programmer.
UV/vis spectra were recorded on a Varian Cary 50 Conc ultra-violet/visible spectrophotometer. FTIR
measurements (solid samples) were determined with a Bruker Tensor 27 IR spectrometer and Pike
MIRacle ATR, running OPUS software (Version 1.1). MALDI-TOF-MS spectra (matrix assisted
laser desorption/ionization time-of-flight mass spectrometry) were collected by a Bruker Microflex

LRF20 in the negative reflection mode, using the minimum laser power required to observe signals.

2.2 Synthesis

The differently substituted 2-hydroxybenzophenone ligands needed for complexes (1a) — (4a)
(see Scheme 1) were obtained from Sigma Aldrich and used as is. The bis(2-
hydroxybenzophenone)copper(Il) complexes (1¢) — (4¢) were synthesized and characterized as

described in our previous publication [7].

The synthesis and characterization of #ris(2-hydroxybenzophenone)iron(IIl) complexes (1b) and (3b)
were previously reported. The published method was used to synthesize complexes (1b) — (4b) [3].
As example, the synthesis of the unsubstituted #ris(2-hydroxybenzophenone)iron(Ill) (1b) is
described.

From a reaction of FeCl3 * 6H20 (1 mmol) and NaSCN (3 mmol), a freshly made Fe(SCN)3
solution was prepared. It was added dropwise to a stirred methanol solution of HBP ligand (1a) (3
mmol) in the presence of excess sodium methoxide (3 mmol) at room temperature. The color of the
solution turned gradually darker and after 2 hours to dark red. The solution mixture was left at rest
and a few days later dark red microcrystals of compound (1b) were formed. The microcrystals
obtained were collected by filtration, washed with ethyl ether, dried in vacuo and recrystallized from

dichloromethane.

2.2.1 Characterization data of [Fe(2-HBP)s] (1b)

Yield: 50%. Colour: Dark Red, M.p. 120°C; IR  (cm™): 1597, 1557, 1329, 1240, 756, 698, 643 . UV:
Amax 325 nm, €max 3.80 mol-'dm3cm! (DMF). MS Calcd. ([M], negative mode): m/z 647.505. Found:
m/z 647.566. Elemental analysis calculated for FeCs9H2706 (element, %): C, 72.35; H, 4.20. obtained:
C, 72.15; H, 4.33.



2.2.2 Characterization data of [Fe(4-allyloxy-HBP)3] (2b)

Yield: 44%. Colour: Dark Red, M.p. 175°C; IR © (cm): 1550, 1498, 1243, 1165, 1114, 697. UV:
Amax 288 nm, €max 11.96 mol-'dm3cm™! (DMF). MS Caled. ([M], negative mode): m/z 815.66. Found:
m/z 815.226. Elemental analysis calculated for FeCasH3909 (element, %): C, 70.68; H, 4.82. obtained:
C,70.75; H, 4.31.

2.2.3 Characterization data of [Fe(4-OMe-HBP)3] (3b)

Yield: 60%. Colour: Dark Red, M.p. 105°C; IR © (cm!): 1549, 1504, 1244, 1213, 1163, 1114, 752.
UV: Anax 287 nm, €max 7.18 mol'dm3cm™ (DMF). MS Calcd. ([M], negative mode): m/z 737.55.
Found: m/z 737.519. Elemental analysis calculated for FeC42H3309 (element, %): C, 68.40; H, 4.51.
obtained: C, 68.41; H, 4.64.

2.2.4 Characterization data of [Fe(4-Oct-HBP)3] (4b)

Yield: 45%. Colour: Dark Red, M.p. 65°C; IR © (cm™!): 2954, 2854, 1501, 1226, 1117, 892, 840. UV:
Amax 289 nm, €max 8.25 mol-'dm3cm! (DMF). MS Calcd. ([M], negative mode): m/z 1032.11. Found:
m/z 1030.589. Elemental analysis calculated for FeCs3H7509 (element, %): C, 73.31; H, 7.32.
obtained: C, 72.96; H, 7.37.

