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Abstract

A series of six ferrocene derivatives, namely the ferrocenylcarboxylic acid dyads
(Fc(CH2)nCO2H (n = 0 — 3), Fc(CH)2CO2H and FcCO(CH>)2CO2H) were synthesized and
coordinated to subphthalocyanines (SubPcs) in the axial position to form seven novel
(Fc(CH2)nCO2BSubPc(H)12 (n = 1 — 3), FcCO(CH2).CO2BSubPc(H)12, (Fc-CH=CH-
COO0)BSubPc(H)12 and Y-BSubPc(F)12 with Y = (Fc-CH2-CH2-COO) or (Fc-CH=CH-COO))
and one known (Fc(CH2)nCO2BSubPc(H)12) ferrocenylcarboxylic acid subphthalocyanines
dyads. In addition a novel subphthalocyanine HOBSubPc(C12H2s5)s(H)s with a hydroxy group
in the axial position and alkyl ligands (C12H2s) on the non-peripheral positions, as well as the

known CIBSubPc(F)1. and the mother compound CIBSubPc(H)12 were synthesized.

UV/vis analysis of the SubPcs revealed that both the donor (C12H2s) non-peripheral substituents
and the acceptor (F) ring substituents shifted the Q band of SubPcs toward longer wavelengths
compared to the unsubstituted CIBSubPc. However, the different ferrocenylcarboxylic acid
dyads in the axial position did not have any influence on the position of the Q band of the

SubPcs.

An electrochemical study of the SubPcs showed that peripheral substitution generally has a
smaller influence (ca 0.1 V shift) on the shift of the oxidation and reduction potential of a
SubPc than non-peripheral substitution (ca 0.3 V shift). It was found that the novel SubPc
HOBSubPc(C12H25)s(H)s had the lowest macrocycle-based oxidation potential and that novel
SubPc Fc(CH2)3CO2BSubPc(H)12 has the lowest first ring-based reduction potential reported
for SubPcs to date. The experimental conditions used for the electrochemical study made it
possible for the first time to obtain chemically reversible ring-based oxidation with peak current

ratios approaching 1 and peak current separation AE, < 0.086 V for SubPcs.



The cyclic voltammetry data of the seven new ferrocenylsubphthalocyanine dyads, in
agreement with the character of DFT calculated molecular orbitals, showed that Fe group of
the ferrocenyl-containing axial ligand is involved in the first reversible oxidation process,
followed by a second ring based oxidation. All reductions are localised on the
subphthalocyanine ligand. The fluorine ring substituents of the electron-withdrawing SubPcs
Y-BSubPc(F)12, caused the ferrocenyl oxidation to shift with ca. 0.1 VV more positive compared
to electron-rich Y-BSubPc(H)12. Furthermore, the CV data revealed that the formal reduction
potential of Fe(ll/lll) of the axial ferrocenyl moiety of the eight ferrocenylcarboxylic acid-
containing SubPc dyads followed the same trend than the free ferrocenylcarboxylic acid dyads,
but shifted to a lower oxidation potential compared to free ferrocenylcarboxylic acid dyads.
The carboxylic group in the free ferrocenylcarboxylic acid dyads is directly connected to
ferrocenyl, or by an ethene group, or by an alkyl chain of varying length. The length of the
alkyl chain separating the two groups affected the formal reduction potential of Fe of the
ferrocenyl group. The formal reduction potential of Fe was also affected by the electron-
withdrawing carbonyl group. The extent of the effect depended on whether the carbonyl group
was directly bound to a ferrocenyl moiety or isolated by an sp® hybridised carbon atom
backbone (-CH2-CH:- with no r-communication) or a non-isolated sp? hybridised carbon atom
backbone (-CH=CH- with n-communication between Fc and the carbonyl group possible).
Density functional theory (DFT) calculations gave further insight into the redox properties of
the novel dyads. A linear relationship between the formal reduction potential of these
ferrocenyl carboxylic acid derivatives and DFT calculated HOMO (highest occupied molecular

orbital) energies were obtained.

The DFT study also provided linear relationships between the first oxidation potential and

HOMO energies, as well as between the first reduction potential and LUMO (lowest



unoccupied molecular orbital) energies for a series of non-ferrocene-containing SubPcs with
peripheral and non-peripheral substituents = H, F or (C12H2s) and axial substituent = Cl or an
alkoxy group. The neutral ferrocenylcarboxylic acid subphthalocyanines dyads have LUMOs
and HOMOs of mainly =-ring and iron-d character respectively, confirming ring-based
reduction and Fe(ll) to Fe(lll) oxidation. Optimisation of the cation (oxidised) species was
essential to verify the locus of the second ring-based oxidation, since the frontier orbitals

rearranged upon oxidation.

Key Words: Subphthalocyanines, Ferrocenylcarboxylic acids; Ferrocenysubphthalocyanines;
Electrochemistry, Chemical reversibility; Density functional theory (DFT); ADF; Molecular

orbitals; Linear correlations.
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Chapter 1
Introduction

This research is concerned with ferrocenylcarboxylic acid dyads, subphthalocyanines (SubPcs)

and a combination of the ferrocenylcarboxylic acid dyads and SubPcs.

Ferrocene was a serendipitous discovery made in 1951, the first recognised sandwich
compound . The discovery opened an entirely new research area. Ferrocene has been
extensively researched, and numerous cyclopentadienyl derivatives with various metals have
been studied leading to good reviews in organic and inorganic chemistry 25, As ferrocene is
an aromatic compound with reactivity more than million times that of benzene, it undergoes
many reactions characteristic of aromatic compounds ’. Functional groups can easily be
introduced to the electron-donating ferrocene. The reversible electrochemical behaviour of the
Fe(l1/111) redox couple in ferrocene-containing compounds allows for electrochemical and
reactivity studies of the functionalised ferrocene derivatives. Ferrocene-containing compounds
thrive and are primarily stimulated by their successful applications including asymmetric
catalysis 8° non-linear optics ° and especially electrochemistry due to the ideal redox

behaviour of the Fe(l1/111) couple 12,

Subphthalocyanines such as CIBSubPc(H)1. has been used in research for almost 50 years 3
due to their diverse applications including light-emitting diodes 4, dye-sensitized solar cells *°,
and photodynamic therapy 6. The uses of SubPcs can be modified by substituting the axial
ligand as well as by functionalising the ring substituents 7. Four ferrocenylsubphthalocyanine
dyads with a direct ferrocene-boron or substituted ferrocene-boron bond have been reported

till date 18, with potential application in light-harvesting elements 8.



Phthalocyanines (Pc) are macrocycles which are structurally related to the naturally occurring
porphyrins (Por). Natural occurring porphyrins form the active centres of various natural
molecules such as chlorophyll, haemoglobin and myoglobin. Phthalocyanines do not occur in
nature; the synthetically available phthalocyanines are more robust and stable than most
porphyrins and thus have a wider application range. Phthalocyanines and porphyrins have been
studied for their use in photodynamic therapy where they produce singlet oxygen to kill cancer
cells.’® Subphthalocyanines (SubPcs) are closely related to Pcs and as a result, can be used for
similar studies. Researchers continuously strive to improve the effectiveness of photodynamic
therapy (PDT) and to expand it to different types of cancer therapy.?’ Clinical trials are
underway to evaluate the use of PDT for various cancers such as skin, prostate, cervical and
brain cancer.??2 Both subphthalocyanines!® and ferrocene®® have been studied as possible
antineoplastic (anticancer) agents. With the combination of subphthalocyanines and ferrocene
moieties, antineoplastic studies will hopefully advance the effectiveness of photodynamic
therapy. Subphthalocyanines is also useful in various other high technology areas sensors 2324,

light-emitting devices 2>2°, supramolecular systems 2’ and low bandgap molecular solar cells

28

The goal of this study was the i) synthesis and characterisation of ferrocenylcarboxylic acid
dyads, subphthalocyanines and a combination of the ferrocenyl acid dyads and SubPcs, ii)
electrochemical analysis of all dyads to determine the redox activity of compounds, iii) UV/vis
analysis of novel SubPc dyads and iv) density functional theory (DFT) studies to get further
insight into redox activity and properties of all the complexes. The results are presented in

article form in chapters 2 — 5.

Chapter 2 presents the synthesis, characterisation and DFT calculations of a series of six

ferrocenylcarboxylic acid dyads (Fc(CH2)sCOH (n = 0 - 3), Fc(CH).CO:H and



FcCO(CH2).CO2H). The effect of the following on the value of the formal reduction potential
of the Fe(l1/111) redox couple in series of this six ferrocenylcarboxylic acid dyads is explored:
(a) the solvent acetonitrile (CH3CN) versus a non-coordinating solvent dichloromethane
(DCM), (b) the carbonyl group, (c) isolated and non-isolated carboxylic groups, (d) different

alkyl chain lengths between Fc and the CO moieties and (e) the amount of substituents on Fc.

Chapter 3 presents the synthesis, characterisation, electrochemistry and DFT calculations of a
series of three subphthalocyanines, novel (HOBSubPc(C12H25)s(H)s), (CIBSubPc(F)12) and the
mother SubPc (CIBSubPc(H)12). The effect of electron-donating (Ci2H2s) and electron-
withdrawing (F) ring substituents on the redox properties and the UV/vis absorption spectrum
maxima of the SubPcs are presented. The redox results were further validated by comparison

with 16 related subphthalocyanines from literature.

Chapter 4 presents the synthesis, characterisation, electrochemistry and DFT calculations of a
series of four novel subphthalocyanines Y-BSubPc(X)12 with X =H or F, Y = (Fc-CH2-CH>-
COO) or (Fc-CH=CH-COO). Specifically, the effect (a) of the electron-withdrawing F ring-
substituents on the redox potentials of the SubPcs and (b) of the presence or absence of =n-
communication on the redox potentials of SubPcs and the iron"""" oxidation potential, were

explored.

Chapter 5 presents the synthesis, characterisation, electrochemistry and DFT calculations of a
series of three novel and two known subphthalocyanines Fc(CH2),CO2BSubPc(H)12 (n = 0 —
3) and FcCO(CH>).CO.BSubPc(H)12. The effect of the varying alkyl chain lengths n and the

CO groups on the redox properties of the SubPc and the Fe(11/111) redox couple of the ferrocene



moiety is presented. It was found that the novel SubPc, Fc(CH2)sCO2BSubPc(H)12, exhibited

the lowest first macrocycle-based reduction potential reported for SubPcs till date 18293,
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Abstract

The redox properties of six ferrocenyl carboxylic acid dyads (1 — 6) in dichloromethane and
acetonitrile are compared. The formal reduction potential of Fe of the ferrocenyl group in these
carboxylic acid dyads occur ca. 0.1 V more positive in DCM than in CH3CN. The carboxylic group
is directly connected to ferrocenyl, or by an ethene group, or by an alkyl chain of varying length. The
length of the alkyl chain separating the two groups affected the formal reduction potential of Fe of
the ferrocenyl group. The formal reduction potential was also affected by the electron-withdrawing
carbonyl group. The extent of the effect depended on whether the carbonyl group was directly bound
to a ferrocenyl moiety or, isolated by an sp® hybridized carbon atom backbone (-CH2-CH.-) or a non-
isolated sp? hybridized carbon atom backbone (-CH=CH-). The results obtained were further
validated by density functional theory (DFT) calculations on ferrocenyl carboxylic acids (1 — 6) as

well as selected substituted ferrocenyl compounds from literature. A linear relationship between the

11



formal reduction potential of these ferrocenyl carboxylic acid derivatives and DFT calculated HOMO

energies were obtained.

Introduction

Ferrocene was a serendipitous discovery made in 1951, the first recognised sandwich compound [1].
The discovery opened an entirely new research area. Ferrocene has been extensively researched, and
numerous cyclopentadienyl derivatives with various metals have been studied giving good reviews
in organic and inorganic chemistry [2-5]. As ferrocene is an aromatic compound with reactivity more
than million times that of benzene, it undergoes many reactions characteristic of aromatic compounds
[6]. Functional groups can easily be introduced to the electron-donating ferrocene. The reversible
electrochemical behaviour of the Fe'""! redox couple in ferrocene-containing compounds allows for
electrochemical and reactivity studies of the functionalised ferrocene derivatives [7]. Ferrocene-
containing compounds thrive and are primarily stimulated by their successful applications including
asymmetric catalysis [7-9], non-linear optics [7] and especially electrochemistry due to the ideal
redox behaviour of the Fe'""' couple [7,10]. The electrochemical behaviour of four carboxy-
substituted ferrocene molecules has been studied in CH3CN [11]. It was found that separating the
ferrocene moiety from the electron-withdrawing carbonyl group via varying alkyl chain lengths
affected the redox potential of ferrocenes Fe'""' couple [12]. Here we present the synthesis,
characterization and a comprehensive electrochemical study of six carboxy-substituted ferrocene
molecules FcCO,H (1), FcCH2CO2H (2), F¢(CH)>CO-H (3), Fc(CH)2CO2H (4), Fc(CH2);COH (5)
and FcCO(CH»)2CO:2H (6), see Figure 1. The goal of the study is to explore the effect on the value
of the Fe'"""" redox couple of (i) the solvent acetonitrile (CHsCN) versus a non-coordinating solvent

dichloromethane (DCM) [13], (ii) the carbonyl group, (iii) isolated and non-isolated carboxylic

12



groups, (iv) different alkyl chain lengths between Fc and the CO moieties and (v) the amount of

substituents on Fec.

(0} (0} (0} o

@7)\011 <= " @7/\)\011 ©/\)\0H @7/\/\([)]/0“ @)WOH
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&> ) 2 > 3) S @ B ) > (6)

Figure 1 Structures of FcCO;H (1), FcCH2COzH (2), Fc(CH).COzH (3), Fc(CH).COzH (4), Fc(CH,)sCOzH (5) and
FcCO(CH2)2.CO2H (6).

Experimental Section
Reagents and Materials

Solid reagents (Sigma-Aldrich, Strem and Merck) were used as received. Liquid reagents (Sigma-
Aldrich and Merck) were used without any further purification unless specified otherwise. Solvents
were distilled, and water was double distilled. Organic solvents used in this study were dried
according to published methods [14]. Melting points are uncorrected and were determined with an

Olympus BX 51 microscope equipped with a Linkam THMS 600 hot stage.

Spectroscopy Measurements

'H and BC NMR spectroscopic analysis were performed for all compounds in the study. *H NMR
spectra were recorded at 600.28 MHz at 25°C on a 600 MHz AVANCE Il NMR spectrometer while
13C NMR spectra were recorded at 150.95 MHz at 25°C. Hydrogen and carbon chemical shifts are

relative to hydrogen and carbon in CDCls at 7.24 ppm and 77.16 ppm, respectively. The following
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abbreviations are used to describe peak patterns: s = singlet, d = doublet, dd = doublet of doublets, t
= triplet, g = quartet and m = multiplet. Solid-state Fourier Transform infrared measurements were
performed on a Thermo Scientific Nicolet iS50 Attenuated Total Reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) spectrometer using the iS50 ATR option running OMNIC

software (Version 9.2).

Synthesis of ferrocene precursors

The following derivatives were required as substrates for the ferrocenyl carboxylic acid derivatives.
They were synthesised using literature methods: 2-chlorobenzoyl ferrocene [15], ferrocenyl
acetonitrile [16], ferrocenecarboxaldehyde [17] and p-ferrocenoylpropionic acid [18] (see the

supporting information for the reaction procedures and characterisation data).

Synthesis of carboxy-substituted ferrocenes (1 — 6)

FcCOH (1), FecCH2COH (2), Fe(CH),CO:H (3), Fe(CH,),CO2H (4), Fe(CH);CO-H (5) and
FcCO(CH2).COzH (6) were synthesised using slight modifications to literature methods [12] to
improve yields and to simplify the reaction setup. The reaction schemes for the synthesis of the
ferrocenyl carboxylic acid derivatives, (1 - 6), are given in Scheme 1. The *H and **C NMR of each

in the supporting information.
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Preparation of FcCO:H (1), [12]: 2-Chlorobenzoyl ferrocene (1.75 g, 0.005 mol) was added to a
mixture of potassium tertiary butoxide (13 g, 0.115 mol) and water (0.61 cm? 0.034 mol) in
dimethoxyethane (0.1 dm?) under an argon atmosphere. The mixture produced a yellow slurry which
was refluxed for 24 hours. After cooling the mixture, ice water (0.3 dm®) was added, and the resulting
solution was washed with ether (3 x 0.1 dm?). The aqueous phases were combined and acidified with
concentrated hydrochloric acid. The residue was collected by filtration, washed thoroughly with
water and air-dried, yielding 1.01 g (80 %) of as light-yellow crystals. m.p.: 156 — 162 °C. NMR: on
(600.28 MHz, CDCl3, 25 °C): & 4.84 (2 H, pt, 2 x CHa: Substituted-Cp), 4.45 (2 H, pt, 2 x CHa:
Substituted-Cp), 4.24 (5 H, s, Unsubstituted-Cp). *°C NMR: ¢ (150.95 MHz, CDCl;, 25 °C): §
168.24 (1C, C=0), 70.23 (1C, C-COzH), 69.72 (5C, Unsubstituted-Cp), 68.42 (2C, Substituted-Cp),

66.24 (2C, Substituted-Cp).

Preparation of FcCH,CO:H (2), [12]: To a solution of potassium hydroxide (1 g, 0.018 mol) in
water (10 cm?), a suspension of the ferrocene acetonitrile (0.2 g, 0.00074 mol) in ethanol (5 cm?) was
added and refluxed for 5 hours until the evolution of ammonia had ceased. Most (> 95 %) of the
ethanol was removed under reduced pressure. The residual suspension was dissolved in water (50
cm?), extracted with ether (2 x 50 cm?) and filtered. The solution was acidified with 2 M HCI and the
precipitate filtered, washed and air-dried to yield 0.110 g (51 %) as a white powder. m.p.: 159 — 165
°C. NMR: 0y (600.28 MHz, CDCl3, 25 °C): 6 4.21 (2 H, pt, 2 x CHa: Substituted-Cp), 4.13 (5 H, s,
Unsubstituted-Cp), 3.73 (2 H, pt, 2 x CHa: Substituted-Cp), 3.38 (2H, s, CH,). *C NMR: dc (150.95
MHz, CDClI3, 25 °C): 8 172.34 (1C, C=0), 82.44 (1C, C-CO:H), 69.19 (5C, Unsubstituted-Cp), 68.31

(2C, Substituted-Cp), 67.97 (2C, Substituted-Cp), 39.84 (1C, CHo).

Preparation of Fe(CH)CO:H (3), [19]: Ferrocenecarboxaldehyde (1.5 g, 0.006 mol), malonic acid

(1.785 g, 0.017 mol) and piperidine (0.56 cm®) were dissolved in pyridine and heated in an oil bath
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at 110 °C for 2 hours under an argon atmosphere. The cooled solution was diluted with water and
extracted with chloroform. The chloroform extracts were washed with 1 M HCI (2 x 100 ¢cm?) and
water (2 x 100 cm?) before the acrylic acid was extracted with ice-cooled 2 M NaOH (200 cm?).
While effectively cooling the solution with ice, the water phase was acidified with 1 M HCI and the
precipitate filtered, washed with water and air-dried to yield 1.58 g (90 %) as a yellow powder. m.p.:
132 — 138 °C. NMR: d1 (600.28 MHz, CDCl;, 25 °C): 8 7.64 (1H, d, CH»), 6.01 (1H, d, CH>), 4.50
(2 H, pt, 2 x CHaz: Substituted-Cp), 4.42 (2 H, pt, 2 x CHaz: Substituted-Cp), 4.15 (5 H, s,
Unsubstituted-Cp). '*C NMR: ¢ (150.95 MHz, CDCls, 25 °C): § 172.29 (1C, C=0), 148.76
(1C,CH=CH), 113.73 (1C,CH=CH), 78.26 (1C, C-COzH), 71.44 (2C, Substituted-Cp), 69.92 (5C,

Unsubstituted-Cp), 69.05 (2C, Substituted-Cp).

Preparation of Fc¢(CH2):CO:H (4), [12]: 3-Ferrocenylacrylic acid (0.250 g, 0.00082 mol), H»/Pd
(5% Pd on Carbon), (0.030 g) was suspended in absolute ethanol (50 cm?). The suspension was stirred
under a 10-bar hydrogen atmosphere for 20 hours before the reaction mixture was filtered through 2
cm of silica gel. Equal volumes of water and ice were added to the yellow ethanolic mixture. The
solution was extracted with diethyl ether (2 x 250 cm?) the combined ether extracts were thoroughly
washed with water to remove the excess ethanol. The solution was dried over MgSO4 and evaporated
under reduced pressure to yield 0.177 g (71%) an off-white powder. m.p.: 124 — 138 °C. NMR: Ju
(600.28 MHz, CDCls, 25 °C): 6 4.12 (5 H, s, Unsubstituted-Cp), 4.09 (2 H, pt, 2 x CH»: Substituted-
Cp), 4.07 (2 H, pt, 2 x CHa: Substituted-Cp), 2.66 (2H, d, CH>), 2.59 (2H, d, CH,). 1*C NMR: Jc
(150.95 MHz, CDCl3, 25 °C): 6 179.37 (1C, C=0), 87.49 (1C, C-CO2H), 68.89 (5C, Unsubstituted-

Cp), 68.23 (2C, Substituted-Cp), 67.75 (2C, Substituted-Cp), 35.53 (2C, CH2-CH>).

Preparation of Fc(CH2)3:CO:H (5), [12]: Ferrocenyl-methyl-butyrate (0.150 g, 0.00045 mol) was

dissolved in ethanol (25 cm®) followed by the addition of sodium hydroxide solution (25 cm?, 2 M).
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The solution was stirred for 1 hour at room temperature followed by the addition of ice (25 m?) and
washed with cold diethyl ether (3 x 50 cm®). While cooling the solution by adding fresh ice chunks,
the water phase was acidified with 1 M HCI and the precipitate filtered, washed and air-dried to
liberate 0.132 g (93 %) as an off-white powder. m.p.: 120 — 124 °C. NMR: Ju (600.28 MHz, CDCl3,
25°C): 6 4.12 (5 H, s, Unsubstituted-Cp), 4.09 (2 H, pt, 2 x CHa: Substituted-Cp), 4.07 (2 H, pt, 2 x
CHa: Substituted-Cp), 2.38 (2H, d, CH>), 1.84 (2H, d, CH>), 0.86 (2H, m, CH>). *C NMR: dc (150.95
MHz, CDCls, 25 °C): 6 179.42 (1C, C=0), 82.44 (1C, C-CO2H), 68.31 (2C, Substituted-Cp), 67.48
(5C, Unsubstituted-Cp), 66.24 (2C, Substituted-Cp), 33.45 (2C, CH,-CH,-CH>), 28.88 (1C, CHa-

CH,-CHa).

Preparation of FcCO(CH3),CO:zH (6), [10]: Succinic anhydride (0.250 g, 0.00215 mol) dissolved
in dichloromethane (25 ¢cm®) was added to a mixture of ferrocene (0.250 g, 0.0215 mol) and
aluminium chloride (0.76 g, 0.0056 mol) in dichloromethane (25 cm?) under a nitrogen atmosphere.
The reaction mixture was refluxed for 24 hours. After cooling, ice-cold water (40 cm?) was added
and the aqueous layer extracted twice with dichloromethane. The combined dichloromethane extracts
were thoroughly washed with water. The organic phase was then extracted twice with equal amounts
of 2 M NaOH. While cooling the solution with ice, the water phase was acidified with 1 M HCl and
the precipitate filtered, washed with water and air-dried to liberate 1.1 g (74 %) as orange crystals.
m.p.: 134 — 148 °C. NMR: 0y (600.28 MHz, CDCl3, 25 °C): 6 4.80 (2 H, pt, 2 x CH2: Substituted-
Cp), 4.51 (2 H, pt, 2 x CHaz: Substituted-Cp), 4.22 (5 H, s, Unsubstituted-Cp), 3.07 (2H, d, CH>), 2.75
(2H, d, CH»), 0.86 (2H, m, CH>). 1*C NMR: dc (150.95 MHz, CDCls, 25 °C): § 202.54 (1C, C=0),
171.21 (1C, COzH), 80.38 (1C, C-CO:H), 72.55 (2C, Substituted-Cp), 70.14 (5C, Unsubstituted-Cp),

69.41 (2C, Substituted-Cp), 34.23 (2C, CH,-CH>).
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Cyclic Voltammetry

All the electrochemical experiments were performed in an M Bruan Lab Master SP glove box under
a high purity argon atmosphere (H20 and Oz < 10 ppm). Cyclic voltammetry (CV) measurements
were performed utilising a Princeton Applied Research PARSTAT 2273 potentiostat, running
Powersuite software (Version 2.58). A three-electrode cell was used. A glassy carbon electrode with
a surface area 3.14 x 10° m? was chosen as working electrode, platinum wires were chosen as
auxiliary and reference electrodes. The glassy carbon working electrode was polished and prepared
before every experiment on a Buhler polishing mat first with 1-micron and then with ¥-micron
diamond paste, rinsed with H>O, acetone and dichloromethane (DCM), and dried before each
experiment. Electrochemical analysis of the complexes was performed in DCM (anhydrous, >99.8%,
contains 40-150 ppm amylene as a stabiliser) and CH3CN (anhydrous, > 99.8%) at room temperature.
Solutions were made in 0.001 dm? spectrochemical grade anhydrous DCM or CH3CN containing ca.
0.0005 M of analyte, 0.0005 mol dm™ of internal reference (decamethylferrocene, DmFc) and 0.1
mol dm= of supporting electrolyte tetrabutylammonium tetrakispentafluorophenylborate,
[N("Bu)s][B(CeFs)s] in DCM, or tetrabutylammonium hexafluorophosphate, TBAPFs,
[N("Bu)4][PFs] in CH3CN. Experimental potential data was collected vs. the Pt wire reference
electrode but is reported vs. the redox couple of ferrocene, Fc/Fc* at 0 V. E®(DmFc) = - 0.610 V vs.
Fc/Fc* at 0 V in DCM/[N("Bu)4][B(CsFs)4] and at -0.520 vs. Fc/Fc* at 0 V in CH3CN/[N("Bu)4][PFes].
Scan rates were between 0.05 and 5.00 Vs, Electrochemical reversibility (or Nernstian behaviour)
of redox processes is indicated by a peak current ratio (ipc/ipa for oxidation and ipa/ipc for reduction)
of 1 [20,21] and peak current separation AE = |Epa— Epc| = 0.059 V for a one-electron transfer process
[13]. In this experiment, due to experimental cell imperfections and ohmic drop effects, AE;, slightly

larger than 0.059 V was obtained, even for the known 1 e" transfer processes of ferrocene, Fc*/Fc
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(0.082 V in CH3CN and 0.072 V in DCM) and decamethylferrocene, DmFc*/DmFc (0.079 V in

CH3CN, 0.060 V in DCM) couples [22-24].

DFT calculations

Density functional theory (DFT) calculations were performed on the neutral molecules using the
B3LYP [25-27] functional, as implemented in the Gaussian 16 package [28], and the triple- basis
set 6-311G(d,p). DFT calculations on neutral molecules were also performed using the OLYP [26,29]
functional as implemented in the ADF package [30] with the all-electron Slater-type TZP (Triple ¢
polarised) basis set. All calculations were performed in the gas phase and DCM (e=8.9) and CH3CN
(e=37.5) as solvents. The implicit solvent Polarizable Continuum Model (PCM) [28] that uses the
integral equation formalism variant (IEFPCM) [31] was used for solvent calculations in Gaussian.
For calculations using ADF [32], the COSMO (Conductor like Screening Model) model of solvation

[33-35] with the Esurf type of cavity [36], was used.

Results and Discussion

Synthesis

Ferrocenyl carboxylic acids (1 — 6) were synthesised in multigram quantities using slightly modified
methods than previously published [7,10,13], to improve yields and to simplify the reaction setup.
The reactions are shown in Scheme 1, with detailed synthetic methods and characterisation in the
experimental section. Special care was taken to work under strict Schleck conditions to avoid a drastic

decrease in yield.

19



Fe O @

(PN
o)
x
CH,(COOH), @/\)J\OH

Pyridin 3)
Pigeridi:e @
o o)
Q/\)J\OH H,/Pd @/\)j\ml
F Fe
=t o g @
©/\/\n/0Me 1. NaOH ©/\/\H/OH
T J 2. HCI . ) )
o mo 2> ®
0
OH
@ O%L() @)W
Fe B —— Fle (0} 6)
S e (

Scheme 1. Reaction scheme of FcCOzH (1), FcCH2CO:H (2), Fc(CH).CO2H (3), Fc(CH2)2CO2H (4), Fc(CH2)3COH (5)
and FCCO(CH2)2COZH (6)

Cyclic Voltammetry

The CV’s of the acids (1 - 6) performed at 25°C in CH3zCN and DCM as the solvent, at a scan rate of
0.100 V s, are shown in Figure 2 (6) and Figure 3 (1 - 6), with electrochemically relevant data
summarised in Table 1. The CV’s at different scan rates varying from 0.050 — 5.00 V s, with data
tables are provided in the Supplementary Information. The formal reduction potentials of each of the
ferrocenyl acid derivatives (1) - (6) were found to be independent of scan rate.
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Effect of the solvent

The redox properties of ferrocenyl carboxylic acids were examined using cyclic voltammetry (CV’s)
in CH3CN and DCM as solvent. Figure 2 compares the CV’s of (6) in CH3CN and DCM as solvent
at a scan rate of 0.100 V s, using DmFc as the internal standard. The formal reduction potential of
the ferrocenyl group of (6) occur ca. 0.1 VV more positive in DCM than in CH3CN as the solvent,
while the formal reduction potential of DmFc occurs ca. 0.09 V more negative in DCM than in
CH3CN as the solvent. Similarly, the formal redox potential of the ferrocenyl group of (1 - 5), all
occur ca. 0.1 V more positive in DCM than in CH3CN as solvent (Figure 3, Table 1). The observation
that positive (negative) redox potentials vs. Fc/Fc* shift more positive (negative) in DCM than in
CH3CN as solvent, agree with published CV’s of Fischer tungsten carbene complexes, where it was
found that the peak reduction potential of the irreversible tungsten-based oxidation process in DCM
is 0.05-0.25 V higher (more positive) than the peak reduction potential in CH3CN, while the carbene
ligand-based reduction process in DCM is observed at a potential 0.05-0.43 V lower (more negative)
than in CH3CN [37]. Comparing the electrochemical data obtained in DCM/[N("Bu)4][B(CsFs)4] and
CHsCN/[N("Bu)s][B(PF)s], both sets of experiments gave reversible chemical results with peak
current ratios of 1. CV’s obtained in DCM, however, have slightly smaller peak current-voltage
separations AEp, ranging from 0.067 to 0.079 V in DCM, and from 0.072 to 0.082 V CHsCN.
Previously reported electrochemical studies on ferrocenyl carboxylic acids (1), (2), (4) and (5), were
performed in CH3CN as solvent and LiClOs as electrolyte [12], with larger AE, values, ranging from
0.096 to 0.110 V CH3CN, see the results summarised in Table 1. The solvent DCM (of low polarity)
minimises  solvent—compound interactions, while the chosen supporting electrolyte,

[N("Bu)4][B(CsFs)4], reduces nucleophilic attack by the electrolyte anion [38-41], providing better
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conditions for anodic electrochemical studies of multi-ferrocenyl compounds [13,37]. The Fe!"!"

redox potential of (1), (2), (4) and (5) obtained in CH3CN in this study, compare well with previously

published data [12] within 0.005 - 0.024 V.
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Figure 2. CV of 0.0005 M ferrocenyl carboxylic acid (6) in DCM as solvent (bottom) and CH3CN as solvent (top) at a
scan rate of 0.100 V s, Scans initiated in the positive direction from ca. -0.9 V vs. Fc/Fc*.
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Figure 3. Stacked CV’s of 0.0005 M ferrocenyl carboxylic acids (1 — 6) in (a) DCM (b) CH3CN as solvent at a scan

rate of 0.100 V s. Scans initiated in the positive direction from ca. -0.9 V vs. Fc/Fc*.

Influence of carbonyl group

The CV’s in Figure 3 shows that the carbonyl group has an electron-withdrawing effect on the formal
reduction potential of the ferrocene group. The formal reduction potential E°’of Fe in (1) and (6),
both with a carbonyl group directly attached to Fc, is ca. 0.2 (CH3CN) and 0.3 V (DCM) more
positive than the formal reduction potential of free ferrocene at 0 V. Ferrocene acid (6) has two
carbonyl groups, the first directly bound to the ferrocene group and the second bridged by two
additional CHz groups. The effect of the carbonyl group directly attached to the ferrocene group is

the main reason for the formal reduction potential shift. The much smaller effect of the second
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carbonyl group on E”of Fe in (6) is observed where E”of Fe in (6) is insignificantly slightly higher

than E°’of Fe in (1) by 0.011 V in DCM and 0.002 V in CH3sCN.

Effect of the non-isolated carboxylic group

The carboxylic acid group (-COOH in (3)) is connected to the ferrocenyl group Fc via a -C(H)=C(H)-
double bond, allowing for good communication between -COOH and Fc via w-orbitals (also see the
computational section below, for a molecular orbital view of the communication via n-orbitals). In
(4) the -COOH group is connected to Fc via a—C(H2)-C(H2)- single bond, hampering communication
between -COOH and Fe in (4). We will thus refer to (4) as having an isolated -COOH group and to
(3) as having a non-isolated -COOH group. The effect of isolated (4) and non-isolated (3) -COOH
groups on the formal reduction potential of Fc is shown in the CV’s, see Figure 4. The formal
reduction potential E°’ of the ferrocene group of (3) that is not isolated from the electron-withdrawing
effect of the carbonyl group, is at 0.066 V (CH3zCN) and 0.170 V (DCM) vs. Fc/Fc*, while E°’of the
ferrocene group of (4) that is more isolated from the electron-withdrawing effect of the carbonyl
group, is lower, at -0.113 V (CH3CN) and -0.015 V (DCM) vs. Fc/Fc*, 0.179 V (CH3CN) and 0.185
V (DCM) more negative than E°’ of (3), see Figure 4. The electron-withdrawing -COOH group
withdraws electron density from Fe in (3), making Fc of (3) more difficult to be oxidized at a higher
potential, namely 0.066 V (CHsCN) and 0.170 V (DCM) more positive than the reduction potential
of free ferrocene at 0 V. The electron-withdrawing -COOH group withdraws less electron density
from Fe in (4), than in (3), due to the weaker communication between -COOH and Fc in (4) via the

—C(H2)-C(Hz2)- single bond than the -C(H)=C(H)- double bond in (3).
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Figure 4. CV’s 0of 0.0005 M ferrocenyl carboxylic acids (3) and (4) in DCM as the solvent for (a) and CH3CN for (b) at

a scan rate of 0.100 V s,

Effect of chain length

The ferrocenecarboxylic acids (1), (2), (4) and (5) are of the form Fc(CH2),CO:H (n=0 (1), 1 (2), 2
(4) and 3 (5)) with an increasing number of CH> spacers separating the ferrocenyl group from the
carbonyl group. Figure 3 shows how the shift of the formal reduction potential E°’ of the ferrocene
group in relation to the proximity of the carbonyl group to the ferrocene group in the acid derivative.
The carbonyl group is electron-withdrawing and in DCM the formal reduction potential E°* of the
ferrocene group of (1) is at 0.284 V compared to free ferrocene at 0 V. With one isolating CH2 group
between ferrocene and the carbonyl group the formal reduction potential shift decreases significantly

by 0.270 V t0 0.014 V (DCM). In acid (4) and (5) with the carbonyl group isolated by two and three
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CHa groups respectively, with E°” of the ferrocene group decreases to -0.015 V ((4) DCM) and -
0.024 V ((5) DCM) respectively. The formal reduction potentials of Fc in each of the ferrocenyl acid
derivatives (1), (2), (4) and (5) became exponentially smaller (less positive) with an increase in
(CH2)-chain length, see Figure 5, becoming constant after ca. n = 4. This is since the longer the
(CH2)n chain lengths, the more successfully the electron-withdrawing properties of the carbonyl
group is isolated from the electron-donating ferrocene group. This trend was observed in both DCM
and CHsCN as solvents. Similar behaviour was observed for E°’ of the ferrocene group of
Fc(CH2)nSH and Fc(CH2)nOH [43], also containing CH2 spacers separating the ferrocenyl group from

the electron-withdrawing SH and OH group respectively.
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Figure 5. Relation between E® and the number of CH, groups in the side chain of Fc—(CH2)n—-COOH for FcCO,H (1),
FcCH,CO.H (2), FC(CH2)2COZH (4) and FC(CH2)3C02H (5)

Effect of number of substituent groups

The formal reduction potential E°* of the Fe in (1 - 6) in CH3CN as solvent varies over a range of
0.31 V between 0.180 and -0.131 V, all around E°* of Fc at 0 V. E°’ of the Fe in (1), (3) and (6) is
higher, and E°’ of the Fe in (2), (4) and (5) is lower than E°* of Fc at 0 V. Each of (1 - 6) has one
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substituent group on Fc. The formal reduction potential E°* of DmFc with ten CHs substituents on
Fc, is much lower, namely -0.480 in CH3sCN. E°’ (in CH3CN) of the Fe in Fe(CpMes)(CpMes),
Fe(Cp)(CpMes) and Fe(CpMe)(CpMe) with 8, 5 and 2 CHz substituents on Fc, is -0.346 [44], -0.300
V [45] and -0.057 [46] vs. Fc/Fc* respectively (Table 2). There is a linear relationship between E©’
of the Fe in Fe(CpMen1)(CpMen2) and the total number (n1+n2) of CHs substituents, see Figure 6.