2.3 Cyclic Voltammetry

Cyclic voltammetric (CV) measurements were done on a BASI100B Electrochemical
Analyzer linked to a personal computer, utilizing the BAS100W 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 (surface area 0.0707 cm?) working electrode, Pt auxiliary electrode and an
Ag/AgCl (3M NaCl sat) reference electrode (BASI P/N MF-2052). The analyte was dissolved in
DMF and separated from the reference electrode with a bridge filled with a 0.1 mol dm™ tetra-n-
butylammoniumhexafluorophosphate (TBAHFP) in DMF. The working electrode was polished on a
Biihler polishing mat, first with 1 micron and then with % micron diamond paste (in a figure-of-eight
motion), rinsed with EtOH, H2O and CH3CN, and dried before each experiment. The electrochemistry
measurements were performed on ca 0.002 mol dm™3 samples in solvent DMF for complex (1b) —
(4b), containing 0.1 mol dm™ tetrabutylammonium hexafluorophosphate TBAHFP, as supporting
electrolyte. The voltammograms were obtained at room temperature under a blanket of argon. Scan
rates were 0.020 — 10.240 V s!. Ferrocene (FcH) was used as an internal standard, and all cited
potentials were referenced against the FcH/FcH™ couple, as suggested by IUPAC [9]. Epa = anodic
peak potential and ip« = anodic peak current, Epe = cathodic peak potential and ipc = cathodic peak

current. The reduction potential is determined by the mean of the oxidation and reduction potential
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E12 = (Epa— Epc)/2, the peak current voltage separation AEy= Epa — Epc. E°' (FCH/FcH') = 0.66(5) V
vs SHE in [*(Bu4)N][PFs]/CH3CN [10], and thus 0.416 V vs SCE (Saturated calomel (SCE) = 0.2444
V vs SHE).

2.4 DFT calculations

Density functional theory (DFT) calculations were performed on the neutral molecules using
B3LYP which is composed of the Becke 88 exchange functional [11] in combination with the LYP
correlation functional [12], as implemented in the Gaussian 16 package [13]. The triple- 6-311G(d,p)
basis set was used for lighter atoms (C, H, O) and the def2-TZVPP basis set [14] for both the core
and valence electrons of Fe. Calculations were performed in the gas phase and also in DMF as implicit
solvent. The solvation model used is IEF-PCM, the polarizable continuum model (PCM) [15] that
applies the integral equation formalism variant (IEF-PCM) [16]. The input coordinates for the

compounds were constructed using Chemcraft [17].

3 Results and Discussion
3.1 Synthesis

The iron(IIl) complexes (1b) — (4b), containing a variety of 2-hydroxybenzophenone ligands,
were prepared, using the method reported in literature [7] (see Scheme 2). The synthesis required the
stirring of 3 eq. of the respective 2-hydroxybenzophenone ligand and 1 eq. Fe(SCN);3 (prepared from
FeCl3-6H20 and NaSCN) in a methanol solution in the presence of excess sodium methoxide. The
resulting dark-red precipitates were isolated by filtration, washed with ethyl ether, vacuum-dried and
recrystallized in dichloromethane. The complexes, of the formula [Fe(ligand)s] are stable in air and

insoluble in water, slightly soluble in dimethyl sulfoxide and dichloromethane and most soluble in

dimethylformamide.
H
o~ 0]
3 CH3;ONa
3 + Fe(SCN)s > + 3 CH30H + 3NaSCN
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Scheme 2. Synthesis route for preparing tris(2-hydroxybenzophenone)iron(Ill) complex (1b) from
ligand HBP (1a).

3.2 DFT results

DFT calculations have been done to get more information on the geometry, spin state and

electronic structure of the [Fe(2-hydroxybenzophenone)s] complexes of this study.