The electron-donating property of the CHs groups directly bonded to Fc is thus additive.
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Figure 6. The relation between E° and the number of CH3 substituent groups on ferrocene (black dots). Data for

complexes (1 — 6) with one substituent group on Fc, shown with blue triangles. Data in Table 2.
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Table 1. Cyclic voltammetry data of ferrocenyl carboxylic acids (1 — 6) in DCM and CH3CN containing 0.1 mol dm= [N("Bu)4][B(CsFs)4] as supporting
electrolyte at a scan rate of 0.100 V s at 25°C.

DCM CH:CN A‘EH(S%?)‘ Ref.
iva (RA), ipclips  Epa (V) E” (V),AEp (V)  ipa (BA), inclipa  Epa (V) E° (V), AEp (V)
Ferrocene DmFe 3.6, 0.99 0573 -0.610,0.074 3.74,0.99 0480  -0.520,0.079 -0.090  this work
Fe 3.81, 0.99 0.036  0,0.072 3.92, 0.99 0.040  0,0.080 0 this work
FeCO:H DmFe*  3.47,0.99 0580 -0.610,0.060 3.21, 0.99 -0.480  -0.520,0.080 -0.090  this work
1 Fe 3.60, 0.99 0321  0.284,0.074 3.86, 0.99 0218  0.178,0.080 0.106 this work
0202 0.154, 0.095 [12]b
FcCH.CO:H DmFc®  3.65, 0.9 0580 -0.610,0.060 3.35, 0.99 0481 -0.520,0.078 -0.090 this work
2 Fe 3.79, 0.99 0.047  0.014,0.067 3.57,0.99 -0.047  -0.088,0.082 0.102 this work
20026 -0.076,0.100 [12]®
Fc¢(CH):CO:H DmFc*  3.25,0.99 0579 -0.610,0.061 3.82, 0.99 -0.480  -0.520,0.080 -0.090  this work
3 Fe 3.36, 0.99 0210 0.170,0.079 3.93, 0.99 0.105  0.066,0.078 0.104 this work
Fe(CH2:CO:H | DmFe*  3.74,0.99 0579 -0.610, 0.060 3.58, 0.99 0482 -0.520,0.076 -0.090  this work
4 Fe 3.87,0.99 0.020  -0.015,0.070 3.74,0.99 0077 -0.113,0.072 0.098 this work
20.056  -0.106,0.100 [12]®
Fe(CH2sCO:H | DmFe*  3.89,0.99 0579 -0.610,0.061 3.64,0.99 0482 -0.520,0.075 -0.090  this work
5 Fe 3.98, 0.99 0.011  -0.024,0.070 3.83,0.99 20092 -0.131,0.078 0.107 this work
0071 -0.126,0.110 [12]®
FcCO(CHz):CO:H | DmFe*  3.51,0.99 0580 -0.610,0.060 3.13, 0.99 -0.480  -0.520,0.080 -0.090 this work
6 Fe 3.66, 0.99 0330  0.295,0.070 3.52,0.99 0220 0.180, 0.080 0.115 this work

& Internal standard decamethylferrocene, DmFc
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b Reported vs. SCE [12]; to convert to potential vs. Fc*/Fc for comparative reasons, a correction value of 0.416 V was used, obtained
from E°' (Fc/Fc*) = 0.66(5) V vs. SHE in [n(Bus)N][PFe]/CH3sCN [47], and thus E°' (Fc/Fc*) = (0.66 - 0.2444) = 0.416 V vs. SCE (SCE

=0.2444 V vs. SHE.)

Table 2. Experimental formal reduction potentials obtained in DCM and CH3CN (vs. Fc/Fc*) and the DFT calculated HOMO energies of ferrocenecarboxylic

acids (1 — 6) as well as substituted ferrocenyl compounds from literature.

Experimental

Calculated B3LYP

Calculated OLYP

No of sub-  E°vs. E° vs. Enomo eV in Enomo eV Enomo eV Enomo eV

stituent Fc/Fc*  Fc/Fc'in | DCM in CHsCN | in DCM in CHsCN | Ref.

groups inDCM CHsCN solution solution solution solution
Ferrocene 0 0 0 -5.48 -5.49 -4.07 -4.07 this work
Decamethylferrocene 10 -0.610 -0.520 -4.88 -4.90 -3.47 -3.46 this work
FCCOzH — (1) 1 0.284 0.177 -5.79 -5.80 -4.46 -4.16 this work
Fc(CH2).CO2H — (2) 1 0.010 -0.088 -5.51 -5.52 -4.15 -4.37 this work
Fc(CH)2CO2H — (3) 1 0.170 0.066 -5.70 -5.70 -4.39 -4.13 this work
Fc(CH2).CO2H — (4) 1 -0.019 -0.113 -5.48 -5.48 -4.14 -4.07 this work
Fc(CH2)3CO2H — (5) 1 -0.025 -0.131 -5.42 -5.44 -4.06 -4.46 this work
FcCO(CH2)2CO2H - (6) 1 0.295 0.180 -5.78 -5.79 -4.48 -4.36 this work
Fe(CpMes)CpMeys) 8 - -0.346 - -5.01 - -3.54 [44]
Fe(Cp)(CpMes) 5 - -0.300 - -5.13 - -3.77 [45]
Fe(CpMe)(CpMe) 2 - -0.057 - -5.36 - -3.94 [46]
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Computational Analysis

The ferrocenecarboxylic acids (1 — 6), ferrocene and the substituted ferrocenes, Fe(CpMes)(CpMes)
(DmFc), Fe(CpMes)(CpMes), Fe(Cp)(CpMes) and Fe(CpMe)(CpMe) were optimized using DFT.
On a molecular level, the highest occupied molecular orbital (HOMO) of these molecules, provide
information of where the electrons are removed during the oxidation process of these molecules. As
expected, the HOMOs of all these molecules are of mainly iron-d character, involving Fe(II) to Fe(I1I)
oxidation, see Figure 7. The HOMO of (3) clearly shows the communication between the carbonyl

group and ferrocenyl along 7 bonds in (3), that is absent in the HOMO of (4).

g’y)“

Fc(CH).COH Fc(CH»).COH
3) 4)
Figure 7. B3LYP/6-311G(d,p) optimised structures (top) and HOMOs (bottom) of ferrocenyl carboxylic acids (3) and
(4). Colour code (online version): Fe (purple), O (red), C (dark grey), H (white). Contour used for the HOMO plots is
0.015¢ A,

Furthermore, the ease of oxidation (energy in eV to remove an electron from the HOMO), is related
to the energy of the HOMO; less energy (lower oxidation potential) is needed to remove an electron

from a higher energy HOMO than from lower energy, more stable, HOMO. Thus, HOMO energies
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and formal reduction potentials are inversely proportional. The relationship between the experimental
formal reduction potential £°” of Fe in these molecules vs. DFT calculated HOMO energies are shown
in Figure 8, with the data summarised in Table 2. The relationships result in the following linear
mathematical relationships using experimental formal reduction potential E£°’ data, and DFT
calculated HOMO energies, using B3LYP/6-311G(d,p) or OLYP/TZP, calculated in the experimental

solvent (gas phase DFT results provided in the Supplementary Information):

E® exp.ocm = - 0.872 Enomo,pem — 3.61 (R?=10.98)
E"exp.cHacn = - 0.617 Evomo.chaen — 2.59 (R2 = 0.91)
E®exp.nom = - 0.977 Eromo pem — 5.37 (R? = 0.99)
E° exp.cHacn = - 0.669 Enomo,crsen — 3.72 (R?=0.93)

Since the HOMO energies are inversely proportional to the experimental formal reduction potentials,
their relationship results in a graph with a negative slope. The relationships in Figure 8 can be used

to predict the formal reduction potential of related substituted ferrocenes.

31



0.75 1

. (b) ¥ = -0.669x-3.722
10 (a) y=-0.977x-5.368 = 025 R*=0.933
= R2=0.993 S e
=) e (=
= 0254 - Y
@ LN ES S
N [ ]
> L 1S z LN
~ N ) N
= N Z 025 N
2 025 N < e
Q N R : N
e \\ 8 [ ]
N -
ky * i
0.75 r . \ 0.75 : : .
-6.00 5.50 -5.00 -4.50 -6.00 5.50 5.00 -4.50
Egomo (DCM) / eV Enomo (CH3CN)/ eV
0.75
"
) + d
= (c) o () y=-0.617x-2.593
S y=-0.872x-3.607 5 0 R?=0.914
=~ o (RE-0984 2 <
§ 0.25 4 \ I’ \.\
PN = ~ e
- \ > “ ®
: \‘l ~ ‘.\
= A z "
N -0.25 4 \
8 -0.25 1 S Q L
~— N : ~
- N N
?_u N 9, .
N -
. k
-0.75 T T T \ -0.75 T T T ]
-5.00 -4.50 -4.00 -3.50 -3.00 -5.00 -4.50 -4.00 -3.50 -3.00
Egomo (DCM) / eV Epomo (CH3;CN)/ eV

Figure 8 Linear relationships of calculated Exomo vs. experimental = using (a) B3LYP/6-311G(d,p) Enomo calculated
in DCM vs. E° in DCM, (b) B3LYP/6-311G(d,p) Enowmo calculated in CHsCN vs. E° in CH3CN, (c) OLYP/TZP Erowmo
calculated in DCM vs. E° in DCM, and (d) OLYP/TZP Enomo calculated in CH3CN vs. E° in CHsCN. Datain Table 2

Conclusions

The experimental formal reduction potential of Fe in the six ferrocenyl carboxylic acid dyads (1 — 6)
is ca 0.1 V higher in dichloromethane than in acetonitrile. The electron-withdrawing effect of the
carboxy group on the reduction potential of the ferrocenyl group became exponentially smaller as the
length of the alkyl chain separating the two groups increases. The formal reduction potential of Fe is
also affected by the electron-withdrawing carbonyl group depending on whether the carbonyl group
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is directly bonded to ferrocenyl or is isolated from ferrocenyl by an sp® hybridised carbon atom
backbone or by an sp? hybridised carbon atom backbone. The DFT calculated HOMO energies are

inversely proportional to the experimental formal reduction potential.

Supplementary Information

The synthesis and characterisation, additional graphs, tables, and optimised coordinates are provided

in the Supporting information.
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Abstract

Redox data obtained from cyclic voltammetry experiments of the Fe!V!!

oxidation of six ferrocenyl
carboxylic acid dyads are presented in this data in brief article. Data is obtained from the cyclic
voltammograms at scan rates of two orders of magnitude (0.05 — 5.00 Vs™!) using (i) acetonitrile
as solvent and tetrabutylammonium hexafluorophosphate as supporting electrolyte and (ii)
dichloromethane as solvent and tetrabutylammonium tetrakispentafluorophenylborate, as the
supporting electrolyte. Data is reported versus the Fe'"™ redox couple of ferrocene. The
experimental redox potential data of the Fe'"™ oxidation of the ferrocenyl group of the six
ferrocenyl carboxylic acid dyads are ca 0.10 V lower in acetonitrile than in dichloromethane as
solvent.

Keywords

Ferrocenyl acids; cyclic voltammetry; oxidation

Specifications Table

Subject Chemistry
Specific subject area Electrochemistry
Type of data Table
Image
Graph
Figure
How data were acquired | Princeton Applied Research PARSTAT 2273 potentiostat running
Powersuite software (Version 2.58).
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Data format Raw

Analysed
Parameters for data Samples were used as synthesised. All the electrochemical experiments
collection were performed in an M Bruan Lab Master SP glove box under a high purity

argon atmosphere (H>O and O, < 10 ppm).

Description of data All electrochemical experiments were done in a 2 ml electrochemical cell
collection containing three-electrodes (a glassy carbon working electrode, a Pt

auxiliary electrode and a Pt pseudo reference electrode), connected to a
Princeton Applied Research PARSTAT 2273 electrochemical analyser.
Data obtained were exported to excel for analysis and diagram preparation.

Data source location Institution: University of the Free State

City/Town/Region: Bloemfontein
Country: South Africa

Data accessibility With the article

Related research article | P.J. Swarts, J. Conradie, Solvent and substituent effect on Electrochemistry

of ferrocenyl carboxylic acid dyads” submitted to Journal of
Electroanalytical Chemistry.

Value of the Data

This data provide cyclic voltammograms and detailed electrochemical data for six
ferrocenyl carboxylic acids in both dichloromethane and acetonitrile for scan rates over
two orders of magnitude (0.05 — 5.00 Vs™).

This data illustrate the influence of the solvent used in cyclic voltammetry experiments, on
the formal redox potential of Fe of the ferrocenyl group for ferrocenyl carboxylic acids.

This data illustrate the influence of the solvent on the peak current-voltage separations,
AE,, of the Fe oxidation peak of ferrocenyl carboxylic acids.

This data illustrate the influence of electron-withdrawing carbonyl group on the iron’s
oxidation potential, depending on how close the carbonyl group is to the iron.

Accurate redox potential data of these ferrocenyl (Fc) carboxylic acid dyads are
important, since these dyads are used as ligands in organometallic complexes.
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Data

This article presents redox data of six ferrocene-containing carboxylic acids, 1 — 6, reported versus
the redox couple ferrocene (Fc) at 0, using decamethyleferrocene (DmFc) as internal standard, see
Figure 1 for the series of complexes of this data study. The cyclic voltammograms obtained in
dichloromethane (DCM) and acetonitrile (ACN) for compound 1 — 6 with DmFc as internal
standard are shown in Figure 2-Figure 13. The cyclic voltammograms of DmFc and ferrocene in
DCM and ACN are shown in Figure 14 and Figure 15. Electrochemical data obtained from the
cyclic voltammograms at scan rates 0.05 Vs —5.00 Vs are tabulated in Table 1 — Table 12 (0.10
Vs scans from [1]. Presented data is related to the research article “Solvent and substituent effect
on Electrochemistry of ferrocenyl carboxylic acid dyads” submitted to Journal of Electroanalytical
Chemistry [1]. Redox data of ferrocene-containing compounds are important for application in
asymmetric catalysis [2—4], energy transfer processes[5], biological applications [6], as additives
in high burning rate composite rocket propellants [7], non-linear optics [4], etc.

(o] (o}
Q)kOH et @7/\)%H ©/\i0H
Fe Fe O Fe Fe
FcCO,H (1) FcCH,CO,H (2) Fc(CH),CO.H (3) Fc(CH,),CO,H (4)
it ﬁ
OH OH
@/\/\H/ Q)W @ o
Fe o Fe o Fe -—
> S JeoN —
Ferrocene Decamethylferrocene
Fc(CH,);CO4H (5) FcCO(CH,),CO,H (6) (Fc) (DmFc)

Figure 1. Structure of compounds in this study used for cyclic voltammetry.

44



30 1

FeCO,H
25 A
E*'/V =0.178

20 1 E,./V =0.218
AE,/V =0.080

15 1

10 1

106 Relative Current (A)

-10 1

-15 1

-20

10 09 08 07 06 05 04 03 02 01 00 0.1 02 03 04 05 0.6 07 08

E (V vs. F¢/Fe)
Figure 2. Cyclic voltammograms in ACN of FcCO:H at scan rates 0.050 (smallest peak currents), 0.100, 0.200,
0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in a positive direction. Data for the peak
oxidation potential (Epa), the formal reduction potential (E*) and the peak current separation AE; of the Fe!V™!!
oxidation of DmFc (internal standard, left) and the indicated ferrocene-containing carboxylic acid (right) are
indicated in V.
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Figure 3. Cyclic voltammograms in DCM of FcCO:H at scan rates 0.050 (smallest peak currents), 0.100, 0.200,
0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in a positive direction. Data for the peak
oxidation potential (Epa), the formal reduction potential (E*) and the peak current separation AE,; of the Fe!"'!!
oxidation of DmFc (internal standard, left) and the indicated ferrocene-containing carboxylic acid (right) are
indicated in V.
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Figure 4. Cyclic voltammograms in ACN of FcCH:2CO:H at scan rates 0.050 (smallest peak currents), 0.100,
0.200, 0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in a positive direction. Data for the
peak oxidation potential (Epa), the formal reduction potential (E”) and the peak current separation AE; of the
Fel"™ gxidation of DmFc (internal standard, left) and the indicated ferrocene-containing carboxylic acid (right)
are indicated in V.
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Figure 5. Cyclic voltammograms in DCM of FcCH2CO:H at scan rates 0.050 (smallest peak currents), 0.100,
0.200, 0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in a positive direction. Data for the
peak oxidation potential (Ep.), the formal reduction potential (E) and the peak current separation AE, of the
Fe'"! gxidation of DmFc (internal standard, left) and the indicated ferrocene-containing carboxylic acid (right)
are indicated in V.
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Figure 6. Cyclic voltammograms in ACN of Fc(CH):CO:H at scan rates 0.050 (smallest peak currents), 0.100,
0.200, 0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in a positive direction. Data for the
peak oxidation potential (Epa), the formal reduction potential (E”) and the peak current separation AE, of the
Fel"™ gxidation of DmFc (internal standard, left) and the indicated ferrocene-containing carboxylic acid (right)
are indicated in V.
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Figure 7. Cyclic voltammograms in DCM of Fc¢(CH)2CO:H at scan rates 0.050 (smallest peak currents), 0.100,
0.200, 0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in a positive direction. Data for the
peak oxidation potential (Ep.), the formal reduction potential (E) and the peak current separation AE, of the
Fe'"! gxidation of DmFc (internal standard, left) and the indicated ferrocene-containing carboxylic acid (right)
are indicated in V.
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Figure 8. Cyclic voltammograms in ACN of Fc(CH2)2CO:H at scan rates 0.050 (smallest peak currents), 0.100,
0.200, 0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in a positive direction. Data for the
peak oxidation potential (Epa), the formal reduction potential (E”) and the peak current separation AE, of the
Fel"™ gxidation of DmFc (internal standard, left) and the indicated ferrocene-containing carboxylic acid (right)
are indicated in V.
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Figure 9. Cyclic voltammograms in DCM of Fc(CH2):CO:H at scan rates 0.050 (smallest peak currents), 0.100,
0.200, 0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in a positive direction. Data for the
peak oxidation potential (Ep.), the formal reduction potential (E) and the peak current separation AE, of the
Fe!"™ oxidation of DmFc (internal standard, left) and the indicated ferrocene-containing carboxylic acid (right)
are indicated in V.
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Figure 10. Cyclic voltammograms in ACN of Fc(CH2z);CO:zH at scan rates 0.050 (smallest peak currents), 0.100,
0.200, 0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in a positive direction. Data for the
peak oxidation potential (Epa), the formal reduction potential (E”) and the peak current separation AE; of the
Fel"™ gxidation of DmFc (internal standard, left) and the indicated ferrocene-containing carboxylic acid (right)
are indicated in V.
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Figure 11. Cyclic voltammograms in DCM of Fc(CH2);CO:H at scan rates 0.050 (smallest peak currents),
0.100, 0.200, 0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in a positive direction. Data for
the peak oxidation potential (Ep.), the formal reduction potential (E") and the peak current separation AE, of
the Fe'"! oxidation of DmFc (internal standard, left) and the indicated ferrocene-containing carboxylic acid
(right) are indicated in V.
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Figure 12. Cyclic voltammograms in ACN of FcCO(CH2):CO:H at scan rates 0.050 (smallest peak currents),
0.100, 0.200, 0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in a positive direction. Data for
the peak oxidation potential (Epa), the formal reduction potential (E*) and the peak current separation AE; of
the Fe"™ oxidation of DmFc (internal standard, left) and the indicated ferrocene-containing carboxylic acid
(right) are indicated in V.
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Figure 13. Cyclic voltammograms in DCM of FcCO(CH2):CO:H at scan rates 0.050 (smallest peak currents),
0.100, 0.200, 0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in a positive direction. Data for
the peak oxidation potential (Ep.), the formal reduction potential (E) and the peak current separation AE, of
the Fe'"'' oxidation of DmFc (internal standard, left) and the indicated ferrocene-containing carboxylic acid
(right) are indicated in V.
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Figure 14. Cyclic voltammograms in ACN of decamethylferrocene and ferrocene at scan rate 0.100 Vs''. The
scan is initiated in a positive direction. Data for the peak oxidation potential (Ep.), the formal reduction
potential (E") and the peak current separation AE, of the Fe'"'! oxidation of DmFc (internal standard, left)
and Fc (right) is indicated in V.
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Figure 15. Cyclic voltammograms in DCM decamethylferrocene and ferrocene at scan rate 0.100 Vs, The
scan is initiated in a positive direction. Data for the peak oxidation potential (Ep.), the formal reduction
potential (E”) and the peak current separation AE, of the Fe!"!! oxidation of DmFc (internal standard, left)
and Fc (right) is indicated in V.
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Table 1. Electrochemical data (potential in V vs F¢/Fc*) in ACN for c.a. 0.0005 mol dm™ of
FcCO:H at indicated scan rates (v in V/s).

v (V/s) Epa/V  AE,/V  E”/V  ipa/ pA lipclipa
DmFc

0.100 -0.480 0.080 -0.520 3.21 0.99
FcCO2H

0.050 0.217 0.078 0.178 2.16 0.99
0.100 0.218 0.080 0.178 3.86 0.99
0.200 0.218 0.080 0.178 5.54 0.99
0.300 0.218 0.080 0.178 6.59 0.99
0.400 0.219 0.082 0.178 8.01 0.99
0.500 0.219 0.082 0.178 9.04 0.99
5.000 0.219 - - - -

Table 2. Electrochemical data (potential in V vs F¢/Fc¢*) in DCM for c.a. 0.0005 mol dm™3 of
FcCO:H at indicated scan rates (v in V/s).

v (V/s) Epa/V AE,/V  E”/V  ipa/ pA  ipclipa
DmFc

0.100 -0.580  0.060 -0.610 3.47 0.99
FcCO2H

0.050 0.320 0.072 0.284 2.33 0.99
0.100 0.321 0.074 0.284 3.60 0.99
0.200 0.321 0.074 0.284 5.62 0.99
0.300 0.321 0.074 0.284 6.80 0.99
0.400 0.322 0.076 0.284 8.16 0.99
0.500 0.322 0.076 0.284 9.14 0.99
5.000 0.323 - - - -

Table 3. Electrochemical data (potential in V vs F¢/Fc*) in ACN for c.a. 0.0005 mol dm™ of
FcCH,;CO:H at indicated scan rates (v in V/s).

v (V/s) Epa/V AE,/V E®/V  ipa/ pA  ipclipa
DmFc

0.100 -0.481 0.078 -0.520 3.35 0.99
FcCH2CO2H

0.050 -0.048  0.080 -0.088  2.31 0.99
0.100 -0.047  0.082 -0.088 3.57 0.99
0.200 -0.047  0.083 -0.088 4.29 0.99
0.300 -0.046  0.084 -0.088 6.45 0.99
0.400 -0.046  0.085 -0.088 8.15 0.99
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0.500 -0.045  0.086 -0.088 10.22 0.99
5.000 -0.045 - - - -

Table 4. Electrochemical data (potential in V vs F¢/Fc¢*) in DCM for c.a. 0.0005 mol dm™3 of
FcCH2CO:H at indicated scan rates (v in V/s).

v (V/s) Epa/V  AE,/V  E”/V  ipa/ pA  ipclipa
DmFc

0.100 -0.580  0.060 -0.610 3.65 0.99
FcCH2CO2H

0.050 0.046 0.065 0.014 2.21 0.99
0.100 0.047 0.067 0.014 3.78 0.99
0.200 0.047 0.068 0.014 4.35 0.99
0.300 0.047 0.068 0.014 6.25 0.99
0.400 0.047 0.069 0.014 8.24 0.99
0.500 0.048 0.070 0.014 10.51 0.99
5.000 0.049 - - - -

Table 5. Electrochemical data (potential in V vs F¢/Fc*) in ACN for c.a. 0.0005 mol dm™ of
Fe(CH)2CO:H at indicated scan rates (v in V/s).

v (V/s) Epa/V AEp/V E®/V ipa/pA  ipipa
DmFc

0.100 -0.480 0.080 -0.520 3.82 0.99
Fc(CH)2CO:H

0.050 0.104  0.076 0.066  2.01 0.99
0.100 0.105 0.078 0.066 3.93 0.99
0.200 0.105 0.078 0.066 4.84 0.99
0.300 0.105 0.078 0.066  6.48 0.99
0.400 0.106  0.080 0.066  7.85 0.99
0.500 0.106  0.080 0.066  8.84 0.99
5.000 0.107 - - - -

Table 6. Electrochemical data (potential in V vs F¢/Fc¢*) in DCM for c.a. 0.0005 mol dm™3 of
Fc¢(CH):CO:2H at indicated scan rates (v in V/s).

v (V/s) Epa/V AER/V EY/V ipa/ pA  ipclipa
DmFc

0.100 -0.579 0.061 -0.610 3.25 0.99
Fc(CH)2CO:H

0.050 0.209  0.078 0.170  1.98 0.99
0.100 0.210 0.079 0.170 3.36 0.99
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0.200 0.210  0.079 0.170 491 0.99
0.300 0.210  0.079 0.170  6.54 0.99
0.400 0.211  0.080 0.170  7.94 0.99
0.500 0.211  0.080 0.170  8.94 0.99
5.000 0212 - - - -

Table 7. Electrochemical data (potential in V vs F¢/Fc*) in ACN for c.a. 0.0005 mol dm of
Fc¢(CH3):CO:H at indicated scan rates (v in V/s).

v (V/s) Epa/V AE,/V E”/V ipa/ pA  lipclipa
DmFc

0.100 -0.482 0.076 -0.520 3.58 0.99
Fc(CH2)2COH

0.050 -0.078  0.070 -0.113 222 0.99
0.100 -0.077 0.072 -0.113 3.74 0.99
0.200 -0.077 0.073 -0.113  4.84 0.99
0.300 -0.076  0.074 -0.113 648 0.99
0.400 -0.076  0.075 -0.113  8.39 0.99
0.500 -0.075  0.076 -0.113  9.55 0.99
5.000 -0.074 - - - -

Table 8. Electrochemical data (potential in V vs F¢/Fc¢*) in DCM for c.a. 0.0005 mol dm™3 of
Fc¢(CH3);CO:H at indicated scan rates (v in V/s).

v (V/s) Epa/V AEp,/V  E”/V ipa/ pA ipclipa
DmFc

0.100 -0.579 0.060 -0.610 3.74 0.99
Fc(CH2)2.CO2H

0.050 0.019  0.068 -0.015 2.12 0.99
0.100 0.020 0.070 -0.015 3.87 0.99
0.200 0.020  0.070 -0.015 5.11 0.99
0.300 0.020  0.070 -0.015 6.73 0.99
0.400 0.021 0.072 -0.015 8.01 0.99
0.500 0.021 0.072 -0.015 9.11 0.99
5.000 0.022 - - - -

Table 9. Electrochemical data (potential in V vs Fe/Fc*) in ACN for c.a. 0.0005 mol dm of
Fc¢(CH32)3CO:H at indicated scan rates (v in V/s).

DmkFc
0.100 -0.482 0.075 -0.520 3.64 0.99

54



Fc(CH2)3CO2H

0.050 -0.091  0.077 -0.131  2.52 0.99
0.100 -0.092 0.078 -0.131 3.83 0.99
0.200 -0.092  0.079 -0.131 5.15 0.99
0.300 -0.092  0.080 -0.131 6.95 0.99
0.400 -0.093  0.081 -0.131 8.35 0.99
0.500 -0.093  0.082 -0.131  9.69 0.99
5.000 -0.094 - - - -

Table 10. Electrochemical data (potential in V vs Fc¢/F¢*) in DCM for c.a. 0.0005 mol dm
of F¢(CH2)3:CO:H at indicated scan rates (v in V/s).

v (V/s) Epa/V AEp/V  E®/V ipa/ pA ipc/ipa
DmFc

0.100 -0.579 -0.061 -0.610 3.89 0.99
Fc(CH2)3CO2H

0.050 0.010  0.068 -0.024  2.39 0.99
0.100 0.011  0.070 -0.024 3.98 0.99
0.200 0.011  0.070 -0.024 5.26 0.99
0.300 0.012  0.072 -0.024 6.82 0.99
0.400 0.012  0.072 -0.024 8.23 0.99
0.500 0.013 0.074 -0.024 9.46 0.99
5.000 0.014 - - - -

Table 11. Electrochemical data (potential in V vs F¢/Fc*) in ACN for c.a. 0.0005 mol dm
of FcCO(CH»),CO:H at indicated scan rates (v in V/s).

v (V/s) Epa/V  AER/V  E”/V  ipa/pA  ipipa
DmFc

0.100 -0.480  0.080 -0.520 3.13 0.99
FcCO(CH2).CO2H

0.050 0.219 0.078 0.180 2.31 0.99
0.100 0.220 0.080 0.180 3.52 0.99
0.200 0.220 0.080 0.180 5.29 0.99
0.300 0.220 0.080 0.180 6.85 0.99
0.400 0.221 0.082 0.180 8.66 0.99
0.500 0.221 0.082 0.180 9.85 0.99
5.000 0.222 - - - -

Table 12. Electrochemical data (potential in V vs F¢/F¢*) in DCM for c.a. 0.0005 mol dm™
of FcCO(CH»),CO:H at indicated scan rates (v in V/s).
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v (V/s) Epa/V AE,/V  E”/V  ipa/pA  ipcfipa
DmFc

0.100 -0.580  0.060 -0.610 3.51 0.99
FcCO(CH2)CO2H

0.050 0.329 0.068 0.295 242 0.99
0.100 0.330 0.070 0.295 3.67 0.99
0.200 0.330 0.070 0.295 5.22 0.99
0.300 0.331 0.072 0.295 6.99 0.99
0.400 0.331 0.072 0.295 8.31 0.99
0.500 0.332 0.074 0.295 9.55 0.99
5.000 0.335 - - - -

Experimental Design, Materials, and Methods

Electrochemical studies through cyclic voltammetry (CV) experiments were performed in an M
Bruan Lab Master SP glove box under a high purity argon atmosphere (H20 and O2 < 10 ppm),
utilising a Princeton Applied Research PARSTAT 2273 potentiostat running Powersuite software
(Version 2.58). The cyclic voltammetry experimental setup consists of a cell with three electrodes,
namely (i) a glassy carbon electrode as working electrode, (ii) a platinum wire auxiliary and (ii) a
platinum wire as pseudo reference electrode. The glassy carbon working electrode was polished
and prepared before every experiment on a Buhler polishing mat first with 1-micron and then with
Ya-micron diamond paste, rinsed with H20, acetone and DCM, and dried before each experiment.
The electrochemical analysis is performed in dichloromethane (DCM, anhydrous, > 99.8%,
contains 40-150 ppm amylene as a stabilizer) and in acetonitrile (ACN, anhydrous, 99.8%) as
solvents, at RT. Solutions were made in 0.001 dm?® spectrochemical grade anhydrous DCM or
ACN containing ca. 0.0005 M of analyte, 0.0005 mol dm™ of internal reference
(decamethylferrocene, DmFc) and 0.1 mol dm™ of supporting electrolyte tetrabutylammonium
tetrakispentafluorophenylborate, [N("Bu)4][B(CeFs)a] in DCM, or tetrabutylammonium
hexafluorophosphate, TBAPFs, [N("Bu)s][PFs] in ACN. Experimental potential data was
measured VS. the redox couple of decamethylferrocene DmFc as internal standard and reported vs.
the redox couple of ferrocene, Fc, as suggested by IUPAC [8]. Experimental potential data was
collected vs. the Pt wire reference electrode but is reported vs the redox couple of ferrocene, Fc,
at 0 V. E> (DmFc) = - 0.610 V vs. Fc/Fc¢™ at 0 V in DCM/[N(nBu)4][B(CsFs)4] and -0.520 vs.
Fc/Fc' at 0 V in ACN/[N(nBu)4][PFs]. Scan rates were between 0.05 and 5.00 Vs,
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Synthesis

The synthetic methods reported below were modified to improve yields and simplify reaction setup.

Below is the reaction schemes for ferrocenylcarboxylic acid derivatives, 1 — 6, Scheme 1.
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Scheme 1. Reaction scheme of FcCO,H (1), FcCH,CO,H (2), Fc(CH),CO,H (3), Fc(CH,),CO,H (4), Fc(CH,);CO,H
(5) and FcCO(CH>)>CO-H (6).
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Synthesis of ferrocene derivatives

Preparation of 2-chlorobenzoyl ferrocene [1]: Ferrocene (2 g, 8.62 mmol) and 2-chlorobenzoyl
chloride (1.5 g, 9 mmol) were added to dichloromethane (40 cm®) while stirring under an argon
atmosphere. After the solution was chilled in an ice bath thoroughly, solid anhydrous aluminium
chloride (1.72 g, 12.9 mmol) was added in small portions at a rate so that the reaction mixture
temperature did not exceed 5 °C. Stirring continued for 60 minutes in an ice bath. After stirring for
16 hours at room temperature, the reaction mixture was cooled in ice. Ice water (80 cm®) was added
cautiously and the resulting mixture stirred vigorously for 30 minutes before the aqueous layer was
extracted with dichloromethane (3 x 200 cm®). The organic extracts were combined and washed with
an equal volume of water, then with 10 % aqueous NaOH (140 cm?), dried over MgSO4 and the

solvent removed under reduced pressure to yield 2.03 g (64%) as dark yellow crystals.

Preparation of ferrocenyl acetonitrile [2]: A solution of N,N,N-Trimethylaminomethyl ferrocene
iodide (500 mg, 1.162 mmol) and potassium cyanide 965 mg, 10 mmol) in water (10 cm?) was
refluxed for 3 hours. The solution was cooled to room temperature and the light-yellow precipitate
extracted with ether (3 x 20 cm®). The ether extracts were combined, washed with water, dried over
MgSO4 and the solvent removed under reduced pressure on a rotary evaporator to yield 220 mg (70

%) as a brown-yellow powder.

Preparation of ferrocenecarboxaldehyde [3]: To ice-cold argon-degassed N-methylformanilide
(16.60 cm?, 0.1344 mol, 50 eq.), phosphorus(V) oxychloride (10 cm?, 0.1075 mol, 40 eq.) was added
at a rate that ensured the solution was kept cold. The solution was then stirred for one hour after which
ferrocene (500 mg, 2.687 mmol) in 10 cm?® dry toluene was added. The reaction mixture was then
heated to 115 °C to reflux for two hours and was cooled in an ice bath. Sodium acetate (6.61 g, 80.625

mmol, 30 eq.) in 50 cm® of water was added slowly and the reaction mixture stirred at room
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temperature for 16 hours before the separated organic layer was washed with 1 M HCI, distilled water,
a saturated solution of sodium carbonate and again with distilled water. Anhydrous MgSO4 was used
to dry the organic layer. After filtration, the filtrate was distilled off under reduced pressure. The
crude product was purified by column chromatography, using hexane:diethyl ether (3:4) (Rt: 0.62) as

eluent to give 412 mg (82%).

Preparation of f-ferrocenoylpropionic acid [4]: Zinc granules (10 g) were cut to pieces smaller
than 5 mm?®. This was washed with HCI (2 M) for 5 minutes followed by running water for 5 minutes.
The washed zinc granules were then added to HgClz (0.8 g) dissolved in a mixture of concentrated
HCI (0.5 cm®) and water (11 cm?®). The mixture was shaken for 10 minutes before the liquid was
decanted. The amalgam was then washed with water, methanol, HCI (2 M) and again with water.
Methyl 3-ferrocenoyl propanoate (240 mg, 0.7 mmol) was added to a mixture containing concentrated
hydrochloric acid (1.875 cm?), water (12.5 cm?), methanol (7.5 cm®) and zinc amalgam (2.5g) under
nitrogen for 5 days. During this time the reaction was topped up with conc. HCI (0.75 cm?®) and
methanol to the original level every 12 hours. The product was extracted by dichloromethane (3 x
50 cm®) and the dichloromethane layer washed with water. The dichloromethane layer was dried

over MgSOs and the solvent removed under reduced pressure to yield 171 mg (74 %) as a yellow oil.