3.2.1 Spin state

Since each ligand undergoes only one deprotonation upon coordination to Fe, all mononuclear
iron(IIT) complexes are neutral. The oxidation state of the metal is 3+ and therefore the neutral [Fe(2-
hydroxybenzophenone)s;] complexes have 5 d electrons. DFT calculations showed that the complexes

are high spin (see the energies in Table 1) with electron occupation d}cyd}czdjl,zd;z_yz d;z. This result

agrees with the experimental and calculated spin state of tris(B-diketonato)iron(III) complexes, that
have many structural similarities to the tris(2-hydroxybenzophenone)iron(Ill) complexes of this
study. The tris(pB-diketonato)iron(Ill) complexes are also octahedral, containing three bidentate
ligands that each forms a six-membered ring with Fe, and are coordinated through oxygen atoms to
iron(IIT) [18-20]. The high-spin DFT results for [Fe(2-hydroxybenzophenone)s] also agree with
experimental magnetic susceptibility results reported on an iron(Ill) complex containing 2,4-
dihydroxy-benzophenone-S-methyl-thiosemicarbazone, that were consistent with a high-spin d° iron
centre [21][22]. Optimization of the different spin states of the anion, tris(2-
hydroxybenzophenone)iron(Il) with charge 1-, shows that [Fe(2-hydroxybenzophenone)s]~ is high
spin (S = 2), see the energies in Table 1.

Table 1. Relative gas phase energies for different spin states for both fac and mer geometries of the
tris(2-hydroxybenzophenone)iron(I1I), complex (1b), and the reduced tris(2-
hydroxybenzophenone)iron(Il) anion, calculated by DFT.

Complex  Multiplicity Spin Relative E (eV)
state
B3LYP* MO06* OPBE(® OLYP®

Neutral 2 12 fac 0.61 1.60 1.58 0.58

4 3/2 fac 0.73 - 1.24 0.68

6 5/2 fac 0.00 0.00 0.00 0.00

2 12 mer 0.58 1.60 1.54 0.51

4 3/2 mer 0.64 1.39 1.25 0.57

6 5/2 mer 0.04 0.12 0.06 0.05
Reduced 1 0 fac 0.79 1.47 1.62 0.50




3 1 fac 1.00 1.40 1.52 0.72
5 2 fac 0.01 0.00 0.00 0.00
1 0 mer 0.79 1.55 1.61 0.52
3 1 mer 0.92 1.45 1.42 0.71
5 2 mer 0.00 0.15 0.11 0.00

a Gaussian with B3LYP [11,12,23] or M06 [24] functionals and basis 6-311G(d,p)/def2-TZVPP
b ADF OPBEO [25] and OLYP [12,26] functionals and basis TZ2P

3.2.2 Geometry

The Fe (III) atom is chelated by three 2-hydroxybenzopheone ligands via the phenolate and
carbonyl oxygen atoms. Both oxygen atoms of each 2-hydroxybenzophenone ligand bind to the metal
to form three six-membered chelate rings round the metal ion to give an octahedral structure as shown
in Scheme 1. Two isomers are possible for the [Fe(2-hydroxybenzophenone)s;] complexes containing
the unsymmetrically 2-hydroxybenzophenone ligands: a facial isomer (fac), where the three ligands
are symmetrically arranged around the metal core, and a meridional isomer (mer), see Scheme 1. The
fac and mer isomers of the four substituted [Fe(2-hydroxybenzophenone)s] complexes (1b) — (4b)

were optimized by DFT calculations without any symmetry constraint.

The fac isomers are the preferred orientation for complexes (1b) and (3b), observed to be
slightly more stable (ca 0.04 eV lower in energy in gas phase) than the mer isomers as shown in Table
2. No experimental crystal structures of #ris(2-hydroxybenzophenone)iron(Ill) could be found, only
of the related fac tris(2-(1-oxopropyl)phenolato)iron(Ill) (CSD reference YUHXEF [3]). Statistical
the mer : fac ratio is 3:1 [27]. The mer isomer is also preferred on ground of steric effects when the
ligands contain large substituent groups near the coordination centre [28,29]. For complexes (2b) and
(4b), containing larger 4-substituents, the mer isomers were lower in energy and therefore the
preferred orientation. Though, according to the Boltzmann probability distribution, both isomers

should be present in an experimental sample of the complex, see Table 2.

Table 2. B3LYP/6-311G(d,p)/def2-TZVPP calculated relative energies and population of the #ris(2-
hydroxybenzophenone)iron(Il) complexes 1 — 4 from this study.