Synthesis of ferrocene derivatives

Preparation of FcCO:H (1), [5]: 2-Chlorobenzoyl ferrocene (1.75 g, 0.005 mol) was added to a
mixture of potassium tertiary butoxide (13 g, 0.115 mol) and water (0.61 cm?®, 0.034 mol) in
dimethoxyethane (0.1 dm?) under an argon atmosphere. This produced a yellow slurry which was
refluxed for 24 hours. After cooling the mixture, ice water (0.3 dm®) was added and the resulting
solution was washed with ether (3 x 0.1 dm?). The aqueous phases were combined and acidified with

concentrated hydrochloric acid. The residue was collected by filtration, washed thoroughly with
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water and air dried, yielding 1.01 g (80 %) of as light-yellow crystals. m.p.: 156 — 162 °C. '"H NMR:
o1 (600.28 MHz, CDCl3, 25 °C): § 4.72 (5 H, s, Unsubstituted-Cp), 4.63 (2 H, pt, 2 x CHz: Substituted-
Cp), 4.59 (2 H, pt, 2 x CHa: Substituted-Cp). '*C NMR: dc (150.95 MHz, CDCls, 25 °C): § 174.36

(1C, C=0), 72.64 (5C, Unsubstituted-Cp), 69.32 (2C, Substituted-Cp), 67.97 (2C, Substituted-Cp).

Preparation of FcCH,CO:H (2), [5]: To a solution of potassium hydroxide (1 g, 0.018 mol) in water
(10 cm?®), a suspension of the ferrocene acetonitrile (0.2 g, 0.74 mmol) in ethanol (5 cm?) was added
and refluxed for 5 hours until the evolution of ammonia had ceased. Most (> 95 %) of the ethanol
was removed under reduced pressure. The residual suspension was dissolved in water (50 cm?),
extracted with ether (2 x 50 cm®) and filtered. The solution was acidified with 2 M HCI and the
precipitate filtered, washed and air dried to yield 110 mg (51 %) as a white powder. m.p.: 159 — 165
°C. '"H NMR: du (600.28 MHz, CDCl3, 25 °C): 8 4.11 (5 H, s, Unsubstituted-Cp), 4.09 (2 H, pt, 2 x
CHa2: Substituted-Cp), 4.06 (2 H, pt, 2 x CHa: Substituted-Cp), 1.69 (2H, s, CHz). 3C NMR: dc
(150.95 MHz, CDCls, 25 °C): 6 179.46 (1C, C=0), 69.84 (5C, Unsubstituted-Cp), 67.48 (2C,

Substituted-Cp), 66.32 (2C, Substituted-Cp), 24.14 (1C, CHb).

Preparation of Fc(CH):CO:H (3), [6]: Ferrocenecarboxaldehyde (1.5 g, 0.006 mol), malonic acid
(1.785 g, 0.017 mol) and piperidine (0.56 cm?) were dissolved in pyridine and heated in an oil bath
at 110 °C for 2 hours under an argon atmosphere. The cooled solution was diluted with water and
extracted with chloroform. The chloroform extracts were washed with 1 M HCI (2 x 100 cm?) and
water (2 x 100 cm®) before the acrylic acid was extracted with ice cooled 2 M NaOH (200 cm?).
While effectively cooling the solution with ice the water phase was acidified with 1 M HCI and the
precipitate filtered, washed with water and air dried to yield 1.58 g (90 %) as a yellow powder. m.p.:
132 — 138 °C. '"H NMR: 6nu (600.28 MHz, CDCl3, 25 °C): § 7.69 (1H, s, CH=CH), 6.03 (1H, s,
CH=CH), 4.51 (2 H, pt, 2 x CH2: Substituted-Cp), 4.43 (2 H, pt, 2 x CHa: Substituted-Cp), 4.16 (5 H,

s, Unsubstituted-Cp). '3C NMR: ¢ (150.95 MHz, CDCl3, 25 °C): § 168.37 (1C, C=0), 124.14 (1C,
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CH), 118.25 (1C, CH), 72.21 (5C, Unsubstituted-Cp), 69.14 (2C, Substituted-Cp), 67.24 (2C,

Substituted-Cp).

Preparation of Fc(CH2):CO:H (4), [5]: 3-Ferrocenylacrylic acid (250 mg, 0.82 mmol) and H2/Pd
(30 mg) was suspended in absolute ethanol (50 cm®). The suspension was stirred under a 10-bar
hydrogen atmosphere for 20 hours before the reaction mixture was filtered through 2 cm of silica gel.
Equal volumes of water and ice were added to the yellow ethanolic mixture. The solution was
extracted with diethyl ether (2 x 250 cm?) the combined ether extracts were thoroughly washed with
water to remove the excess ethanol. The solution was dried over MgSO4 and evaporated under

reduced pressure to yield 0.177 g (71%) an off-white powder.

m.p.: 124 — 138 °C. '"H NMR: 6u (600.28 MHz, CDCl3, 25 °C): § 4.12 (5 H, s, Unsubstituted-Cp) ,
4.09 (2 H, pt, 2 x CHa: Substituted-Cp), 4.07 (2 H, pt, 2 x CHaz: Substituted-Cp), 2.66 (2H, s, CHz-
CH2), 2.59 (2H, s, CH2-CH>). 3C NMR: éc (150.95 MHz, CDCls, 25 °C): 8 179.24 (1C, C=0), 68.76
(5C, Unsubstituted-Cp), 68.11 (2C, Substituted-Cp), 67.69 (2C, Substituted-Cp), 35.40 (1C, CHo-

CHb), 34.63 (1C, CH2-CHa).

Preparation of Fc(CH2);CO:H (5), [5]: The ester (150 mg, 0.45 mmol) was dissolved in ethanol
(25 cm?®) followed by the addition of sodium hydroxide solution (25 cm?, 2 M). The solution was
stirred for 1 hour at room temperature followed by the addition of ice (25 m*) and washed with cold
diethyl ether (3 x 50 cm?®). While cooling the solution by adding fresh ice chunks, the water phase
was acidified with 1 M HCI and the precipitate filtered, washed and air dried to liberate 132 mg (93
%) as an off-white powder. m.p.: 120 — 124 °C. '"H NMR: 5 (600.28 MHz, CDCls, 25 °C): § 4.17 (5
H, s, Unsubstituted-Cp) , 4.12 (2 H, pt, 2 x CH2: Substituted-Cp), 4.09 (2 H, pt, 2 x CH2: Substituted-
Cp), 2.66 (2H, d, CH2-CH2-CHz), 2.59 (2H, dd, CH2-CH2-CH2), 2.46 (2H, d, CH2-CH2-CHy). 1°C
NMR: dc (150.95 MHz, CDCls, 25 °C): 8 179.24 (1C, C=0), 68.76 (5C, Unsubstituted-Cp), 68.11
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(2C, Substituted-Cp), 67.69 (2C, Substituted-Cp), 35.40 (1C, CH2-CH2-CHy), 24.63 (1C, CHa-CHa-

CH»), 22.18 (1C, CH2-CH2-CH>).

Preparation of FcCO(CH2)2CO:H (6), [7]: Succinic anhydride (250 mg, 2.15 mmol) dissolved in
dichloromethane (25 cm®) was added to a mixture of ferrocene (250 mg, 2.15 mmol) and aluminium
chloride (0.76 g, 5.6 mmol) in dichloromethane (25 cm?) under a nitrogen atmosphere. The reaction
mixture was refluxed for 24 hours. After cooling, ice cold water (40 cm®) was added and the aqueous
layer extracted twice with dichloromethane. The combined dichloromethane extracts were
thoroughly washed with water. The organic phase was then extracted twice with equal amounts of 2
M NaOH. While cooling the solution with ice the water phase was acidified with 1 M HCI and the
precipitate filtered, washed with water and air dried to liberate 1.1 g (74 %) as orange crystals. m.p.:
134 — 148 °C. "H NMR: 61 (600.28 MHz, CDCls, 25 °C): § 4.63 (5 H, s, Unsubstituted-Cp) , 4.24 (2
H, pt, 2 x CHa: Substituted-Cp), 4.17 (2 H, pt, 2 x CHz: Substituted-Cp), 2.97 (2H, d, CH2-CH>), 2,82
(2H, d, CH2-CH2). *C NMR: éc (150.95 MHz, CDCl3, 25 °C): § 182.31, 179.24 (2C, C=0), 74.63
(5C, Unsubstituted-Cp), 71.84 (2C, Substituted-Cp), 69.17 (2C, Substituted-Cp), 39.62 (1C, CHoe-

CH>), 37.41 (1C, CH2-CH).
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Electrochemistry
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FcCO;H — CH3CN as Solvent
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FcCH,CO:;H — CH;CN as Solvent
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Fc¢(CH),CO;H — CH3CN as Solvent
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Fc¢(CH;),CO;H — CH3CN as Solvent
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2.10 Fc(CH;);CO:H — CH3CN as Solvent
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2.12 FcCO(CH):CO:H — CH;CN as Solvent

20+ — —
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10°¢ Relative Current (A)
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-0.4 -0.2

E (V vs FcH/FcH")
DCM ACN
ip (nA)Y, peak  Ep (V) E°(V),AEp (V)  ip (nA),peak  Ep(V)*  E”(V),AEp (V)
current ratio® current ratio®
FcCO:H -1 Fe*  3.478, 0.995 -0.575 -0.610, 0.071 3.212, 0.992 -0.478 -0.520, 0.082
Fe 3.595, 0.997 0.327 0.288, 0.078 3.861, 0.998 0.218 0.178, 0.087
FcCH2CO:zH - 2 Fe*  3.653, 0.996 -0.576 -0.610, 0.069 3.347, 0.995 -0.479 -0.520, 0.081
Fe 3.788, 0.994 0.098 0.061, 0.075 3.572,0.993 0.021 0.042, 0.088
Fe(CH):CO:H - 3 Fe*  3.247,0.993 -0.574 -0.610, 0.073 3.815, 0.997 -0.478 -0.520, 0.083
Fe 3.359, 0.992 0.224 0.184, 0.079 3.927, 0.995 0.111 0.066, 0.090
Fc(CH2)2CO:2H - 4 Fe*  3.735,0.993 -0.575 -0.610, 0.072 3.581, 0.992 -0.477 -0.520, 0.084
Fe 3.872, 0.994 0.039 0.001, 0.078 3.743, 0.991 -0.153 -0.045, 0.091
Fc(CH2)3CO2H - 5 Fe*  3.885,0.991 -0.576 -0.610, 0.070 3.637, 0.994 -0.478 -0.520, 0.082
Fe 3.979, 0.992 0.013 -0.025, 0.076 3.834, 0.997 -0.002 -0.041, 0.089
FeCO(CH2):CO:H - | Fe*  3.512,0.994 -0.575 -0.610, 0.071 3.128, 0.991 -0.479 -0.520, 0.080
6
Fc 3.658, 0.992 0.330 0.291, 0.078 3.518, 0.989 0.223 0.181, 0.086
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3 Diffusion Coefficient
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3.3 Fe(CH),CO:H

1.00E-05 - 1.00E-05 1

« 9.00E-06 ® i « 9.00E-06 1 S,
=] 8.00E-06 A R*=0.966 o4 8.00E-06 1 R?=0.966
~ 7.00E-06 ~ 7.00E-06 1
= 6.00E-06 1 = 6.00E-06
g 5.00E-06 ® g 5.00E-06 - ®
= 4.00E-06 1 = 4.00E-06 1
O 3.00E-06 - ¢ O 3.00E-06
2.00E-06 1 ° 2.00E-06 1 °
1.00E-06 A 1.00E-06 1
0.00E+00 . . 0.00E+00 A
0.E+00 2.E-07 4.E-07 0.E+00 2.E-07 4.E-07
C(V)1/2 C(V)1l2
DCM - D slope with zero intercept: 1.65 X107
DCM - D slope without zero intercept: 4.91 X107
CH3;CN - D slope with zero intercept: 1.43 X107
CH;CN - D slope without zero intercept: 3.74 X10°
34 FC(CH2)2C02H
1.00E-05 1 1.20E-05 -
9.00E-06 A ® . _34584x
R>=0.977 _05
5 sancao i *
- = 8.00E-06 - Re= 0977
= 6.00E-06 1 =
et () (]
& 5-00E-06 1 = 6.00E-06 -
= 4.00E-06 =
O 3.00E-06 - O 4.00E-06 -
06 - °
2.00E-06 2 00E-06 - °
1.00E-06 A
0.00E+00 —rrrr 0.00E+00 —rr
0.E+00 2.E-07 4.E-07 0.E+00 2.E-07 4.E-07
C(v)12 C(v)"2

DCM - D slope with zero intercept: 1.68 X107
DCM - D slope without zero intercept: 5.07 X107
CH;CN - D slope with zero intercept: 1.44 X107

CH3CN - D slope without zero intercept: 3.79 X10°

74



3.5 Fc¢(CH);CO:H
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CH;CN - D slope without zero intercept: 4.53 X107

3.6 FcCO(CH,),CO:H

1.20E-05 1
§ 1.00E-05 1
~~
— 8.00E-06 1
S
& 6.00E-06 1
=
O 4.00E-06 -

2.00E-06 1

0.00E+00

® . _3758x
R*=0.976

0.E+00

2.E-07 4.E-07

C(V)1/2

DCM - D slope with zero intercept: 1.97 X107

1.20E-05 A

§ 1.00E-05 A

8.00E-06 -

2.00E-06 -

0.00E+00

2.E-07 4.E-07

C(V)1l2

* y = 34.951x
[ ) R2=10.976

0.E+00

DCM - D slope without zero intercept: 6.76 X107

CH3;CN - D slope with zero intercept: 1.71 X107
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CH;CN - D slope without zero intercept: 5.26 X10°

4 DFT HOMO
HOMO of optimized of FcCO:H (1), FcCH2CO2H (2), Fc(CH)2CO2H (3), Fc(CH2)2CO2H (4),
Fc(CH2)3CO2H (5) and FcCO(CH2)2COzH (6) with calculations performed on the neutral molecules

using the B3LYP functional.

4.1 FcCO;H in DCM as solvent

4.2 FcCH;CO:H in DCM as solvent
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4.3 Fc(CH);CO:H in DCM as solvent

44 Fc(CH,);CO;H in DCM as solvent

4.5 Fc(CH;);CO:H in DCM as solvent
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4.6 FcCO(CH);CO:H in DCM as solvent

5 DFT data

Table S1. Experimental oxidation potentials in DCM and CH3;CN (vs. FcH/FcH") and DFT calculated HOMO energies
of ferrocenecarboxylic acids (1 — 6) as well as related ferrocenyl compounds from literature (where alkyl chain lengths

substituted on the ferrocene group increases) for both Gaussian and ADF.

78



Gaussian ADF
Oxidation Oxidation  Emomo,) Emomo) Emomo) Emomo,) Emomo) Emomo,)
vs. VS. eVin eVin eVin eVin eVin eVin Ref.
FcH/FeH"  FcH/FeH' Gas DCM CH3;CN Gas DCM  CH:CN
inDCM  inCH:CN  ppaqe solution  solution  phase solution  solution
Ferrocene 0.011 0.012 -5.40 -5.48 -4.07 -4.11 -4.17 -4.07 TW
Decamethylferrocene -0.575 -0.478 -4.88 -4.89 -3.46 -3.61 -3.64 346 T.W
FcCO:H - (1) 0.327 0.218 -5.77 -5.76 -4.16 -4.51 -4.57 -4.16 W
Fc(CH2)2CO-H — (2) 0.098 0.021 -5.36 -5.51 437 424 431 437 TW
Fc(CH)2CO2H - (3) 0.224 0.111 -5.75 -5.70 -4.13 -4.58 -4.64 -4.13 T.W
Fc(CH2)2CO-H — (4) 0.039 -0.153 -5.46 -5.48 407 427 438 407 TW
Fc(CH2)3CO2H — (5) 0.013 -0.002 -5.36 -5.42 -4.46 -4.16 -4.27 -4.46 W
FcCO(CH2)2CO2H - 0.330 0.223 -5.76 -5.78 -5.61 -4.27 -4.33 -4.36 W
(6)
FcCH20H - 0.016 -5.27 - -5.44 -4.07 - -4.09 [7]
Fc(CH2)20H - -0.046 -5.40 - -5.46 -4.87 - -4.06 [7]
Fc(CH2);0H - -0.052 -5.32 - -5.43 -4.06 - -4.01 [7]
Fc(CH2)sOH - -0.054 -5.35 - -5.41 -4.09 - -4.02 [7]
Fe(CpMes)CpMes) - 0.346  -4.95 - 501 -3.61 . 354 [21]
Fe(Cp)(CpMes) - -0.300 -5.13 . 520 -3.83 ; 377 21
[4][3]Fcp - -0.163 -5.24 - -5.10 -3.96 - -3.93 [21]
[4][4][3]Fcp ; -0.246 -5.05 - 5.13 3.76 - 368 [21]
[4][4][4]Fcp - 0.262 -5.02 - 5.24 3.72 - 365  [22]
[4][4]Fcp - -0.169 -5.17 - -5.26 -3.91 - -3.85 [22]
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A novel subphthalocyanine (HO)BSubPc(Cy2H25)s(H)g, 3, with a hydroxy group in the axial position and
alkyl ligands (Cqi2Hzs) on the non-peripheral positions as well as two other subphthalocyanines,
CIBSubPc(H)12, 2, and CIBSubPc(F)12, 1, have been synthesized and characterized. The redox properties of
subphthalocyanines 1-3 was investigated using cyclic voltammetry (CV), both in dichloromethane (at
25°C) and dichloroethane (at 60 °C) as solvent and compared to previous studies. The electrochemical
experimental conditions used made it possible for the first time to experimentally observe electro-
chemically quasi reversible oxidation for subphthalocyanines. It was found that the novel sub-
phthalocyanine 3 exhibits the lowest macrocycle-based oxidation potential reported for SubPcs till date.
The results obtained were further validated by DFT calculations on subphthalocyanines 1—3 as well as
related subphthalocyanines from literature. Linear relationships between the redox potentials (oxidation
and reduction vs Fct/Fc) of these subphthalocyanines and various solvent phase B3LYP calculated en-
ergies were obtained.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Phthalocyanines (Pcs) are intensely coloured 18 m-electron ar-
omatic macrocyclic compounds that have four isoindoline units
linked by nitrogen atoms (Fig. 1). They play a variety of roles in
various high technology areas such as semiconductor devices [1],
liquid crystals [2], sensors [3], catalysts [4,5], non-linear optics [6],
photovoltaic solar cells [ 7], antiviral research [8] and photodynamic
therapy [9,10]. They are versatile chemicals by virtue of their sta-
bility, photophysical, photochemical, redox and coordination
properties. Subphthalocyanines (SubPcs) are 14 m-electron aro-
matic macrocyclic compounds that only have three isoindoline
units. These contracted porphyrinoid species are conically shaped
around a boron atom with a halogen or alkoxy axial group. While
the planar phthalocyanines are generally difficult to handle due to
their strong ability to aggregate, the conically shaped sub-
phthalocyanines are less prone to aggregation. The first known
SubPc, the purple CIBSubPc(H)12, compound 2 in Fig. 1, was acci-
dentally discovered in 1972 by Meller and Ossko during the
attempted synthesis of boronPc [11]. The physical and electronic

* Corresponding author.
E-mail address: conradj@ufs.ac.za (J. Conradie).

https://doi.org/10.1016/j.electacta.2019.135165
0013-4686/© 2019 Elsevier Ltd. All rights reserved.

properties of CIBSubPc(H)1; can be modified by varying the chloro-
axial ligand or by functionalizing the various positions R and R’
(Fig. 1) [12]. Till date no SubPc without a boron or with another
metal than boron have been synthesized [12]. SubPcs are used in
multiple different fields. These include dyes [13,14], dye-sensitized
solar cells [15], optical recording [13], light-emitting diodes [16]
and photodynamic therapy [17]. This study was designed to explore
by means of cyclic voltammetry, the difference in the electronic
properties of SubPcs containing electron-donating substituents
(SubPc 3 in Fig. 1) and SubPcs containing electron-withdrawing
substituents (SubPc 1 in Fig. 1), in comparison to the standard
SubPc 2. Since it was found that substituents on the non-peripheral
positions R’ of Pcs (Fig. 1) have a greater influence on the redox
potential of Pcs than substituents on the peripheral positions R
[18,19], the synthesis, characterization and redox properties of the
first SubPc containing alkyl substituents on the non-peripheral
positions R’ (Complex 3 in Fig. 1) are presented here.

2. Experimental
2.1. General

Reagents and Materials. Solid reagents (Sigma-Aldrich, Strem
and Merck) were used as received. Liquid reagents (Sigma-Aldrich
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Phthalocyanine

For Subpc 1: R and R' =F with X =Cl
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3: R=H and R' = C,H,5 with X = OH

Fig. 1. Structure of phthalocyanines (Pcs, left) and subphthalocyanines (SubPcs, middle), containing four and three isoindoline units (right) respectively. Complexes of this study are

CIBSUbPC(F)13, 1, CIBSubPc(H)12, 2 and (HO)BSubPc(Cy2Has)s(H)s, 3.

and Merck) were used without any further purification unless
specified otherwise. Solvents were distilled and water was double
distilled. Organic solvents used in this study were dried according
to published methods [20]. Melting points are uncorrected and
were determined with an Olympus BX 51 microscope equipped
with a Linkam THMS 600 hot stage.

2.2. Synthesis of chloro- and hydroxy-boron-subphthalocyanines
1-3

The CIBSubPc(F)12 1 [21] and CIBSubPc(H){» 2 [21] were syn-
thesized using slight modifications to literature methods (see the
supporting information for the reaction scheme, reaction proced-
ures and characterization data). Compounds 1—3 were character-
ized by NMR, ATR-FTIR, UV/vis, elemental analysis and m.p.

Spectroscopy Measurements. 'H, ''B and 3C NMR spectro-
scopic analysis were performed for all compounds in the study and
19 for SubPc 1. 'H, 13C and '°F NMR spectra were recorded at 25 °C
on a 600 MHz AVANCE II NMR spectrometer at 600.28 MHz,
150.95 MHz and 564.33 MHz respectively. "B NMR spectra were
recorded at 25 °C on a 400 MHz AVANCE IIl NMR spectrometer at
128.38 MHz. Hydrogen and carbon chemical shifts are relative to
hydrogen and carbon in CDCl3 at 7.24 ppm and 77.16 ppm respec-
tively. The following abbreviations are used to describe peak pat-
terns: s=singlet, d=doublet, t=triplet, q=quartet and
m = multiplet. Solid state Fourier transform infrared measure-
ments were performed on a Thermo Scientific Nicolet iS50 Atten-
uated Total Reflectance Fourier transform infrared (ATR-FTIR)
spectrometer using the iS50 ATR option running OMNIC software
(Version 9.2). UV/vis spectra were recorded on a Varian Cary 5000
UV—Vis—NIR Spectrophotometer. The pathlength of the cuvette
used for the UV/vis spectra was 1 cm, while the Beer-Lambert data
was obtained with a cuvette of pathlength 1 cm for SubPc 1 and 2
and 1 mm for SubPc 3.

Preparation of (HO)BSubPc(C2Has)6(H)s, 3. BCl3 (0.015 dm?>,
1 M solution in p-xylene, 1.5 eq.) was added to dry phthalonitrile
(1g, 0.0022 mol) under an argon atmosphere (H,O: 0.3 ppm and
03: 9.8 ppm) at room temperature. The reaction mixture was stir-
red under reflux (132 °C) for 30 min. The solvent was evaporated
and the solid was extracted with toluene (0.4 dm>). The solution

was evaporated, and the resultant purple solid was thoroughly
washed with methanol (0.2 dm?) and hexane (0.2 dm?). Pure (HO)
BSubPc(Cq2H25)6(H)s was obtained as a purple solid, yield: 23%
(0.23g). m.p.: 42°C, UV—vis: Amax 590 nm,
£=184499dm>mol 'cm™! in THF. 'H NMR: éy (600.28 MHz,
CDCl3): & 7.43 (6H, q, peripheral Hg), 2.82 (12H, m, 6 x CHy), 1.63
(12H, m, 6 x CH>), 1.23 (108H, m, 54 x CH,) and 0.86 (18H, t, 6 x
CHs). "B NMR: 65 (128.38 MHz, CDCl3): 3 —18.43 (1B). 3C NMR: é¢
(150.95 MHz, CDCl3, 25 °C): 3 148.17 (6C, C=N: inner core carbons),
136.64 (6C, C=C: isoindoline unit), 126.82 (6C, non-peripheral Cg),
108.34 (6C, peripheral Cg), 35.83 (6C, non-peripheral Cg), 32.77 (6C,
non-peripheral Cg), 30.69 (36C, non-peripheral Csg), 23.41 (6C,
non-peripheral Cg) and 14.27 (6C, non-peripheral Cg). IR: v/cm™!:
3673—2700 (H—O, stretch), 2900—2800 (C—H, alkyl chain) and
1479 (C=C, stretch). Elemental analysis calculated for CogH157BNgO
(element, %): C, 81.08; H,11.13; N, 5.91; O, 1.12, obtained: C, 81.14; H,
10.98; N, 5.94; O, 1.11.

2.3. Cyclic voltammetry

All the electrochemical experiments were performed in an M
Bruan Lab Master SP glove box under a high purity argon atmo-
sphere (H,0 and O; < 10 ppm). Cyclic voltammetry (CV) measure-
ments were performed utilizing a Princeton Applied Research
PARSTAT 2273 potentiostat running Powersuite software (Version
2.58). A three-electrode cell was used. A glassy carbon electrode
with a surface area 3.14 x 10~ m? was chosen as working elec-
trode, platinum wires were chosen as auxiliary and pseudo refer-
ence electrodes. It was observed that electrode deposition occurs at
negative potentials, therefore in this study the glassy carbon
working electrode was polished and prepared before every scan
experiment on a Buhler polishing mat first with 1-um and then
with “-micron diamond paste, rinsed with H,0, acetone and DCM,
and dried. Electrochemical analysis of the complexes was per-
formed in both dichloromethane (DCM, anhydrous, > 99.8%, con-
tains 40—150 ppm amylene as stabilizer) at RT and dichloroethane
(DCE, anhydrous, 99.8%) at 60 °C, as solvents. A double wall glass
electrochemical cell was used with the outer part connected to a
water bath, to control the temperature of the electrochemical
experiment. The temperature of the solution was checked with a
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thermostat. During the experimental setup a mark was made on
the cell, indicating the appropriate volume level of solvent. During
the experiment the level of solvent was carefully monitored to not
drop below this mark. The setup was a closed system and as a result
it was hardly ever required to top up with solvent. Electrochemical
experiments were performed at a temperature well below the
boiling point of the solvent (for example at 60 °C for DCE with a
boiling point of is 83.47 °C), to minimize solvent evaporation. Data
obtained from CV’s in DCE as solvent at RT and at 60°C were
identical, but better resolution of the CV curves and better solubi-
lity of SubPc 3 were obtained at 60 °C. For DCM as solvent, solutions
were made in 0.001 dm> spectrochemical grade anhydrous DCM
containing ca. 0.0005 M (SubPcs 1 and 2) or 0.004 mol dm3 (SubPc
3) of analyte, 0.0005moldm~>3 of internal standard (deca-
methylferrocene, DmFc) and 0.1 mol dm 3 of supporting electrolyte
tetrabutylammonium tetrakispentafluorophenylborate [N("Bu)y4]
[B(CsFs)a]. For DCE as solvent, solutions were made in 0.001 dm>
spectrochemical grade anhydrous DCE containing ca. 0.0005M
(SubPcs 1 and 2) or 0.002moldm~3 (SubPc 3) of analyte,
0.0005 mol dm 3 of internal standard DmFc and 0.2 moldm 3 of
supporting electrolyte [N("Bu)4][B(CgFs)4]. The supporting elec-
trolyte [N("Bu)4][B(CeFs)4] was synthesized as described in litera-
ture [22] and dried in vacuo at P < 0.01 mm Hg for 3 days at 90 °C.
Experimental potential data was collected vs the Pt wire pseudo
reference electrode but is reported vs the redox couple of ferrocene,
Fc™/Fc at 0V. To achieve this, data was manipulated on a spread-
sheet to readjust the potential of the internal standard DmFc*/
DmFc redox couple to —0.610 Vin DCM (—0.597 V in DCE), since the
DmFc*t/DmFc redox couple is at —0.610 V in DCM (—0.597 V in DCE)
vs Fc™/Fc at 0V. Scan rates were between 0.05 and 5.00Vs™. The
formal reduction potential is determined by E°’ = (Epa — Epc)/2 for
an electrochemically reversible (and quasi reversible) process
where Epa (Epc)=anodic (cathodic) peak potential and ip,
(ipc) = anodic (cathodic) peak current. In this study Ep, of the first
oxidation process of the SubPcs is also denoted by Eoy, while the Ep.
of the first reduction process of the SubPcs is denoted by Eeg.
Electrochemical reversibility (or Nernstian behaviour) of redox
processes is indicated by a peak current ratio (ipc/ipa for oxidation
and ipafipe for reduction) of 1 [23,24] and peak current separation
AE, is 0.059V for a one electron transfer process [22]. In this
experiment, due to experimental cell imperfections and ohmic
drop effects, AEj, slightly larger than 0.059 V was obtained, even for
the known 1 e~ transfer processes of the Fc/Fc (0.078 V in DCM,
0.074V in DCE) and DmFc"/DmFc (0.079 V in DCM, 0.078 V in DCE)
couples and will be referred to as quasi reversible electrochemical
behaviour [25—-27].

2.4. DFT calculations

Density functional theory (DFT) calculations were performed on
the neutral molecules using the B3LYP functional, as implemented
in the Gaussian 16 package [28], using the triple-{ basis set 6-
311G(d,p). All calculations were performed in DCM and DCE as
solvent, using the IEF-PCM model (polarizable continuum model
(PCM) [29] which solved the non-homogeneous Poisson equation
by applying the integral equation formalism variant) [30]. The en-
ergy of the highest occupied molecular orbital (Egopmo) and the
lowest unoccupied molecular orbital (E;ypo) were obtained from
the output files from the DFT calculations. Electronic chemical po-
tential (p, the partial derivative of the energy of the system with
respect to the number of electrons at a constant external potential)
and the global electrophilicity index (w, a measure of the electro-
philic power of atoms and molecules. i.e. a measure of the energy
lowering of a species due to maximal electron flow between donor
and acceptor) were calculated with the following formulas

[31-35]:
Electron affinity EA(compound) = - E;ypmo
lIonization potential IP(compound) = - Egomo

p=—(IP + EA)/2

w=u2/2 (IP + EA))

3. Results and discussion
3.1. Synthesis

The synthesis of subphthalocyanines has always been complex
due to the difficult purification process. By slightly modifying the
synthetic method that was proposed by Torres and his co-workers
[21], it was possible to improve the reported yields of SubPc 1 and 2.
The success of the synthesis is drastically increased when working
under strict Schlenk conditions. When the reactions were per-
formed in a glovebox with H>0 < 0.5 ppm and O; < 10 ppm, it was
possible to improve the yields of SubPc 1 from 74% [21] and of
SubPc 2 from 82% [21] to > 90% for both 1 and 2. It is known that
CIBSubPcs readily hydrolyses to from (HO)BSubPcs [12,36]. SubPc 3
was initially intended to also have a chloride in the axial position,
however, even though we worked under extreme dry conditions
the B—Cl bond was too labile and as a result CIBSubPc(C12Hz25)s(H)s
could not be isolated. This is due to the electron-donating ligands in
the non-peripheral positions enhancing the reactivity of the chlo-
ride. As a result, the chloride was substituted by a hydroxy group
that was present in the system. The axial (OH) ligand of 3 was
confirmed by elemental analysis as well as the O—H stretching vi-
bration shown in FTIR (see supporting information). The yields of
SubPc 3 was also much lower in comparison to SubPcs 1 and 2; this
could be due to the long alkyl chains on the phthalonitrile substrate
hindering the cyclisation of the SubPc. The UV—Vis spectra of
SubPcs 1-3 exhibited the expected two main transitions, the Soret
band between 250 and 350 nm, and the Q-band between 450 and
600 nm, see Fig. 2. It was reported that both donor and acceptor
peripheral substituents shifted the Q band of SubPcs toward longer
wavelengths compared to the unsubstituted CIBSubPc, due to
extension of the 7 conjugation of the macrocycle [12]. The same
trend was observed here, namely the Q-band of both SubPc 1
(573 nm) and SubPc 3 (590 nm) are red shifted compared to SubPc 2
(564 nm). Both SubPc 1 and 2 have stronger Q-bands than Soret-
band while SubPc 3 has a stronger Soret-band than Q-bands. The
extinction  coefficient at the Q band maximum,
£=184499 dm>® mol ' cm !, of 3 is in the same range as was found
for phthalocyanines with long alkyl chains on the non peripheral
position (ca 200 000 dm® mol~! cm~1) [37]. Related to their general
high solubility in organic solvents, SubPcs 1-3 showed no aggre-
gation in the concentration range of 0.01—-0.10 (x10~3 M) and fol-
lowed the Beer-Lambert law, see Fig. 2 (d).

3.2. Cyclic voltammetry

The CV’s of SubPc 1-3 in dichloromethane (DCM) and dichlo-
roethane (DCE) at a scan rate of 0.100 Vs™! are shown in Fig. 3 with
electrochemically relevant data summarized in Table 1. Selected
previously reported electrochemical data on related SubPcs (with R
and R’=H, For Cl and X =(l, F, Br or alkoxy group) are summarized
in Table 2. All three SubPc 1-3 show a single oxidation peak and
one or more reduction peaks. It is generally known that the first
oxidation and the first reduction of SubPcs are both centred at the
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Fig. 2. (a)—(c) The UV—vis spectra of SubPc 1-3 at concentrations 0.01, 0.02, 0.03, 0.04, 0.05 (x10~> M), obtained with a cuvette of pathlength 1 cm. (d) The Beer-Lambert cor-
relation between the absorbance A and concentration of CIBSubPc(F);, 1 (€= 236441 dm> mol~! cm™); CIBSubPc(H);2, 2 (€= 210338 dm® mol~' cm~!) (obtained with a cuvette of
pathlength 1 cm) and (HO)BSubPc(Cy2Has)s(H)s, 3 (€= 184499 dm® mol~! cm ™) (obtained with a cuvette of pathlength 1 mm, corrected to match 1 cm pathlength) at the indicated
wavelength in nm. Beer-Lambert graph up to 0.10 (x10~> M) is given in the supporting information.

macrocyclic ligand [38]. This agrees with the character of the
highest occupied molecular orbital (HOMO for oxidation) and
lowest unoccupied molecular orbital (LUMO for reduction) which
will be discussed in the next section. The oxidised species of SubPcs
are generally unstable on the cyclic voltammetry time scale and all
published results showed irreversible SubPc oxidation behaviour
[38,39], while the first reduction is sometimes reported to be
electrochemically reversible [12].

In this study, for the first time, electrochemically quasi revers-
ible oxidation, with peak separation AE, = 0.074 V and peak current
ratio of 0.99 (scan rate of 0.100V s~') are observed for SubPc 2 in
DCE as solvent, see wave I in Fig. 3. Published CVs for SubPc 2
(Table 2), all showing irreversible oxidation behaviour, were per-
formed utilizing DMF/TBAP [38] or DCM/TBAP (TBAP = tetra-n-
butylammoniumhexafluorophosphate) [39] as solvent/electrolyte
combination, while quasi reversible oxidation behaviour was ob-
tained here utilizing anhydrous DCE as solvent and [N("Bu)4]
[B(CgF5)4] as supporting electrolyte. The solvents DCM and DCE
used in this study, minimizes solvent—compound interactions,
while the chosen supporting electrolyte, [N("Bu)4][B(CgFs)4], min-
imizes ionic interactions of the type (cations)n™- - - ~[B(CgFs)4 [22].
Solvents such as DMF and THF are known to have the capability to
interact with analytes to form analyte-DMF or analyte-THF conju-
gates especially under oxidative conditions when + charges are
produced [22,40—44]. The [N("Bu)4][B(CgFs)4] as supporting

electrolyte used in this study gave quasi reversible oxidation in
DCM with peak separation AE, = 0.086 V and peak current ratio of
0.99 (scan rate of 0.100Vs~!) for SubPc 2, see Fig. 3. The CVs ob-
tained for SubPc 2 in DCE and in DCM both show one oxidation and
two reduction peaks, but at different potentials (Fig. 3 and Table 1).
It must be noted that redox potentials are solvent and electrolyte
concentration dependant [45]. Electrochemistry performed in DCE
however, show better CV curves (Fig. 3) and a smaller peak sepa-
ration for the first ring oxidation for SubPc 2 (AE,=0.074 and
0.086V at a scan rate of 0.100Vs~! in DCE and DCM respectively).
The first ring-reduction of 2 is irreversible in DCM (Egeq = —1.519 V),
but quasi reversible in DCE (Ereq = —1.501V with AE,=0.116V),
peak II in Fig. 3. The first reduction is followed by a second irre-
versible reduction at —2.050V (DCM)/—1.980V (DCE) vs Fc*/F,
peak III in Fig. 3. The first oxidation (Eox) and first reduction (Ereq)
potential in DCM of 0.674 and —1.519 V vs Fc/Fc respectively and in
DCE of 0.795 and —1.501V vs Fc*/Fc respectively, obtained for
SubPc 2 in this study, compare well with the peak potentials of
previously reported electrochemical irreversible results, see
Table 2. The reaction scheme for the redox signals of SubPc 2 in DCE
as solvent in Fig. 3 is given in Scheme 1.

The first ring oxidation of 1 (wave I in Fig. 3) is irreversible in
DCM at all scan rates, while first ring-oxidation of 1 in DCE (wave I
in Fig. 3) is electrochemically quasi reversible, at slow scan rates,
AE, =0.081V and peak current ratio of 0.99 (DCE at a scan rate of
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Fig. 3. CV's of SubPc 1 (green), 2 (blue) and 3 (black) at 0.100 Vs~! in the in DCM (at 25 °C) and DCE (at 60 °C) with [N("Bu)4][B(CsFs)4] as supporting electrolyte. Concentration of 1
and 2 =0.0005 mol dm~ and of 3 = 0.004 (DCM) or 0.002 (DCE) mol dm~>. The full scans were initiated in the positive direction and the scan fragments in the direction indicated
by a red arrow. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

0.100Vs~1). The first ring reduction of 1 (wave II) is electrochem-
ically quasi reversible (wave I with AE, = 0.089 V) for SubPc 1. The
resolution of the re-oxidation of wave II in DCM as solvent is lost
when the next reduction, indicated with III, is allowed to take place
before the scan direction is reversed, see Fig. 3. A third irreversible
reduction wave IV at —2.279V vs Fc™/Fc in DCM as solvent can be
observed because of the strong electron-withdrawing F

substituents that shift the wave into the DCM solvent window but
could not be observed with DCE as solvent. The observed oxidation
at Egx = 1.196 V (DCM)/1.231 V (DCE) vs Fc'/Fc and the reduction in
DCM at E;eq = —1.094 V vs Fc™/Fc (E°' = —1.050 V with AE = 0.088 V)
and in DCE at Epeq=—-1088V vs Fc'[Fc (E” =-1.044V with
AE =0.089 V) for SubPc 1 in this study, are in agreement with re-
ported results for SubPc 1 in THF [46] and CH3CN [47], see Table 2.
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Table 1
Cyclic voltammetry data of SubPcs 1—3 at a scan rate of 0.100 Vs~ in DCM (at 25 °C) and DCE (at 60 °C) with [N("Bu),][B(CsFs)4] as supporting electrolyte.
DCM DCE
ip (nA), peak current ratio” Ep (V) E* (V), AE, (V) ip (MA)?, peak current ratio” Ep (V) E*" (V), AE, (V)
SubPc 1 DmFc*/DmFc 3.48, 0.99 -0.571 —0.610, 0.081 3.78, 0.99 —0.556 —0.597, 0.082
Wave: I 3.21,-¢ 1.196 4 d 3.75, 0.99 1.231 1.190, 0.081
Wave: II 3.22,0.97 ~-1.094 —1.050, 0.088 3.80, 0.99 -1.088 —1.044, 0.089
Wave: III . ~1.562 4 3,65, -¢ -1.635 4
Wave: IV _d‘ d ~2.279 _(l' _d _e' _e _e' _e _e' _e
SubPc 2 DmFc*/DmFc 3.89, 0.99 ~0.559 —0.610, 0.076 3.80, 0.99 —0.556 —0.597, 0.070
Wave: I 3.08, 0.99 0.674 0.628, 0.086 3.75, 0.99 0.795 0.758, 0.074
Wave: Il 3.63, -4 ~1.519 S 3.95, -4 -1.501 ~1.487,0.116
Wave: III . —2.050 4 4 -1.980 4
SubPc 3 DmFc*/DmFc 3.14, 0.99 ~0.571 —0.610, 0.079 3.54, 0.94 —0.552 ~0.597, 0.082
Wave: | 3.46, -¢ 0.398 0.356, 0.084 3.98, 0.92 0471 0.426, 0.094
Wave: II 4 d -1.756 o o —1.802 4 d

Peak current ratio = ip/ip, for oxidation and i,a/ipc for reduction.

Could not be determined.
Not observed in solvent window possible for DCE.

" an T 8

Table 2

ip is peak anodic peak for oxidation (ip,) and peak cathodic peak for reduction (ipc).

E, is peak anodic peak for oxidation (Eox) and peak cathodic peak for reduction (Ereq).

Experimental electrochemical data of synthesized SubPcs 1-3 complexes from this study, as well as additional data obtained from literature, for 1, 2 and related SubPcs, in the

indicated solvents, reported vs the indicated reference.

Solvent Internal Reference 1st Reduction Ejeq” 1st Oxidation E,y” Eox - Ered Ref
CIBSubPc(F); - 1 DCM Fc*[Fc -1.094 1.196 2.29 twe

DCE Fc*[Fc —1.088 1.231 2.32 twe
CIBSubPc(F);, THF Fct/Fc -0.923 1.001 1.92 [46]
CIBSubPc(F);, CH3CN SCE —043 d - [47]
CIBSubPc(H)3 - 2 DCM Fc*[Fc -1.519 0.674 2.19 twe

DCE Fc*[Fc —1.501 0.795 2.30 tw©
CIBSubPc(H)12 DCM Fc*/Fc 147 0.53 2.00 [53]
CIBSubPc(H);, DMF Fc*/Fc —1.698 0.655 2.35 [38]
CIBSubPc(H);» DCM Fc*/Fc - 0.64 - [51]
CIBSubPc(H)12 DCM Ag/AgCl - 0.584 - [36]
CIBSubPc(H);» DCM Ag/AgCl -1.05 1.04 2.09 [39]
CIBSubPc(H);» DCM Ag/AgCl - 0.82 - [54]
(HO)BSubPc(C12Ha5)6(H)s - 3 DCM Fct[Fc ~1.756 0.398 215 twe

DCE Fc'[Fc —-1.802 0.471 2.27 twe
FBSubPc(H);, DCM Ag/AgCl - 0.532 - [36]
CIBSubPc(Cl)g(H)g DCM Fc*/Fc - 0.85 - [51]
CIBSubPc(Cl);2 CH3CN - -0.97 1.15 212 [55]
CIBSubPc(F)3(H)g DCM Fct[Fc ~1.43 0.73 2.16 [51]
CIBSubPc(F)s(H)s DCM Fc*/Fc -0.30 0.84 2.18 [51]
CIBSubPc(I)3(H)g DCM Ag/AgCl -0.92 1.13 2.05 [39]
CIBSubPc(NO,)s DCM Ag/AgCl -0.57 1.34 1.91 [39]
CIBSubPc(tBu)s DCM Ag/AgCl ~1.11 0.98 2.09 [39]
CIBSubPc(tBu)s CH3CN Ag/AgCl -0.51 0.25 0.76 [54]
(EtO)BSubPc(H)12 DCM SCE -1.11 1.06 2.17 [48]
(MeO)BSubPc(H);» DCM Fct[Fc ~1.59 0.56 2.15 [49]
(PhO)BSubPc(F);2 THF Fct/Fc -1.088 1.057 2.15 [56]
(PhO)BSubPc(F);2 DCM DmFc"/DmFc?® —-0.571 -d - [52]
(F5C60)BSUbPc(F);» DCM DmFc*t/DmFc? -0.523 - - [52]
(FsCs0)BSubPc(H)12 DCM DMFc*/DmFc® -0.889 -d - [52]

Ereqa = peak reduction potential since most reported first reduction peaks for SubPcs are irreversible.
Eox = peak oxidation potential since all reported first oxidation peaks for SubPcs are irreversible.

a

b

¢ This work.
4 No reported oxidation value.

€ No reported reduction values.

f No reported internal reference.

8 EO(Fct/Fc)=—0.610V vs Fc*/Fc in DCM, measured in this work.

With the electron-withdrawing fluoride ring substituents in both
the peripheral and the non-peripheral positions of SubPc 1, the
oxidation wave I shifted with 0.52V from 0.674 to 1.196 V in DCM
and with 0.44V from 0.795 to 1.231V in DCE in comparison with
SubPc 2. The first reduction wave shifted with 0.43V in DCM and

with 0.41V in DCE as solvent. The reaction scheme for the redox
signals of SubPc 1 in DCE as solvent in Fig. 3 is given in Scheme 1.

The ring oxidation process (wave I in Fig. 3) for SubPc 3 also
shows quasi electrochemical reversibility with AE=0.084V and
0.094V (at 0.100Vs!) in DCM and DCE respectively. The quasi
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Scheme 1. The reaction scheme for the redox signals of SubPc 1-3 in DCE as solvent, see Fig. 3.

electrochemical reversibility of the oxidation process can be
attributed to the stabilization of the macrocycle brought by the
electron-donation of the non-peripheral and axial substituents. The
use of DCE as solvent over DCM for SubPc 3 is especially clear from
the much better resolution and definition of the CV curve of the
first ring reduction wave obtained for SubPc 3.

The effect of the electron-donating ligands (C12H>s5) on the non-
peripheral positions of SubPc 3 is observable, on both the position
of the oxidation and reduction waves. In DCM as solvent, the first
oxidation (wave I) potential exhibits a shift of 0.28V to a less
positive potential 0.398 V vs Fc*/Fc, compared to SubPc 2 at 0.674 V
vs Fc'[Fc. The oxidation potential of 0.398 V vs Fc*/Fc of SubPc 3 is
the lowest oxidation potential reported for SubPc’s in DCM till date
[12]. Thus, the novel SubPc 3 of this study contains the most
electron-rich macrocycle of all reported SubPcs till date. SubPc 3
only has one electrochemically irreversible reduction wave, wave II,
shifted to a more negative potential than was observed for SubPc 1
and 2. In DCM a very small re-oxidation at —1.67 V peak, coupled to
the reduction at —1.756 V is visible, see Fig. 3, the enlarged wave in
red. The reaction scheme for the redox signals of SubPc 3 in DCE as
solvent in Fig. 3 is given in Scheme 1.

Comparing the electrochemical data obtained in DCM this study
with available related published data in DCM referenced vs Fc™/Fc

Table 3

(Table 3), it is observed that axial or peripheral substitution has a
less influence on the oxidation potential of a SubPc than non-
peripheral substitution:

(i) In comparing complex SubPc (2, Eqx = 0.674 V) with (EtO)
BSubPc(H)12 (6, Eox=0.53V vs Fc'/Fc [48]) and (MeO)
BSubPc(H)12 (7, Eox=0.56V vs Fc[Fc [49]), it is observed
that substitution of the electron-withdrawing axial chloride
ligand with an electron-donating alkoxy group, shifts the
first oxidation potential of the SubPc with ca 0.13V to less
positive potentials. The same trend is observed in comparing
CIBSubPc(F)12 (1, Eox=1.196 V) with (PhO)BSubPc(F)2 (8a,
Eox=1.057V vs Fc*[Fc [50]). It is expected that stronger
electron-donating groups lead to less positive oxidation
potentials.

(ii) In comparing complexes CIBSubPc (2, Eq,x =0.674V) with
CIBSubPc(F)3(H)g (4, Eox =0.73 V [51]) and CIBSubPc(F)s(H)s
(5, Eocx=0.84V [51]), it is observed that substitution of a
peripheral substituent, by a more electron-withdrawing
substituent, leads to an increase of the first oxidation po-
tential of the SubPc of ca 0.1 V to a more positive value. It is
expected that electron-withdrawing substituents lead to a
more positive oxidation potential.

Experimental first oxidation (Eox) and first reduction (Eeq) potentials (vs Fc*/Fc) and DFT calculated HOMO and LUMO energies of SubPcs 1-3 and related SubPcs (with
peripheral and non-peripheral substituents = H or F and axial substituent Cl or alkoxy group). Calculated global electrophilicity index (w) and the calculated electro chemical

potentials (p) are also given.

1st oxidation® 1st reduction® E(HOMO) eV E(LUMO) eV [0} n Ref

E in DCM vs Fc*[Fc Calculated DCM
CIBSubPc(F);2—1 1.196 —1.094 —6.104 —3.494 3.417 —4.288 twe
CIBSubPc(H)12—2 0.674 -1.519 —5.633 —2.943 2.965 -3.917 twe
(HO)BSubPc(C12Has)s(H)s - 3 0.398 ~1.756 ~5210 ~2623 3.603 —4414 twe
CIBSubPc(F)3(H)o—4 0.73 —-1.43 —5.766 —3.062 3.765 —4.538 [51]
CIBSubPc(F)g(H)s—5 0.84 134 ~5.906 ~3.171 3.104 ~4.108 [51]
(EtO)BSubPc(H);,—6 0.53 ~1.64 —5.467 ~2.749 3.111 ~4112 [48]
(MeO)BSubPc(H);,—7 0.56 -1.59 —5.471 —2.753 4.235 —-4.711 [49]
(PhO)BSubPc(F); — 8a 1.057° —1.088¢ -6.021 ~3.401 4235 4711 [56]
(PhO)BSubPc(F);, — 8b - ~1.181¢ ~6.021 ~3.401 4344 —4.742 [52]
(FsCs0)BSubPc(F);5 - 9 - ~1.133¢ ~6.036 ~3.448 3.331 ~4218 [52]
(FsCs0)BSubPc(H) - 10 - ~1.499° ~5.553 ~2.883 3.417 ~4.288 [52]

E in DCE vs Fc'/Fc Calculated DCE
CIBSubPc(F);,—1 1.231 —1.088 —6.098 —3.494 4417 —4.796 twe
CIBSubPc(H);5—2 0.795 —1.501 —5.635 —2.946 3423 —4.290 twe
(HO)BSubPc(C12H25)s(H)s - 3 0.471 ~1.802 5214 ~2.628 2.973 ~3.921 twe

2 First reduction is peak oxidation potential since all reported first oxidation peaks for SubPcs are irreversible.

b
c
d

This work.
Experimental value in THF.

First reduction is peak reduction potential since most reported first reduction peaks for SubPcs are irreversible.

¢ Values reported versus DmFc*/DmFc. To convert to potential vs Fc*/Fc for comparative reasons, E”(DmFc*/DmFc) = —0.610 V vs Fc*/Fc in DCM has been used, the value

measured in this work.



PJ. Swarts, J. Conradie / Electrochimica Acta 329 (2020) 135165

(iii) Substitution of a non-peripheral substituent, by a more

electron-withdrawing substituent, has a much more pro-
found influence on the oxidation potential. For example,
when comparing CIBSubPc(F)s(H)g (5, Eox = 0.84 V [51]) with
CIBSubPc(F)12 (1, Eox = 1.196 V), a shift of more than 0.35V to
a more positive oxidation potential is observed.

(iv) Substitution of a non-peripheral substituent, by a more

electron-donating substituent, as when comparing SubPc (2,
Eox=0.674V) with the novel (HO)BSubPc(Ci;Hz5)s(H)s (3,
Eox = 0.398 V, DCM) of this study, led to a decrease of the first
oxidation potential of the SubPc of more than ca. 0.28 V to a
smaller potential value.

(v) Similar trends are observed for the first reduction potential

of above-mentioned examples, see Table 3. This is expected,
since the electrochemical HOMO-LUMO gap = Eox - Ereq iS
relatively constant at ca. 2.1V (Table 2). Another example is
substitution of H in the axial OPh ligand in (PhO)BSubPc(F);
(8b, Ereq=—1181V vs Fc'/Fc), to get OCgFs, in F5CgOB-
SubPc(F)12 (9, Ered=—1.133V vs Fc'[Fc), shifts the first

reduction potential with only 0.05 V to a more positive value.
However, substitution of both peripheral and non-peripheral
H in (FsC0)BSubPc(H)12 (10, Ered = —1.449V vs Fc'/Fc), by
the more electron-withdrawing F to get (F5CgO)BSubPc(F)q
(9, Ereq = —1.133V vs Fc*/Fc), a shift of more than 0.3V to a
more positive reduction potential is observed [52] (Table 3).

3.3. Computational analyses

SubPcs 1-3 and related SubPcs 4—10 (with peripheral and non-
peripheral substituents = H or F and axial substituent CI or alkoxy
group) of which the oxidation and/or reduction potential vs Fc*/Fc
is known, were optimized by DFT methods. The character of the
HOMO (LUMO) generally indicate the locus of oxidation (reduction)
of a complex [57]. Fig. 6 shows the HOMO and LUMO for the novel

SubPc

3 of this study, confirming that both the first oxidation and

the first reduction of SubPcs 1-3 are centred at the macrocyclic

ligand. (See the supplementary information for HOMO and LUMO
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Fig. 4. Relationships obtained between experimental redox potential (vs Fc*/Fc) and B3LYP/6-311G(d,p) DFT calculated frontier orbital energies in DCM (top) or DCE (bottom), of
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energies vs Eox in DCM, (b) calculated LUMO energies vs E;eq in DCM, (c) calculated HOMO energies vs Eo in DCE and (d) calculated LUMO energies vs E;eq in DCE. Compound
numbers and data from Table 3.
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figures of SubPcs 1 and 2). The oxidation potential of a molecule is
generally related to its ionization potential (IP), since the oxidation
potential is the energy needed to move an electron from the HOMO
of the solution species into the electrode, while the IP is the amount
of energy required to remove a HOMO electron from an isolated
gaseous molecule to form a cation. Thus, HOMO energies, IP and
oxidation potentials are related [57]. Similarly LUMO energies,
electron affinities and reduction potentials are related [57]. DFT
calculated energies of the SubPcs 110 are reported in Table 3. The
relationship between the experimental Eox vs HOMO energies, as
well as experimental E;eq vs LUMO energies, are shown in Fig. 4 (a)
and (b) for experimental E obtained in DCM as solvent and in Fig. 4
(c) and (d) for experimental E obtained in DCE as solvent. The re-
lationships result in the following linear mathematical relation-
ships using experimental data obtained in DCM as solvent:

Etomo = — 1.10 Eoxpov — 487 (R = 0.94)
DFT calculations in DCM as solvent
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The relationships result in the following linear mathematical
relationships using the experimental data obtained in this study in
DCE as solvent:

Enomo = — 1.16 Eoxpcg —4.69  (R? = 1.00)
DFT calculations in DCE as solvent
Eromo = — 122 Ereqpeg — 481 (R® = 1.00)

DFT calculations in DCE as solvent

The HOMO and LUMO energies are inversely proportional to the
experimental oxidation and reduction potential respectively, both
resulting in a graph with a negative slope. More energy is needed to
remove an electron from a lower energy, more stable, HOMO,
resulting in higher oxidation potential. A lower energy, more stable,
LUMO can accept an electron more easily, resulting in a reduced
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Fig. 5. Relationships obtained between experimental redox potential (vs Fc*/Fc) and B3LYP/6-311G(d,p) DFT calculated energies in DCM (top) or DCE (bottom), of SubPcs 1-3 as
well as related SubPcs 4—10 from literature (with peripheral and non-peripheral substituents = H or F and axial substituent Cl or alkoxy group). (a) DCM calculated global elec-
trophilicity index (w) vs Eox in DCM, (b) DCM calculated electro chemical potential (1) vs Eox in DCM (c) DCE calculated global electrophilicity index () vs Eox in DCE and (d) DCE
calculated electro chemical potential () vs Eox in DCE. Compound numbers and data from Table 3.
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HOMO

LUMO

Fig. 6. HOMO and LUMO of the optimized geometry of SubPc 3.

species at a higher potential.

The electrophilicity index (w), which is a measure of the elec-
trophilic power of atoms and molecules and the electronic chemical
potential (n) of the SubPcs can be calculated from the HOMO and
LUMO energies [31—33]. The relationship between the experi-
mental oxidation potential of the SubPcs and the electrophilicity
index and the electronic chemical potential are shown in Fig. 5 and
given by.

p=-113Eppem —3.51 (R*= 0.97)

DFT calculations in DCM as solvent
0=196Eoxpem +2.11  (R? = 0.99)

DFT calculations in DCM as solvent

p=—115Eppcg —3.38  (R27190
DFT calculations in DCE as solvent

w=192Egypcg +2.00 (R?= 0.98)

DFT calculations in DCE as solvent

The linear relationships obtained from the graphs in Figs. 4 and
5 are a measure of the reliability of the results obtained in this study
compared to previously published results. The equations also
enable the calculation of electrophilicity index, electronic chemical
potential, HOMO and LUMO energies from experimental redox
potentials (and vice versa).

4. Conclusions

The experimental conditions used to perform cyclic voltam-
metry experiments, namely when using DCE solvent that mini-
mizes solvent—compound interactions, and [N("Bu)4][B(CgF5)4] as
supporting electrolyte, that minimizes ionic interactions between

cationic species and the electrolyte, made it possible for the first
time to experimentally observe electrochemically quasi reversible
oxidation for SubPc 1 (CIBSubPc(F)12), SubPc 2 (CIBSubPc(H)12) and
SubPc 3, (HO)BSubPc(Ci2Hz5)s(H)s. The novel SubPc 3, (HO)
BSubPc(Cq2H25)s(H)s, contains the most electron-rich macrocycle
of all reported SubPcs till date with an oxidation potential in DCM of
0.398V vs Fc'[Fc. The electrochemical data reported for SubPc 1
(CIBSubPc(F);2), containing electron-withdrawing substituents on
the peripheral and non-peripheral positions), SubPc 2
(CIBSubPc(H)12) and SubPc 3 ((HO)BSubPc(C12H25)5(H)g), contain-
ing electron-donating substituents on the non-peripheral posi-
tions), together with previously reported data in DCM as solvent,
show that axial or peripheral substitution has a less influence (ca
0.1 V shift) on the shift of the oxidation and reduction potential of a
SubPc than non-peripheral substitution (ca 0.3 V shift). Linear re-
lationships obtained between the first oxidation potential and
HOMO energies, as well as between the first reduction potential
and LUMO energies for a series of related SubPcs (with peripheral
and non-peripheral substituents = H or F and axial substituent Cl or
alkoxy group) can be used to calculate HOMO and LUMO energies
from experimental first oxidation and the first reduction potential
of related SubPcs (and vice versa).
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reduction potential data, obtained from cyclic voltammograms of
three subphthalocyanines (SubPcs), in both dichloromethane
Is(zﬁwszgz:lo Anines (DCM) and dichloroethane (DCE) as solvent. The first SubPc is the
Cyclli)c volta:nymetry unsubstituted boron-subphthalocyanine, (CIB)SubPc(H);2, as
Oxidation reference SubPc, the second SubPc is (CIB)SubPc(F);2, containing
Reduction an electron-poor macro-cycle and (HOB)SubPc(Ci2Hz5)s(H)s, con-
taining an electron-rich macro-cycle. The oxidation and reduction
potential of (CIB)SubPc(F)12 in DCM is ca. 0.5 V more positive than
that of the reference CIBSubPc(H)2, while oxidation and reduction
potential of (HOB)SubPc(Ci2Hz5)6(H)s in DCM is ca. 0.45 V more

negative than that of the reference (CIB)SubPc(H)>.
© 2019 The Author(s). Published by Elsevier Inc. This is an open
access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).

1. Data description

The oxidation and reduction potential data of the unsubstituted boron-subphthalocyanine, (CIB)
SubPc(H)12, 1, as reference SubPc, (CIB)SubPc(F)i2, 2, containing an electron-poor macro-cycle and
(HOB)SubPc(C12H35)s(H)g, 3, containing an electron-rich macro-cycle, is presented here. Fig. 1 shows

* Corresponding author.
E-mail address: conradj@ufs.ac.za (J. Conradie).

https://doi.org/10.1016/j.dib.2019.105039
2352-3409/© 2019 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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Subject
Specific subject area
Type of data

How data were acquired
Data format

Parameters for data
collection

Description of data

Chemistry

Electrochemistry

Table

Image

Graph

Figure

Princeton Applied Research PARSTAT 2273 potentiostat running Powersuite software
(Version 2.58).

Raw

Analyzed

Samples was used as synthesized. All the electrochemical experiments were performed in
an M Bruan Lab Master SP glove box under a high purity argon atmosphere (H,0 and

0, < 10 ppm).

All electrochemical experiments were done in a 2 ml electrochemical cell containing three-

collection electrodes (a glassy carbon working electrode, a Pt auxiliary electrode and a Pt pseudo
reference electrode), connected to a Princeton Applied Research PARSTAT 2273
electrochemical analyzer. Data obtained were exported to excel for analysis and diagram
preparation.

Institution: University of the Free State

City/Town/Region: Bloemfontein

Country: South Africa

With the article

PJ. Swarts, J. Conradie, Electrochemical behaviour of chloro- and hydroxy-
subphthalocyanines, Electrochimica Acta https://doi.org/10.1016/j.electacta.2019.135165

Data source location

Data accessibility
Related research article

Value of the Data

o This data provides cyclic voltammograms and detailed electrochemical data for three subphthalocyanines for scan rates
over two orders of magnitude (0.05—5.0 Vs~ 1).

This data illustrates the influence of the solvent on the resolution of the cyclic voltammograms for three
subphthalocyanines.

This data illustrates the influence of the solvent on the value of the redox potentials for three subphthalocyanines.

This data illustrates the influence of electron donating and electron withdrawing substituents on the redox potential of
the subphthalocyanine.

This data illustrates that electrochemical quasi reversible oxidation can be obtained when electrochemical experiments
are performed in a high purity argon atmosphere, while using DCM or DCE as the solvent and [N("Bu)4][B(CgF5)4] as
supporting electrolyte.

the structures of the SubPcs 1—3. Cyclic voltammograms and redox data obtained in dichloromethane
(DCM) as solvent are given in Figs. 2—7 and Tables 1—3 respectively. Cyclic voltammograms and redox
data obtained in dichloroethane (DCE) as solvent are given in Figs. 8—13 and Tables 4—6 respectively.
The 0.10 Vs~ ! scans and data are from the research article related to this article “Electrochemical
behaviour of chloro- and hydroxy-subphthalocyanines” [1]. The CV scan indicated in red in selected
graphs are done at 5.00 V s~ L. The oxidation and reduction potential data obtained here, compare well
with available published data on obtained under different experimental conditions (namely different
solvents, scan rates and supporting electrolytes) for SubPc 1 [2—7] and SubPc 2 [8]. No detail elec-
trochemical data is available for SubPc 3. Data presented in this study for 1 and 3 in DCM, and 1-3 in
DCE show electrochemical quasi reversible oxidation. No electrochemical quasi reversible oxidation
with peak current ratios = 1 and peak current separation <0.09 V, is reported till date for SubPcs [3,4].
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Fig. 1. Structure of the SubPcs 1-3.
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Fig. 2. Cyclic voltammograms in DCM of (CIB)SubPc(H);5, 1, at scan rates 0.050 (smallest peak currents), 0.100, 0.200, 0.300, 0.400
and 0.500 (largest peak currents). All scans initiated in the positive direction. Wave I is the oxidation and waves II and III are
reduction of (CIB)SubPc(H);. Data of 0.100 V s~! shown on graph.

120 4

100 1 | DmFe Ea/V=0674
=z | AE,/V=0.076 AE,/V=0.086
=
]
2 g0 4
5
o '
o
2
s Ex/V= Epe/V=-0.661
2601 ™ Eye [V =-151¢ "
3
)
e

40 1

20 4

[
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

E (Vvs Fc/Fc*)

Fig. 3. Cyclic voltammograms in DCM of (CIB)SubPc(H);, 1, scan rates 0.050 (smallest peak currents), 0.100, 0.200, 0.300, 0.400,
0.500 and 5.000 Vs~! (largest peak currents shown in red). All scans initiated in the positive direction. Wave I is the oxidation and
waves II and III are reduction of (CIB)SubPc(H);,. Data of 0.100 V s~! shown on graph.



4 PJ. Swarts, ]. Conradie / Data in brief 28 (2020) 105039

Ep /V=119

Ep/V=-0571

BE,/V=0081

106 Relative Current (A)

-0.5 0.0 0.5 1.0 15
E (V vs Fc/Fc*)

Fig. 4. Cyclic voltammograms in DCM of (CIB)SubPc(F);, 2, at scan rates 0.050 (smallest peak currents), 0.100, 0.200, 0.300, 0.400
and 0.500 (largest peak currents). All scans initiated in the positive direction. Wave I is the oxidation and waves II, IIl and IV are
reduction of (CIB)SubPc(F);,. Data of 0.100 V s~! shown on graph.

|
80
60
< 4
>
8 Ey /V=-0571
£ 20 et
o BE,/V=0081
2
5 0
K
«
S 20
-40
-60
-80
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 15
E (Vs Fc/Fc*)

Fig. 5. Cyclic voltammograms in DCM of (CIB)SubPc(F);2, 2, at scan rates 0.050 (smallest peak currents), 0.100, 0.200, 0.300, 0.400,
0.500 and 5.000 Vs~! (largest peak currents shown in red). All scans initiated in the positive direction. Wave I is the oxidation and
waves II, Il and IV are reduction of (CIB)SubPc(F);,. Data of 0.100 V s~! shown on graph.

2. Experimental design, materials, and methods

Electrochemical studies by means of cyclic voltammetry (CV) experiments were performed in an M
Bruan Lab Master SP glove box under a high purity argon atmosphere (H,0 and O; < 10 ppm), utilizing
a Princeton Applied Research PARSTAT 2273 potentiostat running Powersuite software (Version 2.58).

The cyclic voltammetry experimental setup consists of a cell with three electrodes, namely (i) a
glassy carbon electrode as working electrode, (ii) a platinum wire auxiliary and (ii) a platinum wire as
pseudo reference electrode. The glassy carbon working electrode was polished and prepared before
every experiment on a Buhler polishing mat first with 1-micron and then with "-micron diamond
paste, rinsed with H50, acetone and DCM, and dried before each experiment.
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Fig. 6. Cyclic voltammograms in DCM of (HOB)SubPc(Cq2Has5)s(H)s, 3, at scan rates 0.050 (smallest peak currents), 0.100, 0.200,
0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in the positive direction. Wave I is the oxidation and wave II is the
reduction of (HOB)SubPc(Cy2H25)s(H)s. Data of 0.100 V s~! shown on graph.
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Fig. 7. Cyclic voltammograms in DCM of (HOB)SubPc(Cy2H25)s(H)s, 3, at scan rates 0.050 (smallest peak currents), 0.100, 0.200,
0.300, 0.400, 0.500 and 5.000 Vs~! (largest peak currents shown in red). All scans initiated in the positive direction. Wave I is the
oxidation and wave II is the reduction of (HOB)SubPc(C;2Has)s(H)s. Data of 0.100 V s~! shown on graph.

Electrochemical analysis in dichloromethane (DCM, anhydrous, > 99.8%, contains 40—150 ppm
amylene as stabilizer) as solvent was at RT and in dichloroethane (DCE, anhydrous, 99.8%) at 60 °C. The
analyte solutions in DCM as solvent were: 0.0005 M for (CIB)SubPc(H)i2, 1, 0.0005 M for (CIB)
SubPc(F)1, 2, and 0.004 mol dm~3 for (SubPc 3). The analyte solutions in DCE as solvent were: 0.0005
M for (CIB)SubPc(H)q2, 1, 0.0005 M for (CIB)SubPc(F)2, 2, and 0.004 mol dm~3 for (SubPc 3). The
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Table 1
Electrochemical data (potential in V vs Fc/Fc*) in DCM for c.a. 0.0005 mol dm > of (CIB)SubPc(H);2, 1, at indicated scan rates (v in
V/s).

v (V[s) EpalV AEpIV E”IV ipalHA ipc/ipa
Wave: 1

0.050 0.673 0.084 0.627 2.02 0.99
0.100 0.674 0.086 0.628 3.08 0.99
0.200 0.679 0.089 0.628 4.84 0.99
0.300 0.680 0.092 0.628 6.13 0.99
0.400 0.687 0.095 0.629 7.49 0.99
0.500 0.692 0.099 0.629 8.25 0.99
5.000 0.707 - - - -
Wave: II

0.050 -1.516 - - 2.11 —
0.100 -1.519 - - 3.08 -
0.200 -1.532 - - 4.35 —
0.300 —1.544 - - 6.15 -
0.400 —1.566 — — 7.49 -
0.500 -1.574 - - 8.34 -
5.000 -1.592 - - - —
Wave: Il

0.050 —2.050 - - - -
0.100 —2.050 - - - -
0.200 -2.051 - - - -
0.300 —2.051 - - - -
0.400 —2.051 - - - -
0.500 —2.051 - - - -
5.000 —2.055 - - - -

Data for 0.100 V/s shown in bold font.

Table 2

Electrochemical data (potential in V vs Fc/Fc*) in DCM for c.a. 0.0005 mol dm 2 of (CIB)SubPc(F);2, 2, at indicated scan rates.
v (V/s) EpalV AE/V E” IV ipa/MA ipc/ipa
Wave: 1
0.050 1.196 - - 1.99 -
0.100 1.196 - - 3.21 -
0.200 1.196 - - 4.98 -
0.300 1.197 - - 6.21 -
0.400 1.197 - - 8.11 -
0.500 1.197 - - 9.00 -
5.000 1.207 - - - -
Wave: Il
0.050 -1.093 - - 1.95 -
0.100 —1.094 0.088 —1.050 3.22 0.97
0.200 —1.098 - - 4.58 -
0.300 -1.101 - - 6.15 -
0.400 -1.108 - - 8.78 -
0.500 -1.110 - - 9.25 -
5.000 -1.119 - - - -
Wave: III
0.050 —-1.560 - - - -
0.100 —1.562 - - - -
0.200 —-1.564 - - - -
0.300 —-1.567 - - - -
0.400 —-1.568 - - - -
0.500 -1.570 - - - -
5.000 —-1.581 - - - -
Wave: IV
0.050 —2.276 - - - -
0.100 —2.279 - - - -
0.200 —2.284 - - - -
0.300 —2.288 - - - -
0.400 —2.290 - - - -
0.500 -2.292 - - - -
5.000 -2.311 - - - -

Data for 0.100 V/s shown in bold font.
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Table 3
Electrochemical data (potential in V vs Fc/Fc™) in DCM for c.a. 0.002 mol dm > of (HOB)SubPc(C;2H25)s(H)s, 3, at indicated scan
rates.

v (V/s) EpalV AE,/V E” IV ipa/MA ipc/ipa
Wave: I

0.050 0.398 0.082 0.355 2.22 —
0.100 0.398 0.084 0.356 3.46 -
0.200 0.399 0.086 0.356 4.98 -
0.300 0.401 0.088 0.356 6.23 —
0.400 0.402 0.090 0.358 8.01 -
0.500 0.402 0.092 0.359 9.11 -
5.000 0.405 - - - -
Wave: II

0.050 -1.752 - - - -
0.100 —-1.756 - - - -
0.200 -1.762 - - - -
0.300 -1.769 - - - -
0.400 -1.772 - - - -
0.500 -1.780 — — — —
5.000 -1.792 - - - -

Data for 0.100 V/s shown in bold font.
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Fig. 8. Cyclic voltammograms in DCE of (CIB)SubPc(H)q3, 1, at scan rates 0.050 (smallest peak currents), 0.100, 0.200, 0.300, 0.400
and 0.500 (largest peak currents). All scans initiated in the positive direction. Wave I is the oxidation and waves II and III are
reduction of (CIB)SubPc(H);,. Data of 0.100 V s~! shown on graph.

supporting electrolyte 0.1 mol dm~3 (in DCM) or 0.2 mol dm 3 (in DCE) tetrabutylammonium tetra-
kispentafluorophenylborate [N("Bu)4][B(CgFs)4] [9].