No  complex AE? (eV)  AE?(eV) AG?(eV) % fac® % mer’
gas phase DMF DMF

1b Fe(HBP)s -0.04 -0.04 -0.04 84.3 15.7

b Fe(d-allyloxy)s  0.05 0.06 0.06 103 89.7

3b Fe(4-OMe)s3 -0.04 -0.03 -0.03 75.8 24.2

4b Fe(4-Oct)s 0.11 0.08 0.15 0.2 99.8

a fac relative to mer; thus if AE <0, fac more stable, AE > 0, mer more stable



b Calculated from free energies in DMF, using the Boltzmann equation.

3.2.3 Electronic structure

A change in the ligand structure during the formation of the iron(IIl) complexes enables the
formation of new bonds between the ligands and metal ion. To determine the most reactive sites in
the newly formed molecule, the energy of the frontier molecular orbitals (FMOs) is calculated. DFT
calculations also allow determination of FMO loci in order to correctly allocate the observed

electrochemical phenomena.

HOMOs (highest occupied molecular orbitals) and LUMOs (lowest unoccupied molecular
orbitals), play an important role in reduction and oxidation reactions, since reduction and oxidation
involve the addition or removal of an electron to or from a FMO of the species. Evaluation of the
FMOs of the [Fe(HBP)3] complex, Figure 1, showed that the top three LUMOs of [Fe(HBP)s3], (1b)
are mainly on Fe and the top three HOMOs are mainly distributed over the ligands. Reduction,
addition of an electron into the LUMO of the complex, thus occurs around the Fe metal. The lowest
energy electronic UV-vis excitation will all be of ligand to metal charge transfer (LMCT), involving

excitation of an electron from a ligand-based HOMO to a metal based LUMO.

g 5

LUMO+7 LUMO+6 LUMO+2 LUMO+1
B-MO, 70.77% Fe-d  B-MO, 73.03% Fe-d  B-MO, 71.57% Fe-d  B-MO, 71.57% Fe-d

s 4

LUMO HOMO
B-MO, 64.39% Fe-d a-MO, 2.24% Fe-d

HOMO-1 HOMO-2 HOMO-3 HOMO-4
a-MO, 1.21% Fe-d a-MO, 1.31% Fe-d  a-MO, 11.62% Fe-d  o-MO, 10.53% Fe-d



Figure 1. Selected DFT calculated Kohn—Sham frontier MO plots of the B3LYP/6-311G(d,p)/def2-
TZVPP gas phase optimized geometry of fac [Fe(2-hydroxybenzophenone)s], complex (1b). A
contour of 0.05 e/A> was used for the orbital plot. Colour code of atoms (online version): Fe

(orange), C (black), O (red), H (grey).

Reduction of [Fe'(2-hydroxybenzophenone)s] leads to [Fe!'(2-hydroxybenzophenone)s],
since the reduction is iron based. Further reductions will involve the LUMOs of Fe'l(2-
hydroxybenzophenone)s;]~. Since rearrangement of the frontier MOs sometimes occur during
reduction [30], the LUMO of the reduced molecule needs to be considered when assigning the locus
of the follow-up reduction. In Figure 2 the HOMO and the top three LUMOs of Fe''(2-
hydroxybenzophenone)s]~ is shown. The HOMO of Fe!(2-hydroxybenzophenone)s]~ is iron based
and of the same character as the LUMO (a p MO) of [Fe!'(2-hydroxybenzophenone)s], where the
electron was added upon reduction. LUMO+16 of Fe''(2-hydroxybenzophenone)s]~ is the first iron
based unoccupied MO. The top LUMOs are all ligand based. Reduction of Fe!'(2-
hydroxybenzophenone)s]~ will thus be ligand based. The calculated Mulliken spin density of Fe for
fac [Fe(2-hydroxybenzophenone)s] and fac Fe''(2-hydroxybenzophenone)s;]~ are 4.203 and 3.826

respectively, consistent with metal-based reduction.

LUMO+2 LUMO+1 LUMO HOMO
g-MO a-MO B-MO B-MO, 80% Fe-d

Figure 2. Selected DFT calculated Kohn—Sham frontier MO plots of the B3LYP/6-311G(d,p)/def2-
TZVPP gas phase optimized geometry of the reduced fac [Fe(2-hydroxybenzophenone)s], complex
(1b) with charge 1-. A contour of 0.04 ¢/A3 was used for the orbital plot. Colour code of atoms
(online version): Fe (orange), C (black), O (red), H (grey).