Experimental potential data was measured vs. the redox couple of decamethyl ferrocene DmFc as
internal standard and reported vs. the redox couple of ferrocene Fc, as suggested by IUPAC [10]. Under
our experimental conditions E(DmFc/DmFc+ = — 0.610 V Fc/Fct (DCM) and —0.597 V Fc/Fct (DCE)
(see Figs.1 14 and 15). Scan rates were done over two orders of magnitude, namely between 0.05 and
5.00 Vs~ .
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Fig. 9. Cyclic voltammograms in DCE of (CIB)SubPc(H)15, 1, scan rates 0.050 (smallest peak currents), 0.100, 0.200, 0.300, 0.400,
0.500 and 5.000 Vs~! (largest peak currents shown in red). All scans initiated in the positive direction. Wave I is the oxidation and
waves II and III are reduction of (CIB)SubPc(H);. Data of 0.100 V s~! shown on graph.
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Fig. 10. Cyclic voltammograms in DCE of (CIB)SubPc(F)2, 2, at scan rates 0.050 (smallest peak currents), 0.100, 0.200, 0.300, 0.400
and 0.500 (largest peak currents). All scans initiated in the positive direction. Wave I is the oxidation and waves II and III are
reduction of (CIB)SubPc(F);,. Data of 0.100 V s~ shown on graph. Dotted lines are 0.050 V s,
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Fig. 11. Cyclic voltammograms in DCE of (CIB)SubPc(F);,, 2, at scan rates 0.050 (smallest peak currents), 0.100, 0.200, 0.300, 0.400,
0.500 and 5.000 Vs~! (largest peak currents shown in red). All scans initiated in the positive direction. Wave I is the oxidation and
waves II and III are reduction of (CIB)SubPc(F);». Data of 0.100 V s—' shown on graph. Dotted lines are 0.050 V s~
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Fig. 12. Cyclic voltammograms in DCE of (HOB)SubPc(Cy2H25)s(H)s, 3, at scan rates 0.050 (smallest peak currents), 0.100, 0.200,
0.300, 0.400 and 0.500 (largest peak currents). All scans initiated in the positive direction. Wave I is the oxidation and wave II is the
reduction of (HOB)SubPc(C;2Has)s(H)s. Data of 0.100 V s~! shown on graph.
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Fig. 13. Cyclic voltammograms in DCE of (HOB)SubPc(C;2Hz25)s(H)e, 3, at scan rates 0.050 (smallest peak currents), 0.100, 0.200,
0.300, 0.400, 0.500 and 5.000 Vs~! (largest peak currents shown in red). All scans initiated in the positive direction. Wave I is the
oxidation and wave Il is the reduction of (HOB)SubPc(C;,H,s)s(H)s. Data of 0.100 V s~! shown on graph.
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Fig. 14. Cyclic voltammograms in DCM of Decamethylferrocene at scan rate 0.100 Vs~". All scans initiated in the positive direction.
Data of 0.100 V s~! shown on graph.
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Fig. 15. Cyclic voltammograms in DCE of Decamethylferrocene at scan rate 0.100 Vs~ All scans initiated in the positive direction.
Data of 0.100 V s~! shown on graph.

Table 4
Electrochemical data (potential in V vs Fc/Fct) in DCE for c.a. 0.0005 mol dm 3 of (CIB)SubPc(H)2, 1, at indicated scan rates (v in
V/s).

v (V/s) EpalV AE,/V E” IV ipa/MA ipc/ipa
Wave: I

0.050 0.795 0.072 0.757 2.14 0.99
0.100 0.795 0.074 0.758 3.75 0.99
0.200 0.796 0.076 0.758 4.95 0.99
0.300 0.796 0.078 0.759 6.11 0.99
0.400 0.797 0.081 0.759 7.95 0.99
0.500 0.798 0.082 0.759 8.95 0.99
5.000 0.808 - - - -
Wave: II

0.050 -1.501 - - 2.36 -
0.100 —-1.501 - - 3.75 -
0.200 —1.502 — — 4,92 -
0.300 —1.502 — — 6.44 —
0.400 -1.503 - — 7.98 -
0.500 -1.504 - - 10.62 -
5.000 -1.505 - — - -
Wave: III

0.050 —1.980 - - - -
0.100 —1.980 - - - -
0.200 -1.980 - — - -
0.300 -1.980 - — - -
0.400 —1.980 - — - -
0.500 -1.980 - - - -
5.000 -1.980 - — - -

Data for 0.100 V/s shown in bold font.
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Table 5

Electrochemical data (potential in V vs Fc/Fc*) in DCE for c.a. 0.0005 mol dm~3 of (CIB)SubPc(F);5, 2, at indicated scan rates.
v (V[s) EpalV AEp IV E”IV ipa/ A ipc/ipa
Wave: 1
0.050 1.230 0.080 1.190 2.18 0.99
0.100 1.231 0.081 1.190 3.75 0.99
0.200 1.232 0.083 1.191 5.24 0.99
0.300 1.233 0.084 1.191 6.29 0.99
0.400 1.234 0.085 1.191 8.65 0.99
0.500 1.235 0.087 1.191 9.54 0.99
5.000 - - - - —
Wave: I
0.050 —-1.087 0.088 -1.043 2.90 0.99
0.100 —1.088 0.089 —1.044 3.80 0.99
0.200 —1.089 0.091 -1.044 5.25 0.99
0.300 -1.092 0.093 —1.045 7.32 0.99
0.400 -1.092 0.094 —1.045 8.55 0.99
0.500 -1.094 0.096 —1.046 10.60 0.99
5.000 - - - - -
Wave: III
0.050 -1.634 - - 2.89 -
0.100 -1.635 - - 3.65 -
0.200 -1.636 - - 5.43 -
0.300 -1.637 - - 7.38 -
0.400 -1.639 - - 8.74 -
0.500 -1.641 - - 10.12 -
5.000 - - - - -

Data for 0.100 V/s shown in bold font.

Table 6
Electrochemical data (potential in V vs Fc/Fc*) in DCE for c.a. 0.002 mol dm—3 of (HOB)SubPc(C;2H2s)s(H)e, 3, at indicated scan
rates.

v (V[s) EpafV AEp/V E”|V Ipa/HA ipc/ipa
Wave: I

0.050 0.471 0.093 0.424 234 0.92
0.100 0.471 0.094 0.426 3.98 0.94
0.200 0.471 0.095 0.426 4.95 0.95
0.300 0.472 0.095 0.427 6.12 0.95
0.400 0.472 0.096 0.428 742 0.96
0.500 0.482 0.097 0.428 7.95 0.96
5.000 0.493 - - - —
Wave: 11

0.050 -1.801 - - - -
0.100 —1.804 - - - —
0.200 -1.811 — — — —
0.300 -1.815 - - - —
0.400 -1.821 - - - —
0.500 -1.834 — — — —
5.000 -1.844 - - - -

Data for 0.100 V/s shown in bold font.
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1 Synthesis

The synthetic methods reported below were modified to improve yields and simplify reaction setup.

Below is the reaction scheme for SubPcs 1 — 3, Scheme 1.

THF 50
60 °C >< ox
\/__\// \  “BuLi(1 eq)_ - /@\ | | ﬂ | NC=
S R s” R R™ g7 'R CH,CI
Br O/ \0
R R
R' R'
R’ / \ X
R CN
1M BCl; in p-xylene R! N| 1;/}‘ R'
135°C, 25 min. N N
R CN R \ \ R
a3
R' N
R - R R

For Subpc 1: R and R' =F with X =Cl
2: Rand R'=H with X =Cl
3: R=H and R' = Cy;H;5 with X = OH

Scheme 1. Reaction scheme of SubPcs, CIBSubPc(F)12, 1, CIBSubPc(H)12, 2, and (HO)BSubPc(Ci2Hzs)s(H)s, 3.

Preparation of 2,5-didodecylthiophene [1]: To a solution of thiophene (0.5 g, 0.0005 dm?3, 0.0059
mol) in anhydrous THF (dried over sodium; 0.01 dm?3), pre-cooled to -60°C in an isopropanol bath,
was added under argon over 30 min n-butyllithium in hexanes (0.0063 dm? of a 2.0 mol dm solution,
0.0125 mol, 2.1 eq.). After the addition was completed the reaction mixture was allowed to
spontaneously heat up to room temperature, while stirring continued for 18 hours at room
temperature. The dilithiated species that formed during this time was not isolated but treated in situ
at -60°C under argon over 30 minutes with 1-bromododecane (2.96 g, 0.0028 cm?, 0.012 mol, 2 eq.).
The stirred reaction mixture was then allowed to warm to room temperature. After 18 hours it was
poured onto ice, the product extracted with diethyl ether (3 x 0.07 dm?®) and the organic extracts were
washed with H20 (2 x 0.07 dm?) before it was dried with (MgSQO4) and filtered. Removal of solvents

was followed by recrystallization of the residue from warm ethanol and gave pure 2,5-
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dodecylthiophene (yield: 0.47 g, 94 %) as an off-white low-melting wax after solvent evaporation,
m.p.: 56°C. *H NMR: 6 (600.28 MHz, CDCls, 25 °C): § 6.53 (2 H, s, C4H2), 2.71 (4 H, t, 2 X CH>),
1.62 (4H, m,2xCHy), 1.24 (36 H, m, 18 x CH>), 0.86 (6 H, t, 2 x CH3). Elemental analysis calculated

for C2sHs2S (element, %): C, 79.92; H, 12.46; S, 7.62 obtained: C, 80.03; H, 12.78.

Preparation of 2,5-didodecylthiophene-1,1-dioxide [1]: To a 1 dm? 2-neck flask, equipped with an
efficient stirrer, a large condenser (acetone cooled to — 40 °C with an electronic cold finger) and
charged with H20 (0.4 dm?3), acetone (0.3 dm®) and NaHCOs (200 g, 2.3 mol, 140 eq.) was added a
solution of 2,5-dodecylthiophene (10 g, 0.017 mol) in dichloromethane (0.3 dm?). The resulting
heterogeneous mixture was cooled in an ice bath before solid oxone (350 g, 11 mol ,66 eq.) was
carefully added over 30 min under efficient stirring. Stirring continued at 0°C for 16 hours before
water (2 dm®) was added to dissolve most inorganics. The aqueous filtered layer, and all remaining
solids were extracted with chloroform, the combined organic phases washed with water (0.2 — 0.3
dm?®) and dried (MgSO4) before solvent removal and recrystallization of the residue from warm
ethanol gave pure off-white 2,5-didodecylthiophene-1,1-dioxide (yield: 9.12 g, 91 %). m.p.: 88°C.
IH NMR: d (600.28 MHz, CDCl3): § 6.24 (2 H, s, CaH2), 2.44 (4 H, t, 2 X CHy), 1.63 (4 H, m, 2 x
CH2),1.35(4 H, m, 2x CH>), 1.24 (36 H, m, 18 x CH>) and 0.86 (6 H, t, 2 x CH3). Elemental analysis
calculated for C2sHs202S (element, %): C, 74.28; H, 11.58; O, 7.07; S, 7.08 obtained: C, 74.88; H,

11.98; O, 7.37.

Preparation of 3,6-didodecylphthalonitrile [1]: A minimum amount of chloroform (ca. 0.2 cm?®)
was used to dissolve 2,5-didodecylthiophene-1,1-dioxide (2 g, 0.004 mol) and fumaronitrile (0.345
g, 0.004 mmol, 1 eq.). The stirred solution was sealed in a high-pressure glass vessel and heated to
160°C. After 24 hours the contents of the reactor vessel were dissolved in chloroform and the solvent
evaporated under reduced pressure at 90°C. The oily residue was kept under reduced pressure until it

no longer liberated gas anymore (ca. 1 hour). The remaining residue was chromatographed over silica
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with toluene as eluent. The second eluted band afforded after solvent removal and recrystallization
from ethanol 3,6-dodecylphthalonitrile (yield: 1.82 g, 91 %). MP: 82°C. *H NMR: d1 (600.28 MHz,
CDCls): § 7.43 (2 H, s, C4H2), 2.82 (4 H, 1, 2 X CHy), 1.63 (4 H, m, 2 x CH3), 1.35 (4 H, m, 2 x CH>),
1.23 (36 H, m, 18 x CH) and 0.86 (6 H, t, 2 x CHas). Elemental analysis calculated for C32Hs>N>

(element, %): C, 82.70; H, 11.28; N, 6.03 obtained C, 83.09; H, 11.68; N, 6.73.

Preparation of CIBSubPc(F)12, 1: BCls (6 cm®,1 M solution in p-xylene, 1.5 eq.) was added to dry
phthalonitrile (0.4 g, 1.9 mmol) in a glove box (H20: < 0.5 ppm and O2: < 10 ppm) at room
temperature in a high-pressure glass tube. The reaction mixture was stirred under reflux (137°C) for
30 minutes. The solvent was evaporated and the solid was extracted with toluene (0.1 dm?3). The
solution was evaporated, and the resultant purple solid was purified by means of silica gel column
chromatography using hexane: ethyl acetate (3:1, v:v, R: 0.68). Pure CIBSubPc(F)1> was obtained as
a purple solid, yield: 92 % (0.368 g). m.p.: 355 — 360°C. !B NMR: dg (128.38 MHz, CDCls): § -
14.89 (1B). 3C NMR: dc (150.95 MHz, CDCls, 25 °C): § 149.23 (6C, C=N: inner core carbons),
144.92 (6C, C=C: iminoisoindoline unit), 140.75 (6C, non-peripheral C¢), 108.33 (6C, peripheral Cg).
F NMR: dc (564.33 MHz, CDCls, 25 °C): § -136.27 (6H, g, non-peripheral Hs) and -146.81 (6H, g,
peripheral Heg). IR: v/em™: 1479 (C=C, Stretch). Elemental analysis calculated for C24BCIF12Ng

(element, %): C, 44.59; F, 35.26; N, 13.00, obtained: C, 46.99; F, 34.89; N, 12.74.

Preparation of CIBSubPc(H)12, 2: BCls (15 cm®,1 M solution in p-xylene, 1.5 eq.) was added to dry
phthalonitrile (1 g, 0.008 mol) in a glove box (H20: < 0.5 ppm and O2: < 10 ppm) at room temperature
in a high-pressure glass tube. The reaction mixture was stirred under reflux (137°C) for 30 minutes.
The solvent was evaporated and the solid was extracted with toluene (0.4 dm?3). The solution was
evaporated, and the resultant purple solid was thoroughly washed with methanol (0.2 dm?®) and hexane

(0.2 dm®). Pure CIBSubPc(H)12 was obtained as a purple solid, yield: 94 % (0.94 g). m.p.: 375 —
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380°C. 'H NMR: d4 (600.28 MHz, CDCls): & 8.88 (6H, m, non-peripheral Hg) and 7.94 (6H, q,
peripheral He). 1'B NMR: 6z (128.38 MHz, CDCls): & -16.22 (1B). *C NMR: éc (150.95 MHz,
CDClgz, 25 °C): & 149.68 (6C, C=N: inner core carbons), 125.68 (6C, C=C: iminoisoindoline unit),
122.01 (6C, non-peripheral Cg), 119.84 (6C, peripheral Cg). IR: v/em™: 1451 (C=C, Stretch).
Elemental analysis calculated for Co4sH12BCINs (element, %): C, 66.94; H, 2.81; N, 19.51, obtained:

C, 66.42; H, 2.68; N, 18.31.
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'H NMR: 2,5-didodecylthiophene-1,1-dioxide
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2.4 B NMR: CIBubPc(F)1
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2.6 F NMR: CIBSubPc(F)12
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2.8 B NMR: CIBSubPc(H)12
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2.12 13C NMR: (HO)BSubPc(C12H2s)s(H)s
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3.2 CIBSubPc(H)1
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Electrochemistry

4

4.1 CIBSubPc(F)12
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4.2 CIBSubPc(H)12
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(HO)BSubPc(C12H25)s(H)e
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CIBSubPc(F)12 — SubPc 1

Fc* Wave: | Wave: 11 Wave: 11
Vi | Epal  AEp/  E°IV  ipa/pA  iplipa | Epa/V  AEp/  E°/  ipal ioclioa | Epc/V  AEp/  E°IV  ipc/pA  ipalipc | Enc/V  AEp/  E° IV ipc/pA  ipalipe
v Y v pA v Y
50 -0.570  0.079 -0.610 1.133 0.998 1.196 - - 0.210 - -1.093 - - 1.338 - -1.560 - - - -
100 -0.571  0.081 -0.610 1.565 0.992 1.196 - - 0.216 - -1.094 - - 2.107 - -1.562 - - - -
200 -0.572  0.083 -0.610 2.075 0.987 | 1.196 - - 0.219 - -1.098 - - 3.161 - -1.564 - - - -
300 -0.572  0.086 -0.610 2.581 0985 | 1.197 - - 0.223 - -1.101 - - 4.742 - -1.567 - - - -
400 -0.572  0.092 -0.611 3.108 0.983 1.197 - - 0.227 - -1.108 - - 6.322 - -1.568 - - - -
500 -0.573  0.095 -0.611 3.583 0971 | 1.197 - - 0.231 - -1.110 - - 7.903 - -1.570 - - - -
5000 | -0.598 - - - - 1.207 - - - - -1.119 - - - - -1.581 - - - -
Wave: IV
Vi | Epal AEp/ E°/V  ipc/pA  ipalipe
\Y \Y
50 -2.276 - - - -
100 -2.279 - - - -
200 -2.284 - - - -
300 -2.288 - - - -
400 -2.290 - - - -
500 -2.292 - - - -
5000 | -2.311 - - - -
CIBSubPc(H)12 — SubPc 2
Fc* Wave: | Wave: 11 Wave: 11
V(mV/s) Epa / AEp / E“' 1A% ipc/ ],lA ipc/ipa Epa 1A% AEp / Eu' / ipa / ipc/ipa Epc IAY AEp / Eor IAY ipc / II,A ipa/ipc Epc IAY AEp / E”’ IAY ipc/ IJA ipa/ipc
\ \% \Y \Y pA \Y \Y
50 -0.571  0.061 -0.609 1.693 0.994 | 0673  0.087 0.627  0.061 0.064 | -1.542 - - 1.493 - -2.050 - - 1.354 -
100 -0.572  0.076 -0.610 1.886 0988 | 0.674  0.094 0.628  0.075 0.061 | -1.543 - - 1.728 - -2.050 - - 1.509 -
200 -0.572  0.113 -0.610 2.075 0982 | 0679  0.098 0.628  0.113 0.060 | -1.544 - - 1.992 - -2.051 - - 1.886 -
300 -0.573  0.125 -0.610 2.264 0.980 | 0.680  0.105 0.628  0.132 0.058 | -1.546 - - 2.125 - -2.051 - - 2.264 -
400 -0.573  0.142 -0.610 2.453 0.977 0.687 0.111 0.629  0.151 0.057 | -1.546 - - 2.357 - -2.051 - - 1.642 -
500 -0.573  0.153 -0.610 3.018 0975 | 0692  0.120 0.629  0.169 0.053 | -1.547 - - 2.589 - -2.051 - - 3.018 -
5000 | -0.588 - - - - 0.707 - - - - -1.562 - - - - -2.055 - - - -
(HO)BSubPc(Ci12H25)s(H)e— SubPc 3
Fc* Wave: | Wave: 11
V(mV/s) Epa / AEp / EO' 1A% ipc/ }IA ipcjipa Epa v AEp / Eo,/ ipa / ipc/ipa Epc IAY AEp / EO’ IAY ipc / ll,A ipa/ipc
v Y Y v pA Y
50 -0.569  0.063 -0.610 1.762 0.992 | 0.398 0.059 0.365 1.698 0.332 | -1.777 - - - -
100 -0.576  0.068 -0.611 1.803 0.989 | 0.398 0.061 0.365 1.761 0.355 | -1.778 - - - -
200 -0.576  0.079 -0.611 2.386 0.982 | 0.399 0.063 0.365 1.822 0.407 -1.778 - - - -
300 -0.574  0.087 -0.610 2.969 0.978 | 0.401 0.066 0.368  1.883 0.443 | -1.779 - - - -
400 -0.574  0.095 -0.610 3.553 0.975 | 0.402 0.069 0.369  1.943 0.601 | -1.779 - - - -
500 -0.571  0.104 -0.611 4.129 0.971 | 0.402 0.075 0.402  1.968 0.725 | -1.780 - - - -
5000 -0.584 - - - - 0411 - - - - -1.792 - - - -
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5 DFT

HOMO and LUMO of optimized SubPc 1 and 2 with calculations performed on the neutral molecules

using the B3LYP functional

51 CIBSubPc(H)1:- 1

HOMO

LUMO

52 CIBSubPc(F)12- 2

HOMO

LUMO
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6 Optimised Coordinates

Only in electronic version
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The effect of the electron-rich Y-BSubPc(H)12 and electron-poor Y-BSubPc(F)i2
subphthalocyanines on the iron(l1/111) oxidation potential of ferrocenylcarboxylic acid dyads Y
in the axial position was determined by means of electrochemical analysis. Y = non &
communicating (Fc-CH2-CH2-COO-) or a ® communicating (Fc-CH=CH-COO-) ferrocenyl

moiety.

Keywords

Subphthalocyanines; Ferrocene; redox potential; DFT; electron-donating; electron-

withdrawing

Highlights

Four novel ferrocenylsubphthalocyanine dyads synthesised in 40% yield

IH NMR ferrocenyl signals of axial ligand Y in fluorinated YSubPc(H12) were ca 0.9 ppm

downfield relative to related YSubPc(H12).

Ferrocenyl oxidation of the axial ligand occurs before ring oxidation of the subphthalocyanine

Fluorine ring substituents shifted the ferrocenyl oxidation of the axial ligand with ca. 0.1 V

more positive

Chemically reversible ring-based oxidation of the subphthalocyanine
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DFT optimised cation species confirm the order of ferrocenyl and ring oxidation of the

subphthalocyanine

Abstract

Four new ferrocenylsubphthalocyanine dyads YSubPc with ferrocenylcarboxylic acid dyads YH
= (Fc-CH2-CH;-COOQH, 1) or (Fc-CH=CH-COOQH, 2) in the axially Y position, were synthesised in
60% vyield. The axial ferrocenylcarboxylic acid moiety did not have a significant influence of
the UV/vis of the ferrocenylsubphthalocyanine dyads or *H NMR position of the ring proton
peaks of YSubPc(H12) or the °F NMR peaks of YSubPc(F12) relative to CISubPc(H12) 3, and
ClSubPc(F12), 4, respectively. However, the axial ferrocenylcarboxylic acid did influence the
redox properties of the ferrocenylsubphthalocyanine dyads (Fc(CH2).COOQ))BSubPc(H)12, 5,
(Fc(CH)2C00))BSubPc(H)132, 6, (Fc(CH2)2CO0))BSubPc(F)12, 7 and (Fc(CH),COO))BSubPc(F)12, 8.
The Fe group of the ferrocenyl-containing axial ligand is involved in the first reversible
oxidation process, followed by a second oxidation localised on the subphthalocyanine ligand.
The fluorine ring substituents in SubPcs 7 and 8 caused the ferrocenyl oxidation to shift with
ca. 0.1 V compared to SubPcs 5 and 6. Density functional theory (DFT) calculations gave
further insight into the redox properties of the novel dyads. The neutral species of SubPc 5 —
8 have LUMOs and HOMOs mainly m-ring and iron-d character, confirming ring-based
reduction and Fe(ll) to Fe(lll) oxidation. Optimisation of the cation (oxidised) species was

essential to verify the second ring-based oxidation.
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Introduction

Ferrocene has been extensively researched, and numerous good reviews for both its organic
and inorganic chemistry are available.™ Ferrocene reacts in multiple different ways such as
Friedel-Crafts acylation and alkylation; furthermore, it can be sulfonated, formylated and
metallated with n-butyllithium.>® Research into ferrocene-containing compounds thrives and
is greatly stimulated by their successful applications, especially electrochemistry due to the

ideal redox behaviour of the iron (lI/IIl) couple.” 2

The CIBSubPc(H)12, 3, shown in Scheme 1, was a fortunate discovery made in 1972 by Meller
and Ossko during an attempt to synthesise a boron centred phthalocyanine.® The applications
of SubPcs are varied and include light-emitting diodes,'° dye-sensitised solar cells,*! and
photodynamic therapy 2 among others. The effective use of SubPcs for certain applications
can be modified by substituting the axial ligand as well as by functionalising the peripheral
and non-peripheral positions R, see Scheme 1.2 It is observed that substitution of the
electron-withdrawing axial chloride ligand with an electron-donating alkoxy group, shifts the
first oxidation potential of the SubPc with ca 0.13 V to less positive potentials.'*
Ferrocenylsubphthalocyanine dyads with a direct ferrocene-boron or substituted ferrocene-
boron bond in the axial position, have been investigated by Nemykin and co-workers.'® They
found that the first reversible oxidation process of these ferrocenylsubphthalocyanine dyads
is ferrocene-centred, while the second ring-based oxidation was only partially reversible due

to significant degradation of the subphthalocyanine core.>®

In this paper, we report the synthesis, characterisation and electrochemical studies of four
new ferrocenylsubphthalocyanine dyads shown in Scheme 1. Ferrocenylpropanoic acid 1 and

ferrocenylpropenoic acid 2 are directly bound to the boron atom of SubPcs 3 and 4, to form

4
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the four novel compounds (Fc(CH2)2CO0))BSubPc(H)12, 5, (Fc(CH)2COO0))BSubPc(H)12, 6,
(Fc(CH2),C0O0))BSubPc(F)12, 7 and (Fc(CH)2CO0))BSubPc(F)12, 8, shown in Scheme 1. This
study was designed to determine, through cyclic voltammetry, (i) the influence of electron-
withdrawing F ring-substituents on the redox potentials of SubPcs of the type Y-BSubPc(F)12
relative to Y-BSubPc(H)1, with Y = (Fc-CH,-CH>-COO) or (Fc-CH=CH-COO), (ii) the influence of
the axially ferrocenylcarboxylic acid dyads Y on the UV/vis maxima and the ring-based
oxidations and reductions of the ferrocenylsubphthalocyanine dyads 5 - 8 and (iii) to improve
the cyclic voltammetry experimental setup to get reversible ring-based oxidation for
ferrocenylsubphthalocyanine dyads 5 - 8. The two axial ligands Y are chosen to either have
m-communication between the ferrocenyl and the carboxylic group (i.e. the (Fc-CH=CH-COO-
) ferrocenylcarboxylic acid with a non-isolated ferrocenyl group) or to have no m-
communication between the ferrocenyl and the carboxylic group (i.e. the (Fc-CH,-CH,-COO-)

ferrocenyl dyad with an isolated ferrocenyl group).

i. AgOTf (1.25 eq.) / \ cl i. AgOTf (1.25 eq.)
ii. FE(CH),CO,H, 1 (2 eq.) R N N/ ii. Fc(CH,),CO,H, 2 (2 eq.)
B |

R
DIPEA (1.25 eq.) . DIPEA (1.25 eq.
N N
R \ \ R

NS

N

R R R R
R R

R R

2

[0} SubPc3:R=H
R Ro P 4:R=F
/ \ -
R NN R Fe
{ B 7
R C NN B
NS
N
R R R R
SubPc6:R=H SubPc5:R=H
8:R=F 7:R=F
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Scheme 1 Reaction scheme for the synthesis of (Fc(CH,),COO))BSubPc(H)12, 5, (Fc(CH)>COO))BSubPc(H)12, 6,
(Fc(CH,),C0O0))BSubPc(F)12, 7, and (Fc(CH),COO0))BSubPc(F)1,, 8, from SubPc’s CIBSubPc(H):,, 3, and
CIBSubPc(F)1,, 4. Note: AgOTf = silver trifluoromethanesulfonate and DIPEA = N,N-Diisopropylethylamine.

Experimental Section

Reagents and Materials

Solid reagents (Sigma-Aldrich, Strem and Merck) were used as received. Liquid reagents
(Sigma-Aldrich and Merck) were used without any further purification unless specified
otherwise. Solvents were distilled, and water was double distilled. Organic solvents used in
this study were dried according to published methods ’. Melting points are uncorrected and
were determined with an Olympus BX 51 microscope equipped with a Linkam THMS 600 hot

stage.

Spectroscopy Measurements

H, 1B, 13C and '°F NMR spectroscopic analysis were performed for all compounds in the
study. H, 13C and °F NMR spectra were recorded at 25°C on a 600 MHz AVANCE || NMR
spectrometer at 600.28 MHz, 150.95 MHz and 564.33 MHz respectively. !B NMR spectra
were recorded at 25°C on a 400 MHz AVANCE Il NMR spectrometer at 128.38 MHz. Hydrogen
and carbon chemical shifts are relative to hydrogen and carbon in CDCl; at 7.24 ppm and
77.16 ppm, respectively. The following abbreviations are used to describe peak patterns: s =
singlet, d = doublet, pt = pseudo-triplet, t = triplet, g = quartet and m = multiplet. UV/vis

spectra were recorded on a Varian Cary 5000 UV/Vis-NIR Spectrophotometer. Melting points
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are uncorrected and were determined with an Olympus BX 51 microscope equipped with a

Linkam THMS 600 hot stage.

Preparation of novel SubPc’s 1 -4

Fc(CH2)2COOH, 1, Fc(CH),COOH, 2, CIBSubPc(H)12, 3 and CIBSubPc(F)12, 4, were synthesised
using slight modifications to literature methods (see the supporting information for the
reaction scheme and the characterisation data),”®'® as described in our previous
publications.'**® Compounds 5 — 8 were characterised by NMR, UV/vis, elemental analysis

and m.p.

Preparation of (Fc(CH2)COO)SubPc(H)12, (5).

To a solution of chlorosubphthalocyanine, 3, (200 mg; 0.46 mmol) and dry toluene (3 cm3),
silver trifluoromethanesulfonate (150 mg, 0.58 mmol; 1.25 eq.) was added and the mixture
stirred at 45°C, under argon atmosphere for 4 hours. Once the (OTf)SubPc(H)1, specie was
generated, ferrocenylpropanoic acid, 1, (211 mg, 0.92 mmol, 2 eq.) and N,N-
diisopropylethylamine (0.10 cm3, 75 mg, 0.58 mmol, 1.25 eq.) was added. The mixture was
stirred at 50 °C for 12 hours. The solvent was removed by evaporation under reduced pressure
and the product was directly purified by chromatography using hexane: DCM (1:1) (Rs: 0.71)
as eluent to give 122 mg (40 % based on, 3). m.p.: 175-180°C, UV/vis: Amax 563 nm, € = 153630
dm3 mol*cm™ in THF. *H NMR: 6H (600.28 MHz, CDCI3, 25 °C): 6 8.84 (6H, dd, SubPc), 7.85
(6H, dd, SubPc), 3.83 (5 H, s, Unsubstituted-Cp), 3.77 (2 H, pt, 2 x CH2: Substituted-Cp), 3.57

(2 H, pt, 2 x CH2: Substituted-Cp), 1.89 (2H, t, CH2), 1.50 (2H, t, CH2). }'B NMR: &5 (128.38
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MHz, CDCl3): 6 -16.41 (1B). 3C NMR: &¢ (150.95 MHz, CDCls, 25 °C): § 179.37 (1C, Fc-(CH,).-
C03), 151.60 (6C, SubPc: N-C=N), 131.12 (6C, SubPc: C=C), 129.95 (6C, SubPc: non-peripheral),
122.39 (6C, SubPc: peripheral), 87.49 (1C, Substituted-Cp-ring), 68.89 (2C, Substituted-Cp-
ring), 68.23 (5C, Unsubstituted-Cp-ring), 67.75 (2C, Substituted-Cp-ring), 35.53 (1C, Fc-CH;-
CH,-C0O3), 24.76 (1C, Fc-CH»-CH,-CO;).Elemental analysis calculated for Cs7H2s5BFeNgO;

(element, %): C, 68.13; H, 3.86; N, 12.88 obtained: C, 68.34; H, 3.97; N, 12.99.

Preparation of (Fc(CH)2COO)SubPc(H)12, (6).

To a solution of chlorosubphthalocyanine, 3, (200 mg; 0.46 mmol) and dry toluene (3 cm3),
silver trifluoromethanesulfonate (150 mg, 0.58 mmol; 1.25 eq.) was added and the mixture
stirred at 45°C, under argon atmosphere for 4 hours. Once the (OTf)SubPc(H):12 was
generated, ferrocenylpropenoic acid, 2, (211 mg, 0.92 mmol, 2 eqg.) and N,N-
diisopropylethylamine (0.10 cm3, 75 mg, 0.58 mmol, 1.25 eq.) was added. The mixture was
stirred at 50 °C for 12 hours. The solvent was removed by evaporation under reduced pressure
and the product was directly purified by chromatography using hexane: DCM (1:1) (R¢: 0.62)
as eluent to give 114 mg (38 % based on, 3). m.p.: 167-172°C, UV/vis: Amax 563 nm, € = 113729
dm3 mol*cm™ in THF. *H NMR: 6H (600.28 MHz, CDCI3, 25 °C): 6 8.84 (6H, dd, SubPc), 7.85
(6H, dd, SubPc), 6.70 (1H, d, CH=CH), 4.95 (1H, d, CH=CH), 4.21 (2 H, pt, 2 x CH2: Substituted-
Cp), 4.10 (2 H, pt, 2 x CH2: Substituted-Cp), 3.90 (5 H, s, Unsubstituted-Cp). !B NMR: &g
(128.38 MHz, CDCl3): & -16.31 (1B). 23C NMR: 8¢ (150.95 MHz, CDCls, 25 °C): & 172.29 (1C, Fc-
(CH),-C03), 153.60 (6C, SubPc: N-C=N), 148.76 (6C, SubPc: C=C), 133.12 (1C, Fc-CH=CH-CO5),
131.95 (6C, SubPc: non-peripheral), 124.39 (6C, SubPc: peripheral), 113.87 (1C, Fc-CH=CH-

CO,), 78.26 (1C, Substituted-Cp-ring), 71.44 (2C, Substituted-Cp-ring), 69.92 (5C,
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Unsubstituted-Cp-ring), 69.05 (2C, Substituted-Cp-ring). Elemental analysis calculated for

Cs7H23BFeNgO2 (element, %): C, 68.34; H, 3.57; N, 12.92 obtained: C, 68.28; H, 3.66; N, 13.02.

Preparation of (Fc(CH2).COO)SubPc(F)12, (7).

To a solution of chlorosubphthalocyanine, 4, (200 mg; 0.46 mmol) and dry toluene (3 cm?3),
silver trifluoromethanesulfonate (150 mg, 0.58 mmol; 1.25 eq.) was added and the mixture
stirred at 45°C, under argon atmosphere for 4 hours. Once the (OTf)SubPc(H)12 was
generated, ferrocenylpropanoic acid, 1, (211 mg, 0.92 mmol, 2 eq.) and N,N-
diisopropylethylamine (0.10 cm3, 75 mg, 0.58 mmol, 1.25 eq.) was added. The mixture was
stirred at 50 °Cfor 12 hours. The solvent was removed by evaporation under reduced pressure
and the product was directly purified by chromatography using hexane: DCM (1:1) (R¢: 0.68)
as eluent to give 128 mg (48 % based on, 4). m.p.: 153-159°C, UV/vis: Amax 573 nm, € = 174397
dm3 mol*cm™ in THF. *H NMR: 8H (600.28 MHz, CDCI3, 25 °C): § 4.71 (5 H, s, Unsubstituted-
Cp-ring), 4.65 (2 H, pt, 2 x CH2: Substituted-Cp-ring), 4.45 (2 H, pt, 2 x CH2: Substituted-Cp-
ring), 2.77 (2H, t, CH2), 2.38 (2H, t, CH2). 1B NMR: &s (128.38 MHz, CDCls): § -14.79 (1B). 13C
NMR: &c (150.95 MHz, CDCls, 25 °C): & 187.15 (1C, Fc-(CH2)2-C03), 173.93 (6C, SubPc: N-C=N),
153.45 (6C, SubPc: C=C), 152.27 (6C, SubPc: non-peripheral), 144.72 (6C, SubPc: peripheral),
87.49 (1C, Substituted-Cp-ring), 68.89 (2C, Substituted-Cp-ring), 68.23 (5C, Unsubstituted-Cp-
ring), 67.75 (2C, Substituted-Cp-ring), 35.53 (Fc-CH2-CH,-CO;), 24.76 (Fc-CH,-CH»-CO3). °F
NMR: éc (564.33 MHz, CDCls, 25 °C): 6 -134.37 (6F, q, non-peripheral F¢) and -146.82 (6F, q,
peripheral Fg). Elemental analysis calculated for C37H13BF12FeNgO: (element, %): C, 51.99; H,

1.51; F, 22.26; N, 8.68; obtained: C, 52.14; H, 1.68; F, 22.31; N, 8.74.
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Preparation of (Fc(CH)2COO)SubPc(F)12, (8).

To a solution of chlorosubphthalocyanine, 4, (200 mg; 0.46 mmol) and dry toluene (3 cm3),
silver trifluoromethanesulfonate (150 mg, 0.58 mmol; 1.25 eq.) was added and the mixture
stirred at 45°C, under argon atmosphere for 4 hours. Once the (OTf)SubPc(H)12 was
generated, ferrocenylpropenoic acid, 2, (211 mg, 0.92 mmol, 2 eq.) and N,N-
diisopropylethylamine (0.10 cm3, 75 mg, 0.58 mmol, 1.25 eq.) was added. The mixture was
stirred at 50 °Cfor 12 hours. The solvent was removed by evaporation under reduced pressure
and the product was directly purified by chromatography using hexane: DCM (1:1) (R¢: 0.54)
as eluent to give 113 mg (42 % based on, 4). m.p.: 148-153°C, UV/vis: Amax 573 nm, € = 134952
dm3 molt cmt in THF. *H NMR: 8H (600.28 MHz, CDCI3, 25 °C): & 7.58 (1H, d, CH=CH), 5.83
(1H, d, CH=CH), 5.09 (2 H, pt, 2 x CH2: Substituted-Cp-ring), 4.98 (2 H, pt, 2 x CH2: Substituted-
Cp-ring), 4.78 (5 H, s, Unsubstituted-Cp-ring). !B NMR: &g (128.38 MHz, CDCl3): § -14.51 (1B).
13C NMR: 8¢ (150.95 MHz, CDCls, 25 °C): & 179.42 (1C, Fc-(CH)2-C0O3), 172.29 (6C, SubPc: N-
C=N), 158.94 (6C, SubPc: C=C), 157.76 (6C, SubPc: non-peripheral), 150.21 (6C, SubPc:
peripheral), 148.76 (1C, Fc-CH=CH-COy), 113.87 (1C, Fc-CH=CH-CO;), 78.26 (1C, Substituted-
Cp-ring), 71.44 (2C, Substituted-Cp-ring), 69.92 (5C, Unsubstituted-Cp-ring), 69.05 (2C,
Substituted-Cp-ring). **F NMR: &¢ (564.33 MHz, CDCls, 25 °C): 6 -135.62 (6F, g, non-peripheral
Feé) and -145.72 (6F, q, peripheral F¢). Elemental analysis calculated for Cs7H11BF12FeNgO2

(element, %): C, 51.31; H, 1.38; F, 26.32; N, 9.50 obtained: C, 51.38; H, 1.46; F, 26.39; N, 9.53.

Cyclic Voltammetry

All the electrochemical experiments were performed in an M Bruan Lab Master SP glove box

under a high purity argon atmosphere (H.0 and O, < 10 ppm). Cyclic voltammetry (CV)

10
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measurements were performed utilising a Princeton Applied Research PARSTAT 2273
potentiostat, running Powersuite software (Version 2.58). A three-electrode cell was used. A
glassy carbon electrode with a surface area 3.14 x 10°® m? was chosen as working electrode,
platinum wires were chosen as auxiliary and reference electrodes. The glassy carbon working
electrode was polished and prepared before every experiment on a Buhler polishing mat first
with 1-micron and then with %-micron diamond paste, rinsed with H,O, acetone and
dichloromethane (DCM), and dried before each experiment. Electrochemical analysis of the
complexes was performed in DCM (anhydrous, = 99.8%, contains 40-150 ppm amylene as a
stabiliser) room temperature. Solutions were made in 0.001 dm? spectrochemical grade
anhydrous DCM containing ca. 0.0005 M of an analyte, 0.0005 mol dm of internal reference

3 of supporting electrolyte

(decamethylferrocene, DmFc) and 0.1 mol dm
tetrabutylammonium tetrakispentafluorophenylborate, [N("Bu)s][B(CsFs)a] in DCM.
Experimental potential data was collected vs. the Pt wire reference electrode but is reported
vs. the redox couple of ferrocene, Fc/Fc* at 0 V. E°' (DmFc) = - 0.610 V vs. Fc/Fct at 0 Vin
DCM/[N("Bu)4][B(CsFs)a]. Scan rates were between 0.05 and 5.00 Vs?. Electrochemical
reversibility (or Nernstian behaviour) of redox processes is indicated by a peak current ratio
(ioc/ipa for oxidation and ipa/ipc for reduction) of 1 22! and peak current separation AE = |Epa -
Epc| = 0.059 V for a one-electron transfer process. % In this experiment, due to experimental
cell imperfections and ohmic drop effects, AE, slightly larger than 0.059 V was obtained, even
for the known 1 e transfer processes of decamethylferrocene, DmFc*/DmFc, namely 0.074 -
0.076 V.?372> The formal reduction potential is determined by E°' = (Epa — Epc)/2 for an

electrochemically reversible (and quasi reversible) process where Epa (Epc) = anodic (cathodic)

peak potential and ipa (ipc) = anodic (cathodic) peak current.

11



228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

DFT calculations

Density functional theory (DFT) optimisations were performed on the neutral and oxidised
molecules in the gas phase using the hybrid PBE1PBE2%28 exchange-correlation functional and
the triple-T basis set 6-311G(d,p) basis set, as implemented in the Gaussian 16 package.?’
Single calculations using pure BP863°-32 exchange-correlation were performed in DCM as the
solvent, using the IEF-PCM model (polarisable continuum model (PCM)3? which solved the
non-homogeneous Poisson equation by applying the integral equation formalism variant).3*
The energy and plots of the highest occupied molecular orbital (Eqomo) and the lowest
unoccupied molecular orbital (E.umo) were obtained from the output files from the BP86-DCM
calculations. Both the gas phase PBE1PBE/6-311G(d,p) and solvent phase BP86/6-311G(d,p)
results gave the same molecular orbital (MO) insight into the observed experimental redox

processes.

Results and Discussion

Synthesis

Ferrocenylpropanoic acid, 1, and ferrocenylpropenoic acid, 2, were synthesised in multigram
quantities using slightly modified methods than previously published,® as described in our
previous publication.!® The synthesis of ferrocenylsubphthalocyanine dyads 5 — 8 from
subphthalocyanines 3 and 4 (Scheme 1), was complex due to the moisture sensitivity of silver

trifluoromethanesulfonate and the intermediate that forms (OTf)SubPcs, which is highly

12
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reactive, see Scheme 2.3>3¢ With moisture in the system AgOTf reacts with H,0 and forms

AgOH and HOTf, and as a result, it is not possible to form the intermediate (OTf)SubPc.

N AgOTf N °N DIPEA
| NB'N | NB'N I N
\ \ \ \ \
NS N\
N AgCl N HOTf

Scheme 2 Basic reaction steps with (OTf)SubPc intermediate formation.3®

(0]
(o]
cl 0-S—CF OJ\/\@
[\ [\ I 3| Fc(CH,),CO,H Fe
% 7y
N

The weakly-coordinating triflate (OTf’) anion activated the triflate-SubPc drastically increasing
reactivity towards nucleophilic attack at the boron atom.3*> The success of the synthesis is
drastically affected when not working under strict Schlenk conditions. When the reactions
were performed in a glovebox with H,0: < 0.5 ppm and O;: < 10 ppm, it was possible to
improve the yields of all ferrocenylsubphthalocyanine dyads by ca. 30% to 60%, in comparison
to bench reactions. The purification of the ferrocenylsubphthalocyanine dyads was easily
done utilising flash column chromatography on a short column. The yields of SubPc, 5 and 7
were higher than 6 and 8 due to the electron-donating effect of the ferrocene group being

stronger on the OH group of the COOH moiety of 1 than 2, increasing its reactivity.

The well-known conical structure of SubPcs®? provides them with relatively strong solubility
and a low tendency to aggregate. The ferrocenyl moieties in the axial position of complexes
5 —8significantly increased the solubility in common organic solvents compared to the parent

macrocycles 3 and 4 with chlorine in the axial position. Complexes 5 — 8 are soluble in DCM,

13
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chloroform, toluene and THF; however, they are poorly soluble in hexane and diethyl ether.

The fluorinated SubPcs 4, 7 and 8 were slightly more soluble than SubPcs 3, 5 and 6.

On H NMR the peripheral and non-peripheral peaks shifted slightly upfield by 0.04-0.09 ppm
for SubPc 5, and 6 relative to CIBSubPc 3. °F NMR showed a small shift in peripheral and non-
peripheral peaks with a downfield shift of 1 - 2 ppm for SubPc 7 and 8 relative to
CIBSubPc(F)12, 4. The most significant effect on *H NMR was observed for the substituted and
unsubstituted-cyclopentadienyl (cp) ring peaks of 5 — 8. The effect of the SubPc on the signals
of ferrocenyl was similar for the two axial ligands (Fc-CH=CH-COO-) and (Fc-CH>-CH,-COO-).
For example, in comparison to the free ferrocenylcarboxylic acid 1 (CsHs g at 4.12 ppm), the
signals of the unsubstituted-cp ring are shifted upfield with 0.29 ppm for SubPc 5 (3.83 ppm)
and downfield with 0.59 ppm for SubPc 7 (4.71 ppm). Similarly, the signals of the ferrocenyl
moieties of the unsubstituted-cp ring of SubPc 6 and 7 were ca 0.3 downfield and 0.6 ppm
upfield relative to that of 2 (CsHs e at 4.15 ppm). The effect on the signals of the ferrocenyl
moieties of the substituted-cp ring CsHa . for SubPc 5 (3.77 and 3.57 ppm) and 7 (4.65 and
4.45 ppm) relative to 2 (CsHarc at 4.09 and 4.07 ppm), and that of SubPc 6 (4.21 and 4.20
ppm) and 8 (5.09 and 4.98 ppm) relative to 1 (CsHarc at 4.50 and 4.42 ppm), were similar.
However, all ferrocenyl signals of the fluorinated SubPcs 7 and 8 were ca 0.9 ppm downfield

relative to SubPc’s 5 and 6.

The UV/vis spectra of SubPcs 5 — 8 exhibited the expected two main transitions, the Soret
band between 250 and 350 nm, and the Q-band between 450 and 620 nm, see Figure 1. The
effect of substituting the axial chlorine atom in 3 with the ferrocenyl dyads 1 and 2 was
negligible, with a blue shift of only 1 nm in the Q-band to 563 nm for SubPcs 5 and 6. The

similar Soret and Q-bands for 3 and the ferrocenylcarboxcylic acid subphthalocyanine dyads
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SubPcs 5 and 6 (see Table 1), indicates that the Soret and Q-bands involve purely m-*
transitions, without any metal-to-ligand-charge-transfer (MLCT) transitions involved in the Q-
bands. The MLCT transitions is expected in the near-IR (NIR) region.® Similarly, no shift in the
Q-band maximum was observed for fluorinated SubPcs, 7 and 8 (573 nm) relative to 4 (573
nm). However, it has been reported that both donor and acceptor peripheral substituents
shifted the Q band of SubPcs toward longer wavelengths, due to extension of the =«
conjugation of the macrocycle.’®> Here the electron-withdrawing fluorine ring substituents
shifted the Q-bands with 10 nm from c.a. 563 nm (SubPcs 3, 5 and 6) to 573 nm (SubPcs 4, 7
and 8). SubPcs 5 to 8 showed no aggregation in the concentration range of 0.01 — 0.10 (x 10°

3 M) and followed the Beer-Lambert law, see Figure 1.
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Figure 1 (a) — (d) The UV/vis spectra of SubPc (5 — 8) at concentrations 0.01, 0.02, 0.03, 0.04, 0.05 and 0.10 (x 10
3 M), obtained with a 1cm pathlength cuvette. The metal to ligand charge transfer (MLCT) of
(Fc(CH,),CO0)BSubPc(H)12,  5;  (Fc(CH),COO0)BSubPc(H)12, 6;  (Fc(CH2),COO)BSubPc(F)1,, 7  and
(Fc(CH),CO0)BSubPc(F)12, 8 was obtained at concentration 1 (x 10 M) with wavelengths indicated on spectra
in nm. UV/vis spectra of SubPc (4 — 8) at concentration 0.01 x 103 M, from 250 — 650 nm, is provided in the
Supplementary Information. The Beer-Lambert correlation between the absorbance A and concentration of
SubPc (5 — 8) is provided in Supplementary Information.

Table 1 UV/vis data of SubPcs 3 —8in THF.

Sorret Band QBand

Max 1%t shoulder 2" shoulder  Max
CIBSubPc(H)12, 3 308 525 532 564
CIBSubPc(F)12, 4 303 506 541 573
(Fc(CH2)2.CO0)BSubPc(H)12, 5 302 505 544 563
(Fc(CH)2.CO0)BSubPc(H)12, 6 291 504 543 563
(Fc(CH2)2.C0O0)BSubPc(F)12, 7 282 511 542 573
(Fc(CH)2.CO0)BSubPc(F)12, 8 284 510 542 573

Cyclic Voltammetry

The redox properties of the novel ferrocenylsubphthalocyanine dyads SubPc 5 — 8 were
examined using cyclic voltammetry (CVs) and linear sweep voltammetry (LSVs). The CVs and
LSVs of SubPc 5 — 8 at 25°C in dichloromethane (DCM) at a scan rate of 0.100 Vs are shown

in Figure 2 (also see the overlay CV in the Supplementary Information) with electrochemically

16



318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

relevant data summarised in Table 2. The cyclic voltammetry showed chemically reversible
results with peak ratios approaching 1 for the first oxidation process for 5 - 8 (assigned to as
ferrocenyl oxidation), the second ring-based oxidation for 5 - 8 (wave | in Figure 2), the first
ring-based reduction peak for 5 - 8 (wave Il in Figure 2) and the second ring-based reduction
peak for 7 - 8 (wave Ill in Figure 2), all with peak current separations AE, between 0.074 and
0.090 V. The second ring-based reduction peak for 5 - 6 (wave lll in Figure 2) and the third
ring-based reduction peak for 7 - 8 (wave IV in Figure 2) were irreversible and did not show
any re-oxidation peaks. Linear sweep voltammetry showed, as expected, 1 e redox couples

for Fc oxidation and waves | to IV.

Ferrocenyl moiety oxidation

The oxidation of the Fe group of the ferrocenyl-containing axial ligand is the first observed
redox process for all four SubPcs 5 — 8. This assignment is in agreement with literature>1®
and also supported by DFT calculations, see computational analysis below. SubPcs 5 and 6
have ferrocenyl oxidation potentials E°' at -0.058 and 0.119 V, while SubPcs 7 and 8 have

oxidation potentials at 0.050 and 0.243 V respectively, all with AE, between 0.074 —0.078 V,

see Table 2 and Figure 2, as well as the overlay CV in the Supplementary Information.

The fluorine ring substituents in SubPcs 7 and 8 causes the ferrocenyl oxidation to shift ca.
with 0.1V to a more positive potential compared to SubPcs 5 and 6 respectively. The electron-
rich macrocycle of SubPc, Y-BSubPc(H)12 (SubPcs 5 and 6) had an electron-donating effect on
the axial ligand Y, shifting the oxidation potential of ferrocenyl in the unsubstituted
ferrocenylcarboxylic acid YH 1 (-0.015 V)*® and 2 (0.170 V)* with c.a. 0.05 V more negative

compared to the oxidation potential of ferrocenyl of the substituted ferrocenylcarboxylic acid
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in SubPcs 5 (-0.058 V) and 6 (0.119 V) respectively. In contrary, the less electron-rich
macrocycle of the fluorinated SubPc, Y-BSubPc(F)12 (SubPcs 7 and 8) had an electron-
withdrawing effect on the axial ligand Y, shifting the oxidation potential of ferrocenyl in the
unsubstituted ferrocenylcarboxylic acid YH 1 (-0.015 V) and 2 (0.170 V) with c.a. 0.07 V more
positive compared to the oxidation potential of ferrocenyl of the substituted

ferrocenylcarboxylic acid in SubPcs 7 (0.050 V) and 8 (0.243 V) respectively.

For the free ferrocenyl dyads 1 and 2 it was found that the formal reduction potential £°' of
the ferrocene group of 2 that is not isolated from the electron-withdrawing effect of the
carbonyl group (due to m-communication via the sp? hybridised carbon atoms in the -CH=CH-
fragment), is 0.170 V more positive than free ferrocene at 0 V vs. Fc/Fc*.*° However, E°' of the
ferrocene group of 1 that is more isolated from the electron-withdrawing effect of the
carbonyl group (containing the sp3 hybridised carbon atoms in the -CH,-CH»- fragment) is
much lower, at -0.015 vs. Fc/Fc*.’® The same trend was observed here, the oxidation
potentials of ferrocenyl in SubPcs 5 (-0.058 V) and SubPcs 7 (0.050 V) containing ferrocenyl
dyad 1inthe axial position, were nearly 0.2 V lower than the oxidation potentials of ferrocenyl

in6(0.119 V) and 8 (0.243 V) respectively, containing ferrocenyl dyad 2 in the axial position.
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Table 2 Cyclic voltammetry data of SubPcs 5—8in DCM containing 0.1 mol dm™ [N("Bu)4][B(CsFs)4] as supporting
electrolyte at a scan rate of 0.100 V/s at 25°C.

Description Ey? E*' (V), AE, (V) i» (MA)®, current ratio®
Fc(CH2),COOHY | Fc 0.020 -0.015, 0.070 3.87,0.99
Fc(CH),COOH¢ Fc 0.210 0.170, 0.079 3.36,0.99
SubPc 5 DmFc -0.573 -0.610,0.074 3.89, 0.99
Fc -0.021 -0.058, 0.074 3.66, 0.99
Wave | 0.712 0.670, 0.084 3.31,0.99
Wave I -1.783 -1.741, 0.084 3.42,0.99
Wave Il -2.264 -, - -, -
SubPc 6 DmFc -0.573 -0.610, 0.074 3.93,0.99
Fc 0.156 0.119, 0.074 3.54,0.99
Wave | 0.711 0.670, 0.082 3.24,0.99
Wave I -1.704 -1.662, 0.084 3.47,0.99
Wave Il -2.184 -, - -, -
SubPc 7 DmFc -0.572 -0.610, 0.076 3.87,0.99
Fc 0.089 0.050, 0.078 3.71,0.99
Wave | 1.106 1.065, 0.082 3.41,0.99
Wave I -1.240 -1.197, 0.086 3.58, 0.99
Wave llI -1.825 -1.781, 0.088 4.01, 0.99
Wave IV -2.323 -, - -, -
SubPc 8 DmFc -0.573 -0.610, 0.074 3.91.0.99
Fc 0.282 0.243,0.078 3.64, 0.99
Wave | 1.107 1.065,0.084 3.37,0.99
Wave Il -1.239 -1.195, 0.088 3.46, 0.99
Wave llI -1.627 -1.582, 0.090 3.89, 0.99
Wave IV -2.127 -, - -, -

2E, is the peak anodic peak for oxidation (Eox) and peak cathodic peak for reduction (Ereq).
b, is the peak anodic peak for oxidation (ipa) and peak cathodic peak for reduction (ipc).

¢ peak current ratio = ipc/ipa for oxidation and ipa/ipc for reduction.

d Data from reference *°

Ring-based Oxidation

The first ring-based oxidation of SubPc 5 and 6 (wave | in Figure 2) is the same, namely 0.670
V. Similarly, the first ring-based oxidation of SubPc 7 and 8 (wave | in Figure 2) is the same,
namely 1.065 V. The first ring-based oxidations of SubPc 5 - 8 are thus mainly influenced by
the ring substituents (H or F) and not by the oxidised axial ferroceniumcarboxcylic acid dyad.

The different oxidised axial ferroceniumcarboxcylic acid dyads (Fc*-CH;-CH,-COO) and (Fc*-
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CH=CH-COO) on SubPc 5 and 6 respectively, thus seem to have the same influence on the first
ring-based oxidation of SubPc 5 and 6, namely, substituting the axial chloride ligand of SubPc
3 with ferroceniumcarboxcylic acid dyads causes the first ring-oxidation (wave | in Figure 2)
to shift with 0.042 V more positive from 0.628 V (SubPc 3) to 0.670 V (SubPc 5 and 6). The
first ring-based oxidation of the fluorinated SubPcs 7 — 8 shifted opposite with 0.131 V more
negative from 1.196 V (SubPc 4) to 1.065 V (SubPc 7 and 8). Here, for the first time, quasi
reversible first ring-based oxidation is obtained for ferrocenylsubphthalocyanine dyads,
namely for SubPcs 5 — 8 with peak ratios approaching 1 and AE, ranging between 0.082 and
0.084 V (see Table 2). Generally the first ring-based oxidation of SubPc’s show irreversible
oxidation behaviour.!? Previously published ring-based oxidation of
ferrocenylsubphthalocyanine dyads was only partially reversible, ascribed to significant

degradation of the subphthalocyanine core.'>1®

Ring-based Reduction

The ring-based reductions of SubPc’s 5 - 8, redox waves Il, lll and IV in Figure 2 and Table 2,
generally follow the same trend than the ferrocene and ring-based oxidations, namely that
the reduction of SubPc’s 5 and 7 containing ferrocenyl dyad 1 as axial ligand, were lower or
the same than the reduction of SubPc’s 6 and 8 containing ferrocenyl dyad 2 as axial ligand,
as illustrated in the overlay CV in the Supplementary Information. Only for SubPc 7 and 8, in
addition to reduction waves Il and Ill, a third non-reversible reduction wave is observed (wave
IV), see Figure 2. Wave |V, is observed for SubPc 7 and 8 and not for 5 and 6 because of the
strong electron-withdrawing properties of the fluorinated SubPcs, moving the third reduction

wave into the solvent window.
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Computational Analysis

The SubPcs (Fc(CH2)2CO0)BSubPc(H)12, 5, (Fc(CH)2C0O0)BSubPc(H)12, 6,
(Fc(CH2)2CO0)BSubPc(F)12, 7 and (Fc(CH),COO0O)BSubPc(F)12, 8, was optimised to gain further
insight into the redox properties of the ferrocene dyads. On a molecular level, the highest
occupied molecular orbital (HOMO) of these molecules, provide information of where the
electrons are removed during the oxidation process of these molecules. As expected, the
LUMOs and HOMOs of neutral SubPcs 5 — 8 are of mainly m-ring and iron-d character
respectively, confirming ring-based reduction and Fe(ll) to Fe(lll) oxidation respectively, see
Figure 3. Both HOMO and HOMO-1 were centred on the iron centre; however, experimentally
the second oxidation of SubPcs 5 — 8 were assigned to be SubPc ring-based. Since it

37-39jt is essential to optimise

sometimes happens that orbitals can rearrange upon oxidation,
the cation (oxidised) species as well, to locate the locus of the second experimentally
observed oxidation. The oxidised SubPcs 5 — 8 all showed that the LUMO is on the iron centre
(first oxidation) and the HOMO and HOMO-1 are on the SubPc-ring (second and third
oxidation), in agreement with the experimental assignment, see Figure 4. The molecular
orbital (MO) energy level diagram in Figure 4 show that the equi-energetic PBE1PBE/6-
311G(d,p) ring-based HOMO and HOMO-1 of the oxidised fluorinated SubPc 7 (7*) are 0.35
eV lower in energy than the HOMOs of oxidised SubPc 5 (5*) implying that it will be more
difficult (higher potential needed) for the second oxidation of SubPc 7. It will be more difficult
to remove an electron upon oxidation from the more stable, lower energy HOMO of SubPc 7*

(E°' = 1.065 V) than from the higher energy HOMO of SubPc 5* (E°' = 0.670 V). However, the

difference in energy between the HOMOs of SubPc 7* and SubPc 8" is only 0.04 eV, explaining
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why the ring-based oxidation of SubPc 7* and SubPc 8* occurs at the same potential (1.065

V).

HOMO-1 HOMO LUMO LUMO+1

Figure 3 Selected PBE1PBE/6-311G(d,p) frontier MOs for neutral SubPcs 5 and 7. A contour of 0.03 e/A3 was
used for the orbital plots. Colour code of atoms (online version): Fe (purple), B (yellow), C (grey), O (red), H
(white).

(Fc*-CH,-CH,-CO0)BSubPc(H);, - 5* (Fc*-CH,-CH,-CO0)BSUbPC(F),, - 7+

LUMO: Fc

A
6.4 f‘

HOMO: & HOMO-1: n

Figure 4 PBE1PBE/6-311G(d,p) MO energy level diagrams for the cations of SubPcs 5 and 7. The y-axis show
energies in eV. A contour of 0.03 e/A3 was used for the orbital plots. Colour code of atoms (online version): Fe
(purple), B (yellow), C(grey), O (red), H (white). The energy levels of filled MOs are shown in blue and the energy
levels of empty MOs in red. The arrows indicate the a-electrons (up spin) and 3 electrons (down spin).
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Conclusions

Subphthalocyanines with ferrocenylcarboxylic acids in the axial position can be synthesised
in a 60% yield when reactions are performed under extremely dry conditions (e.g. in a
glovebox). The axial ferrocenylcarboxylic acids did not influence the UV/vis wavelength
maxima of the Soret and Q-bands of the ferrocenylsubphthalocyanine dyads, that were
similar to the wavelength maxima of the parent CIBSubPcs. The CVs of the
ferrocenylsubphthalocyanine dyads revealed that the first reversible oxidation process is
ferrocene-centred, while the second oxidation and all observed reduction processes were
localised on the SubPc-ring. By performing the CV experiments in DCM with
[N("Bu)4][B(CsFs)4] as supporting electrolyte tetrabutylammonium, it was possible, for the first
time, to obtain chemically reversible ring-based oxidation for ferrocenylsubphthalocyanine
dyads. DFT optimisation of the oxidised SubPcs was necessary to confirm the locus of the

second observed SubPc-ring-based oxidation.

Supplementary Information

The synthesis and characterisation, additional graphs, tables, and optimised coordinates are

provided in the Supporting information.
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Value of the Data

e This data provides cyclic voltammograms and detailed electrochemical data for four novel
ferrocenylsubphthalocyanine dyads in DCM for scan rates over two orders of magnitude
(0.05-5.0 Vs,

e This data illustrates the effect of electron-rich and electron-poor macrocycles of Y-
BSubPc(H)12 and Y-BSubPc(F)i2 subphthalocyanines on the iron(II/I1I) oxidation potential
of ferrocenylcarboxylic acid dyads Y in the axial position. Y = non © communicating (Fc-
CH,-CH2-COO-) or a m communicating (Fc-CH=CH-COOQO-) ferrocenyl moiety.

e This data illustrates that chemical reversible first ring-based oxidation with peak current
ratios of 1 and peak current separations, AE = 0.074 — 0.084 V can be obtained when
electrochemical experiments are performed in a high purity argon atmosphere, while using
DCM as the solvent and [N("Bu)4][B(CeF5)4] as supporting electrolyte.

Data Description

The electrochemical data of ferrocenylsubphthalocyanine dyads shown in Figure 1 are summarized
in Table 1 - 4, with the CVs shown in Figure 2 - 5. Cyclic voltammograms of the fluorinated
subphthalocyanines showed an iron based and ring-based oxidations as well as three ring-based
reductions. Cyclic voltammograms of the non-fluorinated subphthalocyanines also showed an iron
based and ring-based oxidations but only two ring-based reductions. Previous studies showed that
the first oxidation in related ferrocenylsubphthalocyanine dyads is iron based [1,2]. Porphyrins,
phthalocyanines and subphthalocyanines can show up to three ring-based oxidations and three
ring-based reductions [3].

R=HorF

Figure 1. Structure of compounds in study.
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Figure 2. Cyclic voltammograms in DCM of Fc(CH2):CO:BSubPc(H)1z at scan rates 0.050 (smallest peak
currents), 0.100, 0.200, 0.300, 0.400 and 0.500 (largest peak currents).
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Figure 3. Cyclic voltammograms in DCM of Fc¢(CH):CO:BSubPc(H)12 at scan rates 0.050 (smallest peak
currents), 0.100, 0.200, 0.300, 0.400 and 0.500 (largest peak currents).
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Figure 4. Cyclic voltammograms in DCM of Fc¢(CH2)2CO:BSubPc(F)12 at scan rates 0.050 (smallest peak
currents), 0.100, 0.200, 0.300, 0.400 and 0.500 (Iargest peak currents).
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Figure 5. Cyclic voltammograms in DCM of Fc(CH):CO:BSubPc(F)12 at scan rates 0.050 (smallest peak
currents), 0.100, 0.200, 0.300, 0.400 and 0.500 (largest peak currents).
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Table 1. Electrochemical data (potential in V vs Fc¢/Fe) in DCM for c.a. 0.0005 mol dm3 of
Fc(CH2)2CO:BSubPc(H)12 at indicated scan rates (V in V/s).

V (V/s) Epa/V  AE,/V  E”/V  ipa/ pA lipclipa
DmkFc

0.100 -0.573 0.074 -0.610 3.89 0.99
Fc

0.050 -0.021 0.073 -0.058  2.61 0.99
0.100 -0.021 0.074 -0.058 3.66 0.99
0.200 -0.020 0.075 -0.058 5.12 0.99
0.300 -0.020 0.076 -0.058  5.86 0.99
0.400 -0.019 0.077 -0.058 8.42 0.99
0.500 -0.019 0.078 -0.058 9.15 0.99
5.000 -0.018 - - - -
Wave I

0.050 0.711 0.083 0.670 2.36 0.99
0.100 0.712 0.084 0.670 3.31 0.99
0.200 0.712 0.085 0.670 4.63 0.99
0.300 0.713 0.086 0.670 5.30 0.99
0.400 0.713 0.087 0.670 7.61 0.99
0.500 0.714 0.088 0.670 8.28 0.99
5.000 0.715 - - - -
Wave II

0.050 -1.782 0.083 -1.741 244 0.99
0.100 -1.783 0.084 -1.741  3.42 0.99
0.200 -1.783 0.085 -1.741  4.79 0.99
0.300 -1.784 0.086 -1.741 547 0.99
0.400 -1.784 0.087 -1.741  7.87 0.99
0.500 -1.785 0.088 -1.741 8.55 0.99
5.000 -1.786 - - - -
Wave III

0.050 -2.263 - - - -
0.100 -2.264 - - - -
0.200 -2.264 - - - -
0.300 -2.265 - - - -
0.400 -2.265 - - - -
0.500 -2.266 - - - -
5.000 -2.267 - - - -
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Table 2. Electrochemical data (potential in V vs F¢/Fc¢') in DCM for c.a. 0.0005 mol dm3 of
Fc¢(CH)2CO:BSubPc(H)12 at indicated scan rates (V in V/s).

V (V/s) Epa/V  AE,/V  E”/V  ipa/ pA lipclipa
DmkFc

0.100 -0.573 0.074 -0.610 3.93 0.99
Fc

0.050 0.156 0.073 0.119 2.53 0.99
0.100 0.156 0.074 0.119 3.54 0.99
0.200 0.156 0.075 0.119 4.96 0.99
0.300 0.157 0.076 0.119 5.66 0.99
0.400 0.157 0.077 0.119 8.14 0.99
0.500 0.158 0.078 0.119 8.85 0.99
5.000 0.159 - - - -
Wave I

0.050 0.710 0.081 0.670 2.31 0.99
0.100 0.711 0.082 0.670 3.24 0.99
0.200 0.711 0.083 0.670 4.54 0.99
0.300 0.712 0.084 0.670 5.18 0.99
0.400 0.712 0.085 0.670 7.45 0.99
0.500 0.713 0.086 0.670 8.10 0.99
5.000 0.714 - - - -
Wave II

0.050 -1.703 0.083 -1.662 248 0.99
0.100 -1.704 0.084 -1.662 347 0.99
0.200 -1.704 0.085 -1.662  4.86 0.99
0.300 -1.705 0.086 -1.662  5.55 0.99
0.400 -1.705 0.087 -1.662  7.98 0.99
0.500 -1.706 0.088 -1.662  8.68 0.99
5.000 -1.707 - - - -
Wave III

0.050 -2.183 - - - -
0.100 -2.184 - - - -
0.200 -2.184 - - - -
0.300 -2.185 - - - -
0.400 -2.185 - - - -
0.500 -2.186 - - - -
5.000 -2.187 - - - -
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Table 3. Electrochemical data (potential in V vs Fc¢/Fe) in DCM for c.a. 0.0005 mol dm3 of
Fc¢(CH2)2CO:BSubPc(F)12 at indicated scan rates (V in V/s).

V (V/s) Epa/V  AE,/V  E”/V  ipa/ pA lipclipa
DmkFc

0.100 -0.572 0.076 -0.610 3.87 0.99
Fc

0.050 0.089 0.077 0.050 2.65 0.99
0.100 0.089 0.078 0.050 3.71 0.99
0.200 0.089 0.079 0.050 5.19 0.99
0.300 0.090 0.080 0.050 5.94 0.99
0.400 0.090 0.081 0.050 8.53 0.99
0.500 0.091 0.082 0.050 9.28 0.99
5.000 0.092 - - - -
Wave I

0.050 1.105 0.081 1.065 2.44 0.99
0.100 1.106 0.082 1.065 3.41 0.99
0.200 1.106 0.083 1.065 4.77 0.99
0.300 1.107 0.084 1.065 5.46 0.99
0.400 1.107 0.085 1.065 7.84 0.99
0.500 1.108 0.086 1.065 8.53 0.99
5.000 1.109 - - - -
Wave II

0.050 -1.239 0.085 -1.197  2.56 0.99
0.100 -1.240 0.086 -1.197 3.58 0.99
0.200 -1.240 0.087 -1.197  5.01 0.99
0.300 -1.241 0.088 -1.197  5.73 0.99
0.400 -1.241 0.089 -1.197  8.23 0.99
0.500 -1.242 0.090 -1.197  8.95 0.99
5.000 -1.243 - - - -
Wave III

0.050 -1.824 0.087 -1.781  2.86 0.99
0.100 -1.825 0.088 -1.781  4.01 0.99
0.200 -1.825 0.089 -1.781  5.61 0.99
0.300 -1.826 0.090 -1.781  6.42 0.99
0.400 -1.826 0.091 -1.781  9.22 0.99
0.500 -1.827 0.092 -1.781 10.03 0.99
5.000 -1.828 - - - -
Wave IV

0.050 -2.322 - - - -
0.100 -2.323 - - - -




0.200 -2.323 - - - -
0.300 -2.324 - - - -
0.400 -2.324 - - - -
0.500 -2.325 - - - -
5.000 -2.326 - - - -

Table 4. Electrochemical data (potential in V vs F¢/F¢*) in DCM for c.a. 0.0005 mol dm?3 of
Fc¢(CH)2CO:BSubPc(H)12 at indicated scan rates (V in V/s).

V (V/s) Epa/V AE,/V  E®”/V  ipa/ pA lipclipa
DmFc

0.100 -0.573 0.074 -0.610 3.91 0.99
Fc

0.050 0.282 0.077 0.243 2.60 0.99
0.100 0.282 0.078 0.243 3.64 0.99
0.200 0.282 0.079 0.243 5.10 0.99
0.300 0.283 0.080 0.243 5.82 0.99
0.400 0.283 0.081 0.243 8.37 0.99
0.500 0.284 0.082 0.243 9.10 0.99
5.000 0.285 - - - -
Wave 1

0.050 1.106 0.083 1.065 2.41 0.99
0.100 1.107 0.084 1.065 3.37 0.99
0.200 1.107 0.085 1.065 4.72 0.99
0.300 1.108 0.086 1.065 5.39 0.99
0.400 1.108 0.087 1.065 7.75 0.99
0.500 1.109 0.088 1.065 8.43 0.99
5.000 1.110 - - - -
Wave II

0.050 -1.238 0.087 -1.195 247 0.99
0.100 -1.239 0.088 -1.195  3.46 0.99
0.200 -1.239 0.089 -1.195 4.84 0.99
0.300 -1.240 0.090 -1.195  5.54 0.99
0.400 -1.240 0.091 -1.195  7.96 0.99
0.500 -1.241 0.092 -1.195  8.65 0.99
5.000 -1.242 - - - -
Wave III

0.050 -1.626 0.089 -1.582  2.78 0.99
0.100 -1.627 0.090 -1.582 3.89 0.99
0.200 -1.627 0.091 -1.582  5.45 0.99
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0.300 -1.628 0.092 -1.582  6.22 0.99
0.400 -1.628 0.093 -1.582  8.95 0.99
0.500 -1.629 0.094 -1.582 9.73 0.99
5.000 -1.630 - - - -
Wave IV

0.050 -2.126 - - - -
0.100 2127 - - - -
0.200 -2.127 - - - -
0.300 -2.128 - - - -
0.400 -2.128 - - - -
0.500 -2.129 - - - -
5.000 -2.130 - - - -

Experimental Design, Materials, and Methods

Electrochemical studies by means of cyclic voltammetry (CV) experiments were performed in an
M Bruan Lab Master SP glove box under a high purity argon atmosphere (H20 and O2 < 10 ppm),
utilizing a Princeton Applied Research PARSTAT 2273 potentiostat running Powersuite software

(Version 2.58).