3.3 CV results

Here we present the redox behaviour of tris(2-hydroxybenzophenone)iron(Ill) complexes

(1b) — (4b) in Figure 3 at indicated scan rates using cyclic voltammetry (CV) measurements in DMF
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solvent media, with the results summarized in Table 3. The CVs of the free, uncoordinated ligands
(1a), (3a) and (4a) were previously reported in DMF [31], while the CVs of bis(2-
hydroxybenzophenone)copper(Il) complexes (1¢) — (4¢) were previously reported in DMSO [7]. The
CVs of ligand (2a) and bis(2-hydroxybenzophenone)copper(Il) complexes (1¢) — (4¢) are thus also
reported in DMF in this study, to be compared to the CVs of the tris(2-
hydroxybenzophenone)iron(II) complexes (1b) — (4b) in the same solvent, DMF.

For each of tris(2-hydroxybenzophenone)iron(Ill) complex (1b) — (4b), a reduction peak at
ca -1 V versus FcH/FcH* was recorded. The DFT studies showed that this first reduction peak is Fe-
based. For each complex, another slightly broader (peak current voltage separation > 0.09 V)
reduction peak at ca -2 V versus FcH/FcH", slightly lower than the reduction of the free ligand, is
also observed, see Figure 5 for (3b) as example. The peak cathodic current of the second reduction
peak is ca 3 x that of the first reduction peak. The DFT studies showed that the second reduction peak
is ligand-based. The second observed reduction is thus suggested to be the near simultaneous

reduction of the three coordinated ligands.
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Potenti-a1i0vs FcH/ FCH;(}S\/
Figure 3. Cyclic voltammograms (versus FcH/FcH") of the reduction of 0.002 mol dm> DMF
solution of (a) [Fe(2-HBP)3] (1b), (b) [Fe(4-allyloxy-HBP)2] (2b), (c) [Fe(4-OMe);] (3b) and (d)
[Fe(4-Oct)s] (4b) at the indicated scan rates. All CVs scanned in the negative direction from ca -0.4
V.
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From Figure 3 we observe that the Fe'"/Fe!' redox process is electrochemically reversible for
complexes (1b), (3b) and (4b), due to a very small peak separation, AE, = Epa — Epc, of ca 0.07 V, but
chemically quasi reversible to irreversible due to peak current ratios < 1. The peak reduction current
is directly proportional to the square root of the scan rate according to the Randles—Sev¢ik equation,
showing that the reduction process is diffusion controlled [32], see Figure 4. The same
electrochemical behaviour was obtained at all scan rates 0.020 — 10.240 V s!'. Varying redox
potentials for complexes (1b) — (4b) in Table 3 are ascribed to different electron densities at the Fe
centre as a result of the electronic character of different substituents on the 2-hydroxybenzophenone
ligands. The molecules with electron donating group(s) (namely (2b) — (4b)) result into more negative
reduction potentials because of the electron donation from the alkoxy substituents. The effect of an
aromatic R group on the reduction potential of a molecule is an interplay of the inductive effect
through the o-system and a resonance effect through the m-system. A para-alkoxy substituent on
benzophenone led to a less negative redox potential as expected if only the induction effect was
present (for example, Epc(4-Me-benzophenone) = —2.275 and Epc(4-OMe-benzophenone) = —2.236)
[33]. A para-alkoxy substituent on 2-hydroxybenzophenone seems also to have a less negative redox
potential, as expected, if only the induction effect was present, since in all relationships involving Epe,
the data points for 4-alkoxy-benzophenone molecules lay above the linear line at a less negative redox
potential [34]. This might explain the relative small shift of 0.01 — 0.10 V in the reduction potential
of the alkoxy-containing ligands (2a) — (4a), complexes (2b) — (4b) and (2¢) — (4¢), relative to the 2-
hydroxybenzophenone (1a), the iron(Ill) complex (2a) and the copper(Il) (3a) respectively, see
Figure 6 and the data in Table 3. The iron-based reduction of the #is(2-
hydroxybenzophenone)Fe(IIl) complexes (1b) — (4b) occurs at a potential more than 1 V more
positive than the reduction of the respective free ligands (1a) — (4a), similarly as was found for the
copper-based reduction of bis(2-hydroxybenzophenone)copper(Il) complexes (1¢) — (4¢) in DMF
(this study) and in DMSO [7].