The cyclic voltammetry experimental setup consists of a cell with three electrodes, namely (i) a
glassy carbon electrode as working electrode, (ii) a platinum wire auxiliary and (ii) a platinum
wire as pseudo reference electrode. The glassy carbon working electrode was polished and
prepared before every experiment on a Buhler polishing mat first with 1-micron and then with V-

micron diamond paste, rinsed with H20, acetone and DCM, and dried before each experiment.

Electrochemical analysis in dichloromethane (DCM, anhydrous, > 99.8%, contains 40-150 ppm

amylene as stabilizer) as solvent was at RT. Solutions were made in 0.001 dm® spectrochemical
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grade anhydrous DCM containing ca. 0.0005 M of analyte, 0.0005 mol dm™ of internal reference
(decamethylferrocene, DmFc) and 0.1 mol dm™ of supporting electrolyte tetrabutylammonium

tetrakispentafluorophenylborate, [N("Bu)4][B(CeFs)4] in DCM.

Experimental potential data was measured vs. the redox couple of decamethyl ferrocene Fc* as
internal standard and reported vs. the redox couple of ferrocene FcH, as suggested by IUPAC [4].
Experimental potential data was collected vs. the Pt wire reference electrode but is reported vs the
redox couple of ferrocene, Fc/F¢™ at 0 V. E°'(DmFc) = - 0.610 V vs. Fc/F¢™ at 0 V in

DCM/[N(nBu)4][B(CsF5)4]. Scan rates were between 0.05 and 5.00 Vs™'.
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1 Synthesis

The synthetic methods reported below were modified to improve yields and simplify the reaction

setup.

Preparation of 2,5- didodecylthiophene: To a solution of thiophene (0.5 g, 0.0005 dm?, 0.0059 mol)
in anhydrous THF (dried over sodium; 0.01 dmq), pre-cooled to -60°C in an isopropanol bath, was
added under argon over 30 min n-butyllithium in hexanes (0.0063 dm?® of a 2.0 mol dm= solution,
0.0125 mol, 2.1 eq.). After the addition was completed the reaction mixture was allowed to
spontaneously heat up to room temperature, while stirring continued for 18 hours at room
temperature. The dilithiated species that formed during this time was not isolated but treated in situ
at -60°C under argon over 30 minutes with 1-bromdodecane (2.96 g, 0.0028 cm?, 0.012 mol, 2 eq.).
The stirred reaction mixture was then allowed to warm to room temperature. After 18 hours it was
poured onto ice, the product extracted with diethyl ether (3 x 0.07 dm®) and the organic extracts were
washed with H,0 (2 x 0.07 dm?) before it was dried with (MgSO.) and filtered. Removal of solvents
was followed recrystallisation of the residue from warm ethanol gave pure 2,5-dodecylthiophene
(yield: 0.47 g, 94 %) as an off-white low-melting wax after solvent evaporation. MP: 56°C. *H NMR:
dn (600.28 MHz, CDCls, 25 °C): § 6.53 (2 H, s, CaHa), 2.71 (4 H, t, 2 X CHy), 1.62 (4 H, m, 2 x CHy),

1.24 (36 H, m, 18 X CHy), 0.86 (6 H, t, 2 X CHa).

Preparation of 2,5-didodecylthiophene-1,1-dioxide: To a 1L 2-neck flask, equipped with an
efficient stirrer, a large condenser (Acetone cooled to — 40 °C with a cold finger) and charged with
H20 (0.4 dm?), acetone (0.3 dm®) and NaHCOs (200 g, 2.3 mol, 140 eq.) was added a solution of 2,5-
dodecylthiophene (10 g, 0.017 mol) in dichloromethane (0.3 dm?). The resulting heterogeneous
mixture was cooled in an ice bath before solid oxone (350 g, 11 mol,66 eq.) was carefully added over
30 min under efficient stirring. Stirring continued at 0°C for 16 hours before water (2 dm?) was added

to dissolve most inorganics. The filtered aqueous layer and all remaining solids were extracted with
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chloroform, the combined organic phases washed with water (0.2 — 0.3 cm®) and dried (MgSOQ4)
before solvent removal and recrystallisation of the residue from warm ethanol gave pure off-white
2,5-didodecylthiophene-1,1-dioxide (yield: 9.12 g, 91 %). MP: 88°C. *H NMR: dn (600.28 MHz,
CDCl3): 8 6.24 (2 H, s, C4H2), 2.44 (4 H, 1, 2 x CHy), 1.63 (4 H, m, 2 x CH2), 1.35 (4 H, m, 2 x CHy),

1.24 (36 H, m, 18 x CH>) and 0.86 (6 H, t, 2 x CH3).

Preparation of 3,6-didodecylphthalonitrile: A minimum amount of chloroform (ca. 0.2 cm?) was
used to dissolve 2,5-didodecylthiophene-1,1-dioxide (2 g, 0.004 mol) and fumaronitrile (0.345 g,
0.004 mmol, 1 eq.). The stirred solution was sealed in a high-pressure glass vessel and heated to
160°C. After 24 hours the contents of the reactor vessel were dissolved in chloroform and the solvent
evaporated under reduced pressure at 90°C. The oily residue was kept under reduced pressure until it
no longer liberated gas anymore (ca. 1 hour). The remaining residue was chromatographed over silica
with toluene as eluent. The second eluted band afforded after solvent removal and recrystallisation
from ethanol 3,6-dodecylphthalonitrile (yield: 1.82 g, 91 %). MP: 82°C. *H NMR: 6+ (600.28 MHz,
CDCl3): 5 7.43 (2 H, s, C4H2), 2.82 (4 H, t, 2 x CHy), 1.63 (4 H, m, 2 x CHy), 1.35 (4 H, m, 2 x CHy),

1.23 (36 H, m, 18 x CH2) and 0.86 (6 H, t, 2 X CHa).

Preparation of Fc(CH),CO.H, 1:! Ferrocenecarboxaldehyde (1.5 g, 0.006 mol), malonic acid (1.785
g, 0.017 mol) and piperidine (0.56 cm?) were dissolved in pyridine and heated in an oil bath at 110
°C for 2 hours under an argon atmosphere. The cooled solution was diluted with water and extracted
with chloroform. The chloroform extracts were washed with 1 M HCI (2 x 100 cm?) and water (2 x
100 cm?®) before the acrylic acid was extracted with ice-cooled 2 M NaOH (200 cm?®). While
effectively cooling the solution with ice, the water phase was acidified with 1 M HCI and the
precipitate filtered, washed with water and air-dried to yield 1.58 g (90 %) as a yellow powder. m.p.:
132 — 138 °C. NMR: 81 (600.28 MHz, CDCls, 25 °C): § 7.64 (1H, d, CHy), 6.01 (1H, d, CHy), 4.50

(2 H, pt, 2 x CH2: Substituted-Cp), 4.42 (2 H, pt, 2 x CH2: Substituted-Cp), 4.15 (5 H, s, Unsubstituted-
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Cp). BC NMR: 6c (150.95 MHz, CDCls, 25 °C): § 172.29 (1C, C=0), 148.76 (1C,CH=CH), 113.73
(1C,CH=CH), 78.26 (1C, C-CO;H), 71.44 (2C, Substituted-Cp), 69.92 (5C, Unsubstituted-Cp), 69.05

(2C, Substituted-Cp).

Preparation of FCCH2CO:H, 2: 2 To a solution of potassium hydroxide (1 g, 0.018 mol) in water
(10 cm?), a suspension of the ferrocene acetonitrile (0.2 g, 0.00074 mol) in ethanol (5 cm?) was added
and refluxed for 5 hours until the evolution of ammonia had ceased. Most (> 95 %) of the ethanol
was removed under reduced pressure. The residual suspension was dissolved in water (50 cm?),
extracted with ether (2 x 50 cm®) and filtered. The solution was acidified with 2 M HCI and the
precipitate filtered, washed and air-dried to yield 0.110 g (51 %) as a white powder. m.p.: 159 — 165
°C. NMR: 81 (600.28 MHz, CDCls, 25 °C): & 4.21 (2 H, pt, 2 x CHa: Substituted-Cp), 4.13 (5 H, s,
Unsubstituted-Cp), 3.73 (2 H, pt, 2 x CHa: Substituted-Cp), 3.38 (2H, s, CH,). 1*C NMR: d¢ (150.95
MHz, CDCls, 25 °C): § 172.34 (1C, C=0), 82.44 (1C, C-CO,H), 69.19 (5C, Unsubstituted-Cp), 68.31

(2C, Substituted-Cp), 67.97 (2C, Substituted-Cp), 39.84 (1C, CH>).

Preparation of CISubPc(H)12, 3:* BCls (15 cm®,1 M solution in p-xylene, 1.5 eq.) was added to dry
phthalonitrile (1 g, 0.008 mol) in a glove box (H20: < 0.5 ppm and O2: < 10 ppm) at room temperature
in a high-pressure glass tube. The reaction mixture was stirred under reflux (137°C) for 30 minutes.
The solvent was evaporated, and the solid was extracted with toluene (0.4 dm?®). The solution was
evaporated, and the resultant purple solid was thoroughly washed with methanol (0.2 dm?®) and hexane
(0.2 dm®). Pure CISubPc(H)1, was obtained as a purple solid, yield: 94 % (0.94 g). MP: 375 — 380°C.
'H NMR: 64 (600.28 MHz, CDCls): & 8.88 (6H, q, non-peripheral Hg) and 7.94 (6H, g, peripheral
He). !B NMR: dz (128.38 MHz, CDCls): § -16.22 (1B). 3C NMR: d¢ (150.95 MHz, CDCls, 25 °C):

0 149.68 (6C, C=N: inner core carbons), 125.68 (6C, C=C: iminoisoindoline unit), 122.01 (6C, non-
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peripheral Ce), 119.84 (6C, peripheral Cg). IR: v/cm™: 1451 (C=C, Stretch). Elemental analysis

calculated C, 66.94; H, 2.81; N, 19.51, obtained: C, 66.42; H, 2.68; N, 18.31.

Preparation of CISubPc(F)12, 4: 2 BCls (6 cm® 1 M solution in p-xylene, 1.5 eq.) was added to dry
phthalonitrile (0.4 g, 1.9 mmol) in a glove box (H20: < 0.5 ppm and O2: < 10 ppm) at room
temperature in a high-pressure glass tube. The reaction mixture was stirred under reflux (137°C) for
30 minutes. The solvent was evaporated, and the solid was extracted with toluene (0.1 dm?3). The
solution was evaporated, and the resultant purple solid was purified with by silica gel column
chromatography using hexane: ethyl acetate (3:1, v:v, R 0.68). Pure CISubPc(F)12 was obtained as
a purple solid, yield: 92 % (0.368 g). MP: 355 — 360°C. !B NMR: g (128.38 MHz, CDCls): § -14.89
(1B). BC NMR: dc (150.95 MHz, CDCls, 25 °C): § 149.23 (6C, C=N: inner core carbons), 144.92
(6C, C=C: iminoisoindoline unit), 140.75 (6C, non-peripheral Cs), 108.33 (6C, peripheral Cs). °F
NMR: Jc (564.33 MHz, CDCls, 25 °C): § -136.27 (6H, g, non-peripheral Hg) and -146.81 (6H, q,

peripheral Hg).

IR: v/em™: 1479 (C=C, Stretch). Elemental analysis calculated C, 44.59; F, 35.26; N, 13.00, obtained:

C, 46.99; F, 34.89; N, 12.74.

2 NMR

2.1 Fc(CH2)2CO.BSubPc(H)12, 5

'H NMR
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23 Fc(CH2)2C0O2BSubPc(F)12, 7
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3  UV-vis
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The UV-vis spectra showing Sorret and Q-bands of SubPc (4 — 8) at concentration 0.01 (x 10 M), obtained with

a lcm pathlength cuvette with THF as solvent.
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4 Electrochemistry
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Comparative CV’s of ferrocenyl dyads 1 and 2 and SubPc 3 - 8 in DCM / [N("Bu)4][B(CsFs)4]. Concentration =

0.0005 mol dm™. Scan rate for CVs is 0.100 V s*. Data of SubPc 3 - 4 is from reference 3.
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5 DFT
PBE1PBE/6-311G(d,p) optimized coordinates for SubPcs 5 — 8 and oxidized 5 — 8.

Only in electronic version
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Abstract: A series of mnovel ferrocenylsubphthalocyanine dyads Y-BSubPc(H)1z with
ferrocenylcarboxylic acid dyads Y-H = (FcCH2CO»-H), (Fc(CH2)sCO2-H) or (FcCO(CH2)CO»2-H) in
axial position, were synthesized from the parent Cl-BSubPc(H):2 via an activated triflate-SubPc
intermediate. UV/vis data revealed that the axial ferrocenyl-containing ligand did not influence the
Q-band maxima compared to Cl-BSubPc(H):2. A combined electrochemical and density functional
theory (DFT) study showed that Fe group of the ferrocenyl-containing axial ligand is involved in
the first reversible oxidation process, followed by a second oxidation localized on the macrocycle of
the subphthalocyanine. Both observed reductions were ring-based. It was found that the novel
Fc(CH2)sCO2BSubPc(H)12 exhibited the lowest first macrocycle-based reduction potential (-1.871 V
vs. Fc/Fct) reported for SubPcs till date. The oxidation and reduction values of
Fc(CH2)nCO2BSubPc(H)12 (n = 0 — 3), FcCO(CH2)2CO:BSubPc(H)12, and Cl-BSubPc(H)z2 illustrated
the electronic influence of the carboxyl group, the different alkyl chains and the ferrocenyl group

in the axial ligand on the ring-based oxidation and reduction values of the SubPcs.

Keywords: Subphthalocyanines; Ferrocene; redox potentials; DFT; electron rich.

1. Introduction
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The discovery of ferrocene (1951) [1] unlocked an entirely new research field and over the years.
Ferrocene has been extensively researched with numerous good reviews in organic and inorganic
chemistry [2-5]. The research of ferrocene-containing compounds thrives, and new research keeps
on growing due to their varying successful applications. This includes asymmetric catalysis [6-8],
non-linear optics [8], antineoplastic properties [9,10] antimalarial activity [11] and especially
electrochemistry due to the ideal redox behavior of the Fe™™ couple [8,12]. For a series of four
ferrocenyl carboxylic acid dyads Fc(CH2)nCO:2H with n =0 (1), 1 (2), 2 (3) or 3 (4) (Figure 1), it was
found that the length of the alkyl chain separating the ferrocene moiety and electron-withdrawing
carboxy group decreases, the formal reduction potential of Fe of the ferrocenyl group also decreases
[13,14]. The electron-withdrawing carboxy group directly bound to ferrocene in 1 and
FcCO(CH2):CO:H (5), led to an increase in the formal reduction potential of the ferrocene moiety
compared to free ferrocene [13,14].

Subphthalocyanines such as CIBSubPc(H)12, 6, have been used in research for almost 50 years
[15] due to their diverse applications including light-emitting diodes [16], dye-sensitized solar cells
[17], sensors [18] and photodynamic therapy [19]. The uses and reactivity of SubPcs can be modified
by substituting the axial ligand as well as by functionalizing the ring substituents [18]. Redox data of
the ring-based oxidation and reduction processes of SubPcs showed that axial or peripheral
substitution has a smaller influence on the shift of the oxidation and reduction potential of the SubPc
(ca 0.1 V shift) than non-peripheral substitution (ca 0.3 V shift) [20]. Ferrocenylsubphthalocyanine
dyads with a direct ferrocene-boron or substituted ferrocene-boron bond have been investigated by
V. Nemykin and co-workers [21,22]. They found that the first oxidation process in these
ferrocenylsubphthalocyanine dyads is ferrocene based, while second oxidation and the first
reduction processes are centered at the macrocyclic ligand of the SubPc [21,22].

In this paper, we report the synthesis, characterisation and electrochemical studies of three
novel (8, 10 and 11) ferrocenylsubphthalocyanine dyads. The appropriate ferrocenyl carboxylic acid

2, 4 and 5 was directly bound to the boron atom in the axial position of SubPc, 6, to form the three
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new ferrocenylsubphthalocyanine dyads, FcCH2CO:2BSubPc(H)12, 8, Fc(CHz2)3CO2BSubPc(H)12, 10,
and FcCO(CHz2)2CO2BSubPc(H)12, 11, see Scheme 1 and Figure 1. For comparative purposes, the two
known ferrocenylsubphthalocyanine dyads 7 [21] and 9 [23] were included in this study to
systematically evaluate (i) the effect of the electron rich macrocycle of SubPcs 7 - 11 on the formal
reduction potential of Fe of the ferrocenyl group of the ferrocenylcarboxylic acid moieties of 7 - 11,
and (ii) the influence of the axially ferrocenylcarboxylic acid dyads 1 - 5 on the UV/vis maxima and

the ring-based oxidations and reductions of the ferrocenylsubphthalocyanine dyads 7 — 11.

H H H H (0] H H (0]
H Hocl H ”0)@ H “o)J\/@
/N 7 ! 7 Fe
Y Y Fe wooWoN " =
B B - B”
H SN " " SN W O_ " SN " n=1
S Sn n=0 SN
Hooh 6 woH Hooh _ H How g " H

H N H — H W N H n=3 H W H
SN n=2 SN SN
H H H H H H H
9 " "0 " 11

Figure 1 Structures of FcCO2BSubPc(H)12, 7 [21], FcCH2CO:BSubPc(H)12, 8 (novel), F¢(CH2)2CO2BSubPc(H)12, 9
[23], Fc(CH2)3CO:zBSubPc(H)1iz, 10 (novel) and FcCO(CH2):CO2BSubPc(H)1z, 11 (novel), containing the
ferrocenylcarboxylic acids FcCO:H (1), FcCH:CO:H (2), Fc(CH2):CO:H (3), Fe(CH2)sCO:H (4) and
FcCO(CH:)2CO-H (5) in the axial position. n = number of alkyl groups in the axial ligand.

2. Results and Discussion

2.1. Synthesis

The free ferrocenylcarboxylic acids 1 — 5, were synthesized using slightly modified methods
than previously published [13], as described in our previous publication [14]. The synthesis of
ferrocenylsubphthalocyanine dyads 7 — 11, was complex due to the moisture sensitivity of the
reactions. In the first step any of the two well-known halophiles, such as MesSi groups or Ag* ions
are used to irreversibly substitute the axial chloride in the axial position [23,24]. We found that using
MesSiOTf did not give desirable yields. Using AgOTf, however, enabled us to increase our yields by

more than 30 % compared to previous studies [21]. Once the activated triflate species was formed the
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activated SubPc showed considerable reactivity toward the different ferrocenyl acids 1 — 5, see
Scheme 1. The success of the synthesis is drastically affected when not working under strict Schlenk
conditions. SubPcs 7 — 11 were soluble in common organic solvents such as DCM, chloroform and

THE.

N &y

H H
(0]
HAE\ E—H H H
al i. Me,SiOTf or AgOT (1.25 eq.) o '
N / \/ ii. Ferrocenylcarboxylic acid (2 eq.L / \/( n Fue
'\ NI H DIPEA (1.25 eq.) H N NA H
.B. B,
N N\ H
NS

2

leq. n=0,1,20r3

Scheme 1 Reaction scheme for FcCO2BSubPc(H)i2, 7, FcCH2CO2BSubPc(H)12, 8, Fc(CH2)2CO2BSubPc(H)12, 9,
Fc(CH2)3CO:BSubPc(H)12z, 10, and  FcCO(CH2).CO:2BSubPc(H)1z, 11. Note: AgOTf = silver
trifluoromethanesulfonate, MesSiOTf = Trimethylsilyl trifluoromethanesulfonate and DIPEA =
N,N-Diisopropylethylamine.

2.3.1H NMR
The "H NMR results showed that signals of the SubPc ring protons (H) shifted upfield by ca.

0.04 — 0.07 ppm for SubPcs 7 — 11 relative to the signals of the parent ring protons CIBSubPc(H)z2, 6.
The most significant effect on "H NMR was observed for the signals of the ferrocenyl axial ligands
peaks. Ferrocenyl of SubPc 7 (signals of the protons of substituted-Cp = 3.96 and 3.95,
un-substituted-Cp = 3.63) is the closest to the electron rich macrocycle of SubPc and as a result the
signals of the protons of the substituted and un-substituted-Cp rings shift the furthest upfield with
ppm shifts between 0.50 and 0.88 ppm compared to ferrocenyl acid 1 (substituted-Cp = 4.84 and 4.45,
un-substituted-Cp = 4.24). With the increase of (CH2)n linker groups the distance between the
ferrocenyl moiety and SubPc increases and as a result the ferrocene peaks shift less upfield as the

chain lengths increase.

2.3. UV/vis
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As usually found for SubPcs, the UV/vis spectra of SubPcs 7 — 11 exhibited the two main

transitions, the Soret band between 250 and 350 nm, and the Q-band between 450 and 620 nm, see

Figure 2. The substitution of the parent macrocycles axial chloride with the different

ferrocenylcarboxylic acid groups, had a negligible effect on the Q-bands position, see Table 1. In a

similar fashion there was no shift when comparing the Q-bands of SubPcs 7 — 11 to 6. The similar

Soret and Q-bands for 6 and SubPcs 7 — 11 indicates that the Soret and Q-bands involve n-n*

transitions. SubPcs 7 to 11 followed the Beer-Lambert law and no aggregation in the concentration

range of 0.01 — 0.10 (x 103 M) was observed, see Figure 2.

Table 1 UV/vis data of SubPcs 6 — 11 in THF.

Sorret Band Q Band

Max 1st shoulder 2nd shoulder Max
CIBSubPc(H)12, 6, [20] 308 525 532 564
FcCO2BSubPc(H)12, 7 299 515 530 563
FcCH2CO:BSubPct2, 8 300 518 534 563
Fc(CH2)2CO2BSubPc(H)12, 9, [23] 302 505 544 563
Fc(CH2)sCO2BSubPc(H)12, 10 328 521 539 563

FcCO(CH2)2CO:BSubPe(F)rz, 11 327 523 542 563




Molecules 2020, 25, x FOR PEER REVIEW 6 of 23

20 9 207 wopsse (a) 1.8 - N L)
= [ ] - T
1.8 4 1.5 2:23254? 563 1.6 A s ;T:_sos.?gs °
1.6 - -g o E 14 - 299-'.%10 £ =166317
8 14 ~ -"30'5 : 8 1.2 ~ Eo.s
€124 ¢ . g <
(141 0 0.0 _n 1.0 n
2 1.0 - 0 2 4 6 8 10 530sh - 0 2 4 6 8 10
s 0.8 10 Concentration (M) o 0.8 - 10 Concentration (M)
. - (7]
2 < 0.6 518sh
< 0.6 515sh <
0.4 0.4 - SubPc 8
0.2 SubPc 7 0.2 -
0.0 0.0 -
290 390 490 590 265 365 465 565
Wavelength (nm) Wavelength (nm)
1.6 - 20 1 ge-0.996 (c) 14 - * 563 (d)
g 15 ‘\i?i:s?a 563 3278 e
14 4 § £= . 1.2 - .'E o
124 8"
o 2 0s @10 4 |2
c 1.0 1 32800 ¥ g08 e
[1+] . - 0 2 4 6 8 10
.g 0.8 - 10'3thnc:ntrzti:n(1:'|] 538 -E 107 Concentration (M)
2 0.6 EO'G i 523sh
0
< 04 - <0.4 + SubPc 11
0.2 SubPc 10 0.2 A
0.0 A 0.0 -M
265 365 465 565 265 365 465 565
Wavelength (nm) Wavelength (nm)

Figure 2 (a) - (d) The UV/vis spectra of SubPc (7, 8, 10 and 11) at concentrations 0.01, 0.02, 0.03, 0.04, 0.05 and
0.10 (x 10> M), obtained with a 1 cm pathlength cuvette with THF as solvent. UV/vis spectra of SubPc 9 can be
found in reference [23]. Insert: The Beer-Lambert correlation between the absorbance A and concentration of
FcCO:BSubPc(H)12, 7 (¢ = 176547 dm3 mol! cm™); Fc(CH2CO:BSubPc(H)12, 8 (¢ = 166317 dm® mol! cm?),
Fc(CH2)2CO2BSubPc(H)12, 9 (& = 153630 dm? mol! cm[23]), Fc(CH2)sCO2BSubPc(H)12, 10 (e = 145673 dm? mol?!
cm ) and FcCO(CH2)2CO2BSubPc(H)12, 11 (& = 131772 dm? mol! cm™) at indicated wavelength in nm.

2.4. Cyclic Voltammetry
The redox properties of the ferrocenylsubphthalocyanine dyads, SubPc 7, 8, 10 and 11 were

examined utilizing cyclic voltammetry (CVs) and linear sweep voltammetry (LSV). The CVs and the
LSVs of SubPc 7, 8, 10 and 11, performed at 25 °C in dichloromethane (DCM) at a scan rate of 0.100
Vsl are shown in Figure 3 with the relevant electrochemical data summarised in Table 2. Data of the

free ferrocenylcarboxylic acids 1 — 5 [12] and SubPcs 6 [20] and 9 [21] are added for comparative
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reasons in Table 2. The CVs of SubPc 7, 8, 10 and 11 (Figure 3) showed two oxidation and two
reduction peaks in the experimental solvent window of DCM. The oxidation of the Fe group (Fe™)
of the ferrocenyl moiety on the axial ligand is the first observed redox process for all five SubPc 7 —
11. The assignment that the Fe group is oxidised first, is supported by DFT calculations (see
computational analysis below) and is in agreement with literature [21,22]. Both oxidation and the
first reduction peaks are chemically reversible with peak ratios approaching 1 and peak current
separations, AEp, of 0.074-0.076 (ferrocenyl oxidation), 0.080-0.084 V (wave I in Figure 3) and
0.082-0.086 V (wave Il in Figure 3) respectively. The second ring-based reduction (wave III in Figure
3) were irreversible and did not show any re-oxidation peaks. The linear sweep voltammetry
showed, as expected, 1 e redox couples for Fc and waves I to III. The reaction scheme for the redox

signals of SubPc 7 — 10 (similar for 11) is given in Scheme 2.

H H
;/ \2 oY )n F
- - e - -
[Fe(CH,),CO0][SubPc]> <= [Fc(CH,),COO][SubPc] <==; N /.( H ey <= [Fc*(CH,),COO][SubPc] <= [Fc*(CH,),CO0][SubPc]*

Wave IlI Wave II H Y oy H Fe(ll)==Fe(Ill) Wave |

n=0,1,20r3
(normal resting state)

Scheme 2 The reaction scheme of the redox signals of SubPcs 7 to 10 in DCM as solvent, see Figure 3.
Reactions scheme for 11 is similar.

2.4.1. Effect of SubPc on ferrocenyl moiety oxidation

The oxidation potentials, E°', of the Fe group (Fe/) of the ferrocenyl moiety on the axial ligand
of SubPcs 7 — 11 range between -0.062 and 0.262 V and with AE, between 0.074 and 0.076 V (Figure 3
and Table 2). Comparing E°' (of the first process) of the Fc moiety of SubPcs 7 — 11 with the E°' of the
free ferrocenyl acids 1 -5 (obtained under the experimental same conditions [14] as the SubPcs 7 —
11) it is clear that the aromatic SubPc ring acts as an electron-donating specie in the complex,
decreasing (lower oxidation potential) E°' of the Fe group of SubPcs 7 — 11 with 0.060 — 0.038 V
relative to E® of the Fe group of the free ferrocenylcarboxylic acids 1 — 5. The largest

electron-donating effect was, as expected, on the ferrocenyl moiety closest to the ring, with a
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decrease of 0.060 V between 7 (0.224 V) and 1 (0.284 V). As the chain length increases with (CH2)x
groups the effect of the SubPc on ferrocenyl oxidation becomes less. The Fe group in SubPc 10 with
three (CHz2) groups separating the ferrocenyl moiety from the SubPc, is more shielded from the
electron-donating effect of the SubPc and as a result E°' of Fe shifts with only 0.038 V between 10
(-0.062 V) and 4 (-0.024 V). With an additional carbonyl group as well as the (CHz) groups in SubPc
11 E°' of the Fe group of SubPc 11 shifted the least in the range namely, with only a 0.033 V between

11 (0.262 V) and 5 (0.295 V).
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Figure 3 CVs and LSVs of SubPc, 7 - (purple), 8 - (blue), 10 — (red) and 11 - (grey) in DCM. Concentration of 7 -
11 = 0.0005 mol dm-3. Scan rate for CVs is 0.100 V s and LSVs at 0.001 V s.. Scan directions are indicated at
starting point of each scan. DmFc was used as internal reference with E°' (DmFc) =-0.610 vs. free Fc/Fc* at0 V.
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2.4.2. Effect of chain length on ferrocenyl moiety oxidation

The formal reduction potential E°' of Fe in the axial ligand of SubPc 7 is at 0.224 V compared to
free ferrocene 0 V. With one additional CHzspacer group between ferrocene and the SubPc, E°' of Fe
is significantly shifted by 0.264 V to — 0.043 V in SubPc 8, SubPcs 9 and 10 had two and three
additional CH2 spacer groups respectively, with E°' of the ferrocene group decreasing to -0.058 V
and -0.062 V respectively. There was an exponential decrease to lower oxidation potential with an
increase in (CH2)» chain lengths for SubPc 7 — 10, see Figure 4 a. This is because Fe of the ferrocene
group is increasingly shielded from the electron donating effect of the SubPc and
electron-withdrawing effect of the carboxy group as the (CHz2). chain length increases. This trend

was similar as observed for the free ferrocenylcarboxylic acids 1 -5 [14], see Figure 4 a.

0.3 1 L57 (b
4 (a) (b)
¢  Fc(CH,)nCO,BSubPc(H
\ (CH,) 2 (H), -1,6 - __ Wave Il
"‘ ® Fc(CH,)nCO,H T.a - R2=0.996
t 1,7 - ~~.

0.2 —‘.‘.\ n=0,1,20r3 el
T T
< g
w01 4 wn
Y Vo > -2 A Wave Il

VN > R2=0.960
a \\\ \\ “L:I" 2,1 3--
- \\ = R s - o [ ]
W ooq * -2,2
N .- ° -~ .
S ] | N
..... SN 2,3 e
-0.1 T T ) -2,4 T T 1
0 1 2 3 0 1 2 3
n (no. of CH, groups in side chain) n (no. of CH, groups in side chain)

Figure 4 (a) Relationship between E°' of the Fe group and the number n of CHz groups in the side chain of
Fc—~(CH2)»—CO: for ferrocenyl carboxylic acids 1 - 5 and ferrocenylsubphthalocyanine dyads 7 — 11. Data of 1 -5
from reference [14]. (b) Relationship between E®'(wave II) and Epc (wave III) and n, of the first and second
ring-based reductions respectively, of ferrocenylsubphthalocyanine dyads 7 —11.



Molecules 2020, 25, x FOR PEER REVIEW 11 of 23

2.4.3. Effect of carboxyl and carbonyl group on ferrocenyl moiety oxidation
The formal reduction potential E*' of the Fe group of SubPc 7, separated by a carboxyl group

from the electron donating SubPc, is at 0.224 V compared to free ferrocene 0 V, implying that the
electron withdrawing effect of the carboxyl group is larger than the electron donating effect of the
SubPc on the E°' of the Fe group. The additional electron withdrawing carbonyl group bound next to
the ferrocenyl moiety in SubPc 11 resulted in the highest oxidation potential of the Fe group with E*'
at 0.262 V, Figure 3. With the two electron withdrawing CO groups in SubPc 11 the oxidation
potential was 0.038 V higher than E°' of Fe in SubPc 7 (0.224 V) containing only one electron

withdrawing CO group.

Table 2 Cyclic voltammetry data of SubPcs 7 — 11 in DCM containing 0.1 mol dm= [N("Bu)s][B(CsFs)4] as
supporting electrolyte at a scan rate of 0.100 V/s at 25°C.

Description ) E°' (V), AE, ip (LA)Y, current
V) ratioc
FcCOOH¢< 1 Fc 0.321 0.284, 0.074 3.60, 0.99
FcCH2COOH¢ 2 Fc 0.047 0.014, 0.066 3.79, 0.99
Fc(CH2).2COOH-4 3 Fc 0.020 -0.015, 0.070 3.87,0.99
Fc(CH2)sCOOH¢ 4 Fc 0.011 -0.024, 0.070 3.98, 0.99
FcCO(CH2):.COOH¢5 Fc 0.330 0.295, 0.070 3.66, 0.99
SubPc 6 - DmFc -0.647 -0.610, 0.076 3.89, 0.99
CIBSubPc(H)12¢ Wave | 0.674 0.628, 0.086 3.08, 0.99
Wave Il -1.519 -, - 3.63, -
Wave III -2.050 -, - -,
SubPc 7 - DmFc -0.647 -0.610, 0.074 3.91, 0.99
FcCO:2SubPc(H)i2 Fc 0.262 0.224, 0.076 3.61, 0.99
Wave | 0.711 0.670, 0.082 3.34, 0.99
Wave II -1.643 -1.601, 0.084 3.47,0.99
Wave III -2.124 -, - -, -
SubPc 8 - DmkFc -0.647 -0.610, 0.075 3.84, 0.99
FcCH2CO:SubPc(H)12 Fc -0.005 -0.043, 0.076 3.61, 0.99
Wave | 0.710 0.670, 0.080 3.38, 0.99
Wave Il -1.715 -1.674, 0.082 3.49,0.99
Wave III -2.154 -, - -, -
SubPc 9 - DmFc -0.647 -0.610,0.074 3.89, 0.99

Fc(CHz)2CO2SubPe(H)iz f Fc -0.021  -0.058,0.074 3.66, 0.99
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Wave | 0.712 0.670, 0.084 3.31, 0.99
Wave Il -1.783 -1.741, 0.084 3.42, 0.99
Wave III -2.264 -, - -, -
SubPc 10 - DmFc -0.647 -0.610, 0.075 3.97,0.99
Fc(CH2)sCO2SubPc(H)12 Fc -0.024 -0.062, 0.076 3.58, 0.99
Wave | 0.711 0.670, 0.082 3.27,0.99
Wave Il -1.871 -1.829, 0.084 3.39, 0.99
Wave III -2.344 -, - -, -
SubPc 11 - DmFc -0.647 -0.610, 0.074 3.84, 0.99
FcCO(CH2)2CO2SubPc(H)12 Fc 0.300 0.262, 0.076 3.57,0.99
Wave | 0.711 0.670, 0.082 3.35, 0.99
Wave Il -1.525 -1.482, 0.086 3.41,0.99
Wave III -2.004 -, - -, -

aEyp is the peak anodic peak for oxidation (Eox) and peak cathodic peak for reduction (Erea).
b 7p is the peak anodic peak for oxidation (ipa) and peak cathodic peak for reduction (ipc).

¢ peak current ratio = ipc/ipa for oxidation and ipa/ipc for reduction.

d Data from reference [14]

e, Data from reference [20]

f. Data from reference [23]

2.4.4. Ring Based Reductions

The first (wave II) and second (wave III) ring-based reductions of SubPcs 7 — 11 are lower than
that of SubPc 6. The axial ferrocenylcarboxylic ligands of SubPcs 7 — 11 thus have a nett electron
donating effect on the aromatic ring electrons of SubPcs 7 — 11 compared to Cl in SubPc 6. Both
ring-based reductions of SubPcs 7 — 11, redox waves II and III in Figure 3 and Table 2, followed the
same trend, namely the reduction value decreases near linear as the number of (CHz) groups, n, in
the different axially bonded ferrocenyl carboxylic acid moieties (Fc-(CHz)a-CO2) increases in SubPcs
7 — 10, with the reduction values of SubPc 11 higher than that of SubPc 7, see Figure 4 (b). The charge
on Fcin 7 - 10 is isolated from the rest of the molecules, and the aromatic ring electron density of the
SubPcs systematically increased as n of the alkyl group in —-OCO(CH:z)n- increases. SubPc 10
exhibited the lowest first ring-based reduction potential (-1.872 V), reported to date [18,21,22,25],
due to the carboxyl-alkyl (OOC(CH:)s), group’s electron-donating effect being isolated from

ferrocenium moiety. The donating effect is the most prominent on SubPc 10 containing the longest
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alkyl chain. Propyl (n = 3) is more electron donating than ethyl (n = 2) that is more electron donating

then methyl (n=1).