The shifts in the experimental reduction potentials for complexes containing electron donating
versus unsubstituted ligand, shows there is good communication between the different substituents
and the rest of the Fe complex. We could not find any report with cyclic voltammetry data in literature
on the iron(IIl) complexes of this study, though the obtained iron(I1I/IT) reduction potential for (1b)
— (4b) is in the same region as measured for the structurally related tris(p-diketonato)iron(II)
complexes where the B-diketonato is electron donating. For example for B-diketonate = acetylacetone
(-1.038 V versus FcH/FcH'), 1-benzoylacetone (-0.971 V versus FcH/FcH") and 1,3-
dibenzoylacetone (-0.921 V versus FcH/FcH™) [18].
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Figure 4. Relationship between peak reduction current and the square root of the scan rate according
to the Randles—Sev¢ik equation (a) [Fe(2-HBP)3] (1b), (b) [Fe(4-allyloxy-HBP)2] (2b), (c) [Fe(4-
OMe);] (3b) and (d) [Fe(4-Oct)s] (4b).
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Figure 5. Cyclic voltammograms (versus FcH/FcH") of 0.002 mol dm> DMF solution of [Fe(4-
OMe);] (3b) at the indicated scan rates.
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Figure 6. Cyclic voltammograms (versus FcH/FcH') of ligands (la) — (4a), tris(2-
hydroxybenzophenone)iron(IIl) complexes (1b) — (4b) and bis(2-hydroxybenzophenone)copper(1l)
complexes (1¢) — (4¢) at a scan rate of 0.100 V s*' in DMF as solvent and TBAHFP as supporting
electrolyte. Copper complex (1¢) was poorly soluble in DMF.

Table 3. Electrochemical data (E versus FcH/FcH™ in DMF as solvent, I in A, for 0.100 V s scan) of
tris(2-hydroxybenzophenone)iron(I1I) complexes, bis(2-hydroxybenzophenone)copper(Il)

complexes and the ligands.

No  Complex/ligand E,c Epa E12 AE Lpa/Lpe
1b [Fe(2-HBP)3] -1.006 -0.937 -0.972 0.069  0.30
2b [Fe(4-allyloxy)s]  -1.030 - - - -

3b [Fe(4-OMe)s] -1.078 -1.004 -1.041 0.074  0.73
4b [Fe(4-Oct)3] -1.098 -1.026 -1.062 0.072  0.71
lc [Cu(2-HBP)] -1.023 - - - -

2c [Cu(4-allyloxy)2] -1.029 - - - -

3c [Cu(4-OMe)-] -1.134 - - - -

4c [Cu(4-Oct):] -1.037 - - - -

la 2-HBP? -1.997 -1.914 -1.955 0.083  0.21
2a 4-allyloxy® -2.067 -1.974 -2.021 0.093 031
3a 4-OMe? -2.080 -2.000 -2.040 0.079  0.20
4a 4-Oct? -2.087 -2.008 -2.048 0.079  0.18

a Data from this study (2a) and from reference [31] (1a), (3a) and (4a).
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4 Conclusions

I reduction was

For tris(2-hydroxybenzophenone)iron(IIl) complexes the experimental Fe
observed at ca -1 V versus FcH/FcH, followed by a second (ligand based) reduction at ca -2 V versus
FcH/FcH'. The ligand based peak reduction peak is ca three times that of the first reduction peak,
suggesting a near simultaneous reduction of the three coordinated ligands. Complexes with electron
donating group(s) result in more negative reduction potentials because of the electron donating alkoxy
substituents. The shifts in experimental reduction potentials show there is good communication
between the different substituents and the central iron(Il) ion. Computational chemistry analyses
contributed in the assessment of experimental results. An electronic structure analysis shows that the
top three LUMOs of the complexes are mainly on Fe and the top three HOMOs are distributed over
the ligands. DFT calculations showed that [Fe(2-hydroxybenzophenone)s] complexes are high-spin.

Calculations further showed that both the fac and mer isomers tris(2-hydroxybenzophenone)iron(III)

complexes, can exist.
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