2.4.5. Ring Based Oxidation

E°' of the first ring-based oxidation of SubPcs 7 — 11 (wave I in Figure 3) is exactly the same, with
E° =0.670 V for all five complexes 7 — 11. This is because the charge located on the ferrocenium
group (Fct) in the different oxidised ferrocenyl carboxylic acid moieties (Fc*-(CH2).-CO2) and
(Fct-CO(CH2)2-CO2) for SubPcs 7 — 11, is isolated from the rest of the molecule. The Fct group is
highly electronegative [26], withdrawing any available electron density from the alkyl groups
bonded to it. The first ring-based oxidation of SubPcs 7 — 11 is consequently only influenced by the
electron withdrawing carboxyl group attached directly to boron in the axial position, shifting the
first ring-based oxidation of SubPcs 7 — 11 with exactly the same value namely 0.042 V more positive
than E® of the first ring-based oxidation of SubPcs 6 at 0.628 V. The electron withdrawing effect of
the carboxyl group in 7 — 11 is thus larger than the electron withdrawing effect of Cl in 6, on the
aromatic ring electron density of the SubPcs. It was possible to get chemically reversible ring-based
oxidation with peak current ratios approaching 1 and peak current separation AE, between 0.080

and 0.084 V, see Table 2.

2.5. Computational Analysis

The ferrocenylcarboxylic-containing SubPc dyads 7 — 11, were optimised using density
functional theory (DFT) to gain further insight into the redox properties of the ferrocene dyads. In
agreement with previous studies on related SubPcs, the HOMOs of the neutral species are of iron-d
character while the LUMOs have n-ring character [21,23]. This confirm Fe(II) to Fe(III) oxidation and
ring-based reduction respectively. However, since the top three HOMOs of 7 — 11 are all iron-d
based, and Fe(IIl) to Fe(IV) oxidation is not expected, it was essential to also optimise the cation
(oxidised) species, to locate the locus of the second experimentally observed oxidation. It is known

that orbitals can rearrange upon oxidation [27-29]. The DFT results of oxidised SubPcs 7 — 11 all
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showed that the LUMO is of iron-d character (the first oxidation, see Figure 5) and the HOMO is on
the SubPc ring (the second oxidation, see Figure 5). HOMO-1, also on the SubPc ring, will be the
second ring oxidation, however, it is out of the solvent window in cyclic voltammetry scans and not

experimentally observed.

LUMO HOMO HOMO-1

Neutral

Figure 5 Selected PBE1PBE/6-311G(d,p) frontier MOs for cation SubPc, 8. A contour of 0.03 e/A3 was used for
the orbital plots. Colour code of atoms (online version): Fe (purple), B (yellow), C (grey), O (red), H (white).

3. Materials and Methods

Solid reagents (Sigma-Aldrich, Strem and Merck) were used as received. Liquid reagents
(Sigma-Aldrich and Merck) were used without any further purification unless specified otherwise.
Solvents were distilled, and water was double distilled. Organic solvents used in this study were
dried according to published methods [30]. Melting points are uncorrected and were determined

with an Olympus BX 51 microscope equipped with a Linkam THMS 600 hot stage.

3.1. Spectroscopy Measurements
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1H, "B and *C spectroscopic analysis were performed for all compounds in the study. 'H and
13C spectra were recorded at 25°C on a 600 MHz AVANCE II NMR spectrometer at 600.28 MHz and
150.95 MHz respectively. "B NMR spectra were recorded at 25°C on a 400 MHz AVANCE III NMR
spectrometer at 128.38 MHz. Hydrogen and carbon chemical shifts are relative to hydrogen and
carbon in CDCls at 7.24 ppm and 77.16 ppm, respectively. The following abbreviations are used to
describe peak patterns: s = singlet, d = doublet, t = triplet, q = quartet and m = multiplet. UV/vis
spectra were recorded on a Varian Cary 5000 UV-Vis-NIR Spectrophotometer. Melting points are
uncorrected and were determined with an Olympus BX 51 microscope equipped with a Linkam

THMS 600 hot stage.

3.2. Cyclic Voltammetry

All the electrochemical experiments were performed in an M Bruan Lab Master SP glove box
under a high purity argon atmosphere (H20 and O: < 10 ppm). Cyclic voltammetry (CV)
measurements were performed utilising a Princeton Applied Research PARSTAT 2273 potentiostat,
running Powersuite software (Version 2.58). A three-electrode cell was used. A glassy carbon
electrode with a surface area 3.14 x 106 m? was chosen as working electrode, platinum wires were
chosen as auxiliary and reference electrodes. The glassy carbon working electrode was polished and
prepared before every experiment on a Buhler polishing mat first with 1-micron and then with
Ya-micron diamond paste, rinsed with H20, acetone and dichloromethane (DCM), and dried before
each experiment. Electrochemical analysis of the complexes was performed in DCM (anhydrous, >
99.8%, contains 40-150 ppm amylene as a stabiliser) at room temperature. Solutions were made in
0.001 dm3 spectrochemical grade anhydrous DCM containing ca. 0.0005 M of an analyte, 0.0005 mol
dm? of internal reference (decamethylferrocene, DmFc) and 0.1 mol dm? of supporting electrolyte
tetrabutylammonium tetrakispentafluorophenylborate, [N("Bu)4][B(CéF5):] in DCM. Experimental
potential data was collected vs. the Pt wire reference electrode but is reported vs. the redox couple of
ferrocene, Fc/Fcrat 0 V. E®' (DmFc) =- 0.610 V vs. Fc¢/Fcrat 0 V in DCM/[N("Bu)4][B(CsFs)4]. Scan rates

were between 0.05 and 5.00 Vs-. Electrochemical reversibility (or Nernstian behaviour) of redox
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processes is indicated by a peak current ratio (ipc/ipa for oxidation and ipa/ipc for reduction) of 1 [31,32]
and peak current separation AE = |[Ey — Epd = 0.059 V for a one-electron transfer process [33]. In this
experiment, due to experimental cell imperfections and ohmic drop effects, AEp slightly larger than
0.059 V was obtained, even for the known 1 e transfer processes of decamethylferrocene,
DmFc*/DmkFc, namely 0.074 - 0.076 V [34-36]. The formal reduction potential is determined by E°' =
(Epa— Epc)/2 for an electrochemically reversible (and quasi reversible) process where Epa (Epc) = anodic

(cathodic) peak potential and ipa (ipc) = anodic (cathodic) peak current.

3.3.DFT Calculations

Density functional theory (DFT) optimisations were performed on the neutral and oxidised
molecules in the gas phase using the hybrid PBE1PBE [37-39] exchange-correlation functional and
the triple-C basis set 6-311G(d,p) basis set, as implemented in the Gaussian 16 package [40]. Single
point calculations using pure BP86 [41-43] exchange-correlation were performed in DCM as the
solvent, using the IEF-PCM model (polarisable continuum model (PCM) [44] which solved the
non-homogeneous Poisson equation by applying the integral equation formalism variant) [45]. Both
the gas phase PBE1PBE/6-311G(d,p) and solvent phase BP86/6-311G(d,p) results gave the same

molecular orbital (MO) insight into the observed experimental redox processes.

3.4. Preparationof SubPcs 7 - 11
FcCO:H, 1, FcCH:CO:H, 2, Fc¢(CH2):CO:H, 3, Fc¢(CH2);CO:H, 4, CIBSubPc(H),, 5, and

Fc(CH2)2CO:BSubPc(H)12, 9, were synthesised using slight modifications to literature methods (see
the supporting information) [8,12,13,23]. Compounds 7 — 11 were characterised by NMR, UV/vis,

elemental analysis and m.p.

3.4.1. Preparation of FcCO2SubPc(H)zz, 7.

To a solution of chlorosubphthalocyanine, 6, (200 mg; 0.46 mmol) and dry toluene (3 cm3), silver

trifluoromethanesulfonate (150 mg, 0.58 mmol; 1.25 eq.) was added and the mixture stirred at 45°C,
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under argon atmosphere for 4 hours. Once the (OTf)SubPc(H)12 was generated, ferrocenylcarboxylic
acid, 1, (212 mg, 0.92 mmol, 2 eq.) and N,N-diisopropylethylamine (0.10 cm?, 75 mg, 0.58 mmol, 1.25
eq.) was added. The mixture was stirred at 50 °C for 12 hours. The solvent was removed by
evaporation under reduced pressure and the product was directly purified by flash chromatography
using hexane: DCM (1:1) (Re: 0.82) as eluent to give 184 mg (92%). m.p.: 172-182°C, UV/vis: Amax 563
nm, ¢ = 176547 dm? mol' cm- in THF. NMR: 6u (600.28 MHz, CDCls, 25 °C): d 8.84 (6H, dd, SubPc),
7.90 (6H, dd, SubPc), 3.96 (2 H, pt, 2 x CHa: Substituted-Cp), 3.95 (2 H, pt, 2 x CHa: Substituted-Cp),
3.63 (5 H, s, Unsubstituted-Cp). "B NMR: 08 (128.38 MHz, CDCls): d 16.82 (1B). 3C NMR: o6c (150.95
MHz, CDCls, 25 °C): d 151.64 (6C, N=C), 130.00 (6C, SubPc - C=C), 122.49 (6C, SubPc-Ph), 71.02 (1C,
C-CO:H), 70.01 (2C, Substituted-Cp), 69.58 (5C, Unsubstituted-Cp). Elemental analysis calculated for

CasH21BFeNsO: (element, %): C, 67.34; H, 3.39; N, 13.46. Obtained: C, 67.73; H, 3.47; N, 13.58.

3.4.2. Preparation of FcCH2CO:2SubPc(H)1, 8.

To a solution of chlorosubphthalocyanine, 6, (200 mg; 0.46 mmol) and dry toluene (3 cm3), silver
trifluoromethanesulfonate (150 mg, 0.58 mmol; 1.25 eq.) was added and the mixture stirred at 45°C,
under argon atmosphere for 4 hours. Once the (OTf)SubPc(H)12 was generated, ferrocenylmethanoic
acid, 2, (225 mg, 0.92 mmol, 2 eq.) and N,N-diisopropylethylamine (0.10 cm?, 75 mg, 0.58 mmol, 1.25
eq.) was added. The mixture was stirred at 50 °C for 12 hours. The solvent was removed by
evaporation under reduced pressure and the product was directly purified by flash chromatography
using hexane: DCM (1:1) (Re: 0.78) as eluent to give 140 mg (79%). m.p.: 175 — 183°C, UV/vis: Amax 563
nm, € = 166317 dm3 mol!cm! in THF. NMR: 61 (600.28 MHz, CDCls, 25 °C): 6 8.86 (6H, dd, SubPc),
7.89 (6H, dd, SubPc), 3.79 (2 H, pt, 2 x CHz: Substituted-Cp), 3.67 (5 H, s, Unsubstituted-Cp), 3.53 (2
H, pt, 2 x CHz: Substituted-Cp), 2.28 (2H, t, CHz). 2B NMR: 08 (128.38 MHz, CDCls):  16.76 (1B). 3C
NMR: éc (150.95 MHz, CDCL, 25 °C): d 151.68 (6C, N=C), 130.04 (6C, SubPc - C=C), 122.45 (6C,
SubPc-Ph), 69.10 (1C, C-CO:H), 68.41 (2C, Substituted-Cp), 67.48 (5C, Unsubstituted-Cp), 30.48 (2C,
CH2). Elemental analysis calculated for CssH2sBFeN«O: (element, %): C, 67.74; H, 3.63; N, 13.17.

Obtained: C, 67.90; H, 3.82; N, 13.72.
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3.4.3. Preparation of Fc(CH2)3CO2SubPc(H)12, 10.

To a solution of chlorosubphthalocyanine, 6, (200 mg; 0.46 mmol) and dry toluene (3 cm3), silver
trifluoromethanesulfonate (150 mg, 0.58 mmol; 1.25 eq.) was added and the mixture stirred at 45°C,
under argon atmosphere for 4 hours. Once the (OTf)SubPc(H)12 was generated, ferrocenylethanoic
acid, 4, (250 mg, 0.92 mmol, 2 eq.) and N,N-diisopropylethylamine (0.10 cm?, 75 mg, 0.58 mmol, 1.25
eq.) was added. The mixture was stirred at 50 °C for 12 hours. The solvent was removed by
evaporation under reduced pressure and the product was directly purified by flash chromatography
using hexane: DCM (1:1) (Rt 0.73) as eluent to give 104 mg (52%). m.p.: 182-190°C, UV/vis: Amax 563
nm, ¢ = 145673 dm3 mol!cm- in THF. NMR: 61 (600.28 MHz, CDCls, 25 °C): 6 8.86 (6H, dd, SubPc),
7.88 (6H, dd, SubPc), 3.89 (5 H, s, Unsubstituted-Cp), 3.84 (2 H, pt, 2 x CHa: Substituted-Cp), 3.70 (2
H, pt, 2 x CHa: Substituted-Cp), 1.76 (2H, t, CHz), 1.26 (2H, t, CH), 1.06 (2H, q, CHz). "B NMR: 08
(128.38 MHz, CDCls): d 16.32 (1B). 3C NMR: oc (150.95 MHz, CDCls, 25 °C): d 151.64 (6C, N=C),
129.99 (6C, SubPc - C=C), 122.43 (6C, SubPc-Ph), 68.48 (1C, C-CO:H), 68.01 (2C, Substituted-Cp),
67.01 (5C, Unsubstituted-Cp), 28.42 (2C, CHz), 25.39 (2C, CHz). Elemental analysis calculated for

CasH2sBFeN6O:2 (element, %): C, 68.50; H, 4.08; N, 12.61. Obtained: C, 68.61; H, 4.16; N, 12.74.

3.4.4. Preparation of FcCO(CHz2)2CO:SubPc(H)12, 11.

To a solution of chlorosubphthalocyanine, 6, (200 mg; 0.46 mmol) and dry toluene (3 cm3), silver
trifluoromethanesulfonate (150 mg, 0.58 mmol; 1.25 eq.) was added and the mixture stirred at 45°C,
under argon atmosphere for 4 hours. Once the (OTf)SubPc(H):2 was generated,
ferrocenyloxobutanoic acid, 4, (263 mg, 0.92 mmol, 2 eq.) and N,N-diisopropylethylamine (0.10 cm?,
75 mg, 0.58 mmol, 1.25 eq.) was added. The mixture was stirred at 50 °C for 12 hours. The solvent
was removed by evaporation under reduced pressure and the product was directly purified by flash
chromatography using hexane: DCM (1:1) (Re: 0.62) as eluent to give 114 mg (57%). m.p.: 201-207°C,
UV/vis: Amax 563 nm, € = 113729 dm?3 mol"! cm in THF. NMR: 61 (600.28 MHz, CDCls, 25 °C): 6 8.85

(6H, dd, SubPc), 7.88 (6H, dd, SubPc), 4.49 (2 H, pt, 2 x CHa: Substituted-Cp), 4.31 (2 H, pt, 2 x CH:
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Substituted-Cp), 3.98 (5 H, s, Unsubstituted-Cp), 2.23 (2H, t, CH2), 1.66 (2H, t, CHz)."B NMR: 08
(128.38 MHz, CDCls): d 16.79 (1B). 3C NMR: 6c (150.95 MHz, CDCls, 25 °C): & 156.51 (6C, N=C),
144.73 (6C, SubPc - C=C), 130.42 (6C, SubPc-Ph), 72.55 (1C, C-CO:H), 70.14 (2C, Substituted-Cp),
69.41 (5C, Unsubstituted-Cp),34.23 (2C, CHz). Elemental analysis calculated for CssH2BFeNeOs

(element, %): C, 67.09; H, 3.70; N, 12.35. Obtained: C, 67.09; H, 3.82; N, 12.35.

4. Conclusions

Subphthalocyanines with ferrocenylcarboxylic acids in the axial position can be synthesized in
90% yields when reactions are performed under strict Schlenk conditions, in this case a glovebox.
The axial ferrocenyl moiety did not influence the UV/vis wavelength maxima of the Soret or
Q-bands comparing SubPcs 7 — 11 with parent macrocycle, 6. The cyclic voltammetry data revealed
that the first reversible oxidation process is ferrocene-centered, with the second oxidation and all
observed reduction processes are SubPc ring-based. DFT optimization of the oxidized (cation) SubPc
was necessary to confirm the locus of the second observed SubPc ring-based oxidation.

The oxidation potential of Fe of the axial ferrocenyl moiety was affected by the
subphthalocyanine, shifting Fe™ oxidation potentials with 0.03 — 0.06 V to a lower oxidation
potential compared to Fe™ oxidation potentials of the free ferrocenyl acids. The oxidized axial
electron withdrawing ferrocenium moiety, withdraws charge from the alkyl chains bonded to it, and
consequently the first ring-based oxidation of all ferrocenylsubphthalocyanine dyads Y-BSubPc(H):2
is only influenced by the electron withdrawing carboxyl group in the axial position, shifting the first
ring-based oxidation for all ferrocenylsubphthalocyanine dyads with exactly the same value of 0.042
V more positive compared to the first ring-based oxidation of CI-BSubPc(H):2. Both the carboxyl and
alkyl groups in the axial position influenced the ring electron density of the neutral SubPc, leading to
a systematic decrease in the two observed ring-based reductions of the ferrocenylsubphthalocyanine
dyads as the number of alkyl groups n in the different axially bonded ferrocenyl carboxylic acid

moieties (Fc-(CH2)n-CO2) increases. Fc(CHz)sBSubPc(H)12, SubPc 10, has the lowest first ring-based
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reduction potential reported to date, due to the strong electron withdrawing effect of the axial

carboxyl-alkyl group (OOC(CH:)s3), being isolated from the ferrocenium moiety.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/sl, synthesis and
characterisation, additional graphs, tables, and optimised coordinates are provided in the Supporting

information.
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Samples was used as synthesized. All the electrochemical experiments were
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All electrochemical experiments were done in a 2 ml electrochemical cell
containing three-clectrodes (a glassy carbon working electrode, a Pt
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City/Town/Region: Bloemfontein
Country: South Africa

Data accessibility
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Value of the Data

e This data provides detailed redox data for four ferrocenylsubphthalocyanine dyads in
DCM. Cyclic voltammograms for scan rates over two orders of magnitude (0.05 — 5.0 Vs~
1) are provided.

e This data illustrates the effect on the redox potentials of the electron rich macrocycle of Y-
BSubPc(H)12 on the iron(II/III) oxidation potential of ferrocenylcarboxylic acid moieties
with varying alkyl chain lengths with Y = Fc(CH2)nCO2H and n=0, 1, 2 or 3.

e This data illustrates the effect of the axial ferrocenylcarboxylic acid moieties on the ring-
based oxidation and reductions of the ferrocenylsubphthalocyanine dyads.

e This data illustrate that chemical reversible first ring-based oxidation with peak current
ratios of 1 and peak current separations, AE = 0.076 — 0.082 V can be obtained when
electrochemical experiments are performed in a high purity argon atmosphere, while using
DCM as the solvent and [N("Bu)4][B(CesF5)4] as supporting electrolyte.

Data Description

The electrochemical data of four ferrocenylsubphthalocyanine dyads, FcCO:BSubPc(H)i2,
FcCH2CO2BSubPc(H)12, Fe(CH2)3CO2BSubPc(H)12 and FcCO(CH2)2CO2BSubPc(H)12 shown in
Figure 1 are reported in Table 1 — 4 and Figures 2 — 5. The cyclic voltammetry results shows one
iron based and one ring-based oxidations and two ring-based reductions for the three SubPcs, in
agreement to previous studies [1,2]. The trend of the first iron based redox couple are similar to
the trend of the oxidation of iron in the free ferrocenylcarboxylic acid dyads [3].

H H (o} H O H (o) H H (o}
H H OJ\@ H H O)J\/© H H OJ\/\/@
4 \// Fe [ \A/ Fe ] \// Fe
H ' ! H o NONA H L o NONA H L
B =T B B
N N N
H H H H H H

Figure 1. Structure of compounds in study used for DFT.
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Figure 2. Cyclic voltammograms in DCM of FcCO2BSubPc(H)12 at scan rates 0.050 (smallest peak currents),
0.100, 0.200, 0.300, 0.400 and 0.500 (largest peak currents).
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Figure 3. Cyclic voltammograms in DCM of FcCH:CO:BSubPc(H)12 at scan rates 0.050 (smallest peak
currents), 0.100, 0.200, 0.300, 0.400 and 0.500 (Iargest peak currents).
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Figure 4. Cyclic voltammograms in DCM of Fc(CH2);CO:BSubPc(H)12 at scan rates 0.050 (smallest peak
currents), 0.100, 0.200, 0.300, 0.400 and 0.500 (Iargest peak currents).
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Figure 5. Cyclic voltammograms in DCM of FcCO(CH:):CO2BSubPc(F)12 at scan rates 0.050 (smallest peak
currents), 0.100, 0.200, 0.300, 0.400 and 0.500 (Iargest peak currents).

Table 1. Electrochemical data (potential in V vs F¢/Fc*) in DCM for c.a. 0.0005 mol dm™ of
FcCO:2BSubPc¢(H)12 at indicated scan rates (V in V/s).

V (V/s) Epa/V  AE,/V  E”/V  ipa/ pA lipclipa
DmFc

0.100 -0.647 0.074 -0.610 0.39 0.99
Fc

0.050 0.262 0.075 0.224 2.58 0.99
0.100 0.262 0.076 0.224 3.61 0.99
0.200 0.262 0.077 0.224 5.05 0.99
0.300 0.263 0.078 0.224 5.78 0.99
0.400 0.263 0.079 0.224 8.30 0.99
0.500 0.264 0.080 0.224 9.03 0.99
5.000 0.265 - - - -
Wave |

0.050 0.710 0.081 0.670 2.39 0.99
0.100 0.711 0.082 0.670 3.34 0.99
0.200 0.711 0.083 0.670 4.68 0.99
0.300 0.712 0.084 0.670 5.34 0.99
0.400 0.712 0.085 0.670 7.68 0.99
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0.500 0.713 0.086 0.670 8.35 0.99
5.000 0.714 - - - -
Wave II

0.050 -1.642 0.083 -1.601 2.48 0.99
0.100 -1.643 0.084 -1.601 3.47 0.99
0.200 -1.643 0.085 -1.601 4.86 0.99
0.300 -1.644 0.086 -1.601 5.55 0.99
0.400 -1.644 0.087 -1.601 7.98 0.99
0.500 -1.645 0.088 -1.601 8.68 0.99
5.000 -1.646 - - - -
Wave III

0.050 -2.123 - - - -
0.100 -2.124 - - - -
0.200 -2.124 - - - -
0.300 -2.125 - - - -
0.400 -2.125 - - - -
0.500 -2.126 - - - -
5.000 -2.127 - - - -

Table 2. Electrochemical data (potential in V vs F¢/Fe*) in DCM for c.a. 0.0005 mol dm of
FcCH2CO:BSubPc(H)12 at indicated scan rates (V in V/s).

V (V/s) Epa/V  AE,/V  E”/V  ipa/ pA lpclipa
DmFc

0.100 -0.647 0.075 -0.610 3.89 0.99
Fc

0.050 -0.005 0.075 -0.043 2.58 0.99
0.100 -0.005 0.076 -0.043 3.61 0.99
0.200 -0.004 0.077 -0.043 5.05 0.99
0.300 -0.004 0.078 -0.043 5.78 0.99
0.400 -0.003 0.079 -0.043 8.30 0.99
0.500 -0.003 0.080 -0.043 9.03 0.99
5.000 -0.002 - - - -
Wave |

0.050 0.709 0.079 0.670 2.41 0.99
0.100 0.710 0.080 0.670 3.38 0.99
0.200 0.710 0.081 0.670 4.73 0.99
0.300 0.711 0.082 0.670 5.41 0.99
0.400 0.711 0.083 0.670 7.77 0.99
0.500 0.712 0.084 0.670 8.45 0.99
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5.000 0.713 - - - -
Wave II

0.050 -1.642 0.081 -1.674 2.49 0.99
0.100 -1.643 0.082 -1.674 3.49 0.99
0.200 -1.643 0.083 -1.674 4.89 0.99
0.300 -1.644 0.084 -1.674 5.58 0.99
0.400 -1.644 0.085 -1.674 8.03 0.99
0.500 -1.645 0.086 -1.674 8.73 0.99
5.000 -1.646 - - - -
Wave III

0.050 -2.153 - - - -
0.100 -2.154 - - - -
0.200 -2.154 - - - -
0.300 -2.155 - - - -
0.400 -2.155 - - - -
0.500 -2.156 - - - -
5.000 -2.157 - - - -

Table 3. Electrochemical data (potential in V vs Fc¢/Fc*) in DCM for c.a. 0.0005 mol dm™ of
Fc(CH2)3:CO:BSubPc(H)12 at indicated scan rates (V in V/s).

V (V/s) Epa/V  AE,/V  E”/V  ipa/ pA lipclipa
DmFc

0.100 -0.647 0.075 -0.610 3.97 0.99
Fc

0.050 -0.024 0.075 -0.062 2.56 0.99
0.100 -0.024 0.076 -0.062 3.58 0.99
0.200 -0.023 0.077 -0.062 5.01 0.99
0.300 -0.023 0.078 -0.062 5.73 0.99
0.400 -0.022 0.079 -0.062 8.23 0.99
0.500 -0.022 0.080 -0.062 8.95 0.99
5.000 -0.021 - - - -
Wave |

0.050 0.710 0.081 0.670 2.34 0.99
0.100 0.711 0.082 0.670 3.27 0.99
0.200 0.711 0.083 0.670 4.58 0.99
0.300 0.712 0.084 0.670 5.23 0.99
0.400 0.712 0.085 0.670 7.52 0.99
0.500 0.713 0.086 0.670 8.18 0.99
5.000 0.714 - - - -
Wave II
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0.050 -1.870 0.083 -1.829 2.42 0.99
0.100 -1.871 0.084 -1.829 3.39 0.99
0.200 -1.871 0.085 -1.829 4.75 0.99
0.300 -1.872 0.086 -1.829 5.42 0.99
0.400 -1.872 0.087 -1.829 7.80 0.99
0.500 -1.873 0.088 -1.829 8.48 0.99
5.000 -1.874 - - - -
Wave III

0.050 -2.343 - - - -
0.100 -2.344 - - - -
0.200 -2.344 - - - -
0.300 -2.345 - - - -
0.400 -2.345 - - - -
0.500 -2.346 - - - -
5.000 -2.347 - - - -

Table 4. Electrochemical data (potential in V vs F¢/Fc*) in DCM for c.a. 0.0005 mol dm of
FcCO(CH2):CO2BSubPc(H)12 at indicated scan rates (V in V/s).

V (V/s) Epa/V  AE,/V  E”/V  ipa/ pA lipclipa
DmFc

0.100 -0.647 0.074 -0.610 3.84 0.99
Fc

0.050 0.300 0.075 0.262 2.55 0.99
0.100 0.300 0.076 0.262 3.57 0.99
0.200 0.300 0.077 0.262 5.00 0.99
0.300 0.301 0.078 0.262 5.71 0.99
0.400 0.301 0.079 0.262 8.21 0.99
0.500 0.302 0.080 0.262 8.93 0.99
5.000 0.303 - - - -
Wave I

0.050 0.710 0.081 0.670 2.39 0.99
0.100 0.711 0.082 0.670 3.35 0.99
0.200 0.711 0.083 0.670 4.69 0.99
0.300 0.712 0.084 0.670 5.36 0.99
0.400 0.712 0.085 0.670 7.71 0.99
0.500 0.713 0.086 0.670 8.38 0.99
5.000 0.714 - - - -
Wave II

0.050 -1.524 0.085 -1.482 2.44 0.99
0.100 -1.525 0.086 -1.482 3.41 0.99
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0.200 -1.525 0.087 -1.482 4.77 0.99
0.300 -1.526 0.088 -1.482 5.46 0.99
0.400 -1.526 0.089 -1.482 7.84 0.99
0.500 -1.527 0.090 -1.482 8.53 0.99
5.000 -1.528 - - - -
Wave III

0.050 -2.003 - - - -
0.100 -2.004 - - - -
0.200 -2.004 - - - -
0.300 -2.005 - - - -
0.400 -2.005 - - - -
0.500 -2.006 - - - -
5.000 -2.007 - - - -

Experimental Design, Materials, and Methods

Electrochemical studies by means of cyclic voltammetry (CV) experiments were performed in an
M Bruan Lab Master SP glove box under a high purity argon atmosphere (H20 and O2 < 10 ppm),
utilizing a Princeton Applied Research PARSTAT 2273 potentiostat running Powersuite software

(Version 2.58).

The cyclic voltammetry experimental setup consists of a cell with three electrodes, namely (i) a
glassy carbon electrode as working electrode, (ii) a platinum wire auxiliary and (ii) a platinum
wire as pseudo reference electrode. The glassy carbon working electrode was polished and
prepared before every experiment on a Buhler polishing mat first with 1-micron and then with V-

micron diamond paste, rinsed with H20, acetone and DCM, and dried before each experiment.
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Electrochemical analysis in dichloromethane (DCM, anhydrous, > 99.8%, contains 40-150 ppm
amylene as stabilizer) as solvent was at RT. Solutions were made in 0.001 dm® spectrochemical
grade anhydrous DCM containing ca. 0.0005 M of analyte, 0.0005 mol dm™ of internal reference
(decamethylferrocene, DmFc) and 0.1 mol dm™ of supporting electrolyte tetrabutylammonium

tetrakispentafluorophenylborate, [N("Bu)4][B(CeFs)4] in DCM.

Experimental potential data was measured vs. the redox couple of decamethyl ferrocene Fc* as
internal standard and reported vs. the redox couple of ferrocene FcH, as suggested by IUPAC.
Experimental potential data was collected vs. the Pt wire reference electrode but is reported vs the
redox couple of ferrocene, Fc/Fc¢™ at 0 V. E°(DmFc) = - 0.610 V vs. Fc/F¢™ at 0 V in

DCM/[N(nBu)4][B(CsF5)4]. Scan rates were between 0.05 and 5.00 Vs~'.
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1. Synthesis

Free ferrocenylcarboxylic acids 1 — 5, were synthesized in multigram quantities using slightly
modified methods than previously published [1], as described in our previous publication [2]. The

parent macrocycle SubPc 6 was synthesized using previously published methods [3], see Scheme 1.

H H
H H
X
H CN
1M BCl; in p-xylene H N| 11\; FI H
135 °C, 25 min. N N
H CN H \ \ H
NS
H N
H H
H H

Scheme 1 Reaction scheme of parent macrocycle SubPc, 6.

1.1. Preparation of FcCO:H, 1 [4]:

2-Chlorobenzoyl ferrocene (1.75 g, 0.005 mol) was added to a mixture of potassium tertiary
butoxide (13 g, 0.115 mol) and water (0.61 cm3, 0.034 mol) in dimethoxyethane (0.1 dm3) under an
argon atmosphere. The mixture produced a yellow slurry which was refluxed for 24 hours. After
cooling the mixture, ice water (0.3 dm3) was added, and the resulting solution was washed with
ether (3 x 0.1 dm3). The aqueous phases were combined and acidified with concentrated
hydrochloric acid. The residue was collected by filtration, washed thoroughly with water and
air-dried, yielding 1.01 g (80 %) of as light-yellow crystals. m.p.: 156 — 162 °C. NMR: dH (600.28 MHz,
CDCI3, 25 °C): 0 4.84 (2 H, pt, 2 x CH2: Substituted-Cp), 4.45 (2 H, pt, 2 x CH2: Substituted-Cp), 4.24
(5 H, s, Unsubstituted-Cp). 13C NMR: 6C (150.95 MHz, CDCI3, 25 °C): 5 168.24 (1C, C=0), 70.23 (1C,

C-CO2H), 69.72 (5C, Unsubstituted-Cp), 68.42 (2C, Substituted-Cp), 66.24 (2C, Substituted-Cp).
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1.2. Preparation of FcCH:CO:H, 2 [4]:

To a solution of potassium hydroxide (1 g, 0.018 mol) in water (10 cm3), a suspension of the
ferrocene acetonitrile (0.2 g, 0.00074 mol) in ethanol (5 cm?3) was added and refluxed for 5 hours until
the evolution of ammonia had ceased. Most (> 95 %) of the ethanol was removed under reduced
pressure. The residual suspension was dissolved in water (50 cm?), extracted with ether (2 x 50 cm?)
and filtered. The solution was acidified with 2 M HCI and the precipitate filtered, washed and
air-dried to yield 0.110 g (51 %) as a white powder. m.p.: 159 — 165 °C. NMR: 6= (600.28 MHz, CDCls,
25°C): 04.21 (2 H, pt, 2 x CHz: Substituted-Cp), 4.13 (5 H, s, Unsubstituted-Cp), 3.73 (2 H, pt, 2 x CHz:
Substituted-Cp), 3.38 (2H, s, CHz). 3C NMR: 6c (150.95 MHz, CDCls, 25 °C):  172.34 (1C, C=0), 82.44
(1C, C-CO:2H), 69.19 (5C, Unsubstituted-Cp), 68.31 (2C, Substituted-Cp), 67.97 (2C, Substituted-Cp),

39.84 (1C, CHo).

1.3. Preparation of Fc(CH2)2CO:H, 3 [4]:
3-Ferrocenylacrylic acid (0.250 g, 0.00082 mol) and H2/Pd (0.030 g) was suspended in absolute

ethanol (50 cm?). The suspension was stirred under a 10-bar hydrogen atmosphere for 20 hours
before the reaction mixture was filtered through 2 cm of silica gel. Equal volumes of water and ice
were added to the yellow ethanolic mixture. The solution was extracted with diethyl ether (2 x 250
cm®) and the combined ether extracts were thoroughly washed with water to remove the excess
ethanol. The solution was dried over MgSOs and evaporated under reduced pressure to yield 0.177 g
(71%) an off-white powder. m.p.: 124 — 138 °C. NMR: d1(600.28 MHz, CDCls, 25 °C): 94.12 (5 H, s,
Unsubstituted-Cp), 4.09 (2 H, pt, 2 x CHz: Substituted-Cp), 4.07 (2 H, pt, 2 x CHa: Substituted-Cp),
2.66 (2H, d, CH), 2.59 (2H, d, CH2).'3C NMR: dc (150.95 MHz, CDCls, 25 °C): d 179.37 (1C, C=0),
8749 (1C, C-CO:H), 68.89 (5C, Unsubstituted-Cp), 68.23 (2C, Substituted-Cp), 67.75 (2C,

Substituted-Cp), 35.53 (2C, CH2-CH>).
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1.4. Preparation of Preparation of Fc(CH2)sCO:H, 4 [4]:
The ester (0.150 g, 0.00045 mol) was dissolved in ethanol (25 cm?) followed by the addition of

sodium hydroxide solution (25 cm?3, 2 M). The solution was stirred for 1 hour at room temperature
followed by the addition of ice (25 m?) and washed with cold diethyl ether (3 x 50 cm?). While
cooling the solution by adding fresh ice chunks, the water phase was acidified with 1 M HCl and the
precipitate filtered, washed and air-dried to liberate 0.132 g (93 %) as an off-white powder. m.p.: 120
— 124 °C. NMR: 61 (600.28 MHz, CDCls, 25 °C): 8 4.12 (5 H, s, Unsubstituted-Cp), 4.09 (2 H, pt, 2 x
CHoa: Substituted-Cp), 4.07 (2 H, pt, 2 x CHz: Substituted-Cp), 2.38 (2H, d, CH-), 1.84 (2H, d, CHz2), 0.86
(2H, m, CHz). BC NMR: dc (150.95 MHz, CDCls, 25 °C): 8 179.42 (1C, C=0), 82.44 (1C, C-CO:H), 68.31
(2C, Substituted-Cp), 67.48 (5C, Unsubstituted-Cp), 66.24 (2C, Substituted-Cp), 33.45 (2C,

CH,-CH:-CHy), 28.88 (1C, CHz-CHy-CHo).

1.5. Preparation of FcCO(CH2):CO:H, 5 [5]:
Succinic anhydride (0.250 g, 0.00215 mol) dissolved in dichloromethane (25 cm?3) was added to a

mixture of ferrocene (0.250 g, 0.0215 mol) and aluminium chloride (0.76 g, 0.0056 mol) in
dichloromethane (25 cm3) under a nitrogen atmosphere. The reaction mixture was refluxed for 24
hours. After cooling, ice-cold water (40 cm?) was added and the aqueous layer extracted twice with
dichloromethane. The combined dichloromethane extracts were thoroughly washed with water. The
organic phase was then extracted twice with equal amounts of 2 M NaOH. While cooling the
solution with ice, the water phase was acidified with 1 M HCl and the precipitate filtered, washed
with water and air-dried to liberate 1.1 g (74 %) as orange crystals. m.p.: 134 — 148 °C. NMR: dn
(600.28 MHz, CDCls, 25 °C): d 4.80 (2 H, pt, 2 x CHaz: Substituted-Cp), 451 (2 H, pt, 2 x CHz:
Substituted-Cp), 4.22 (5 H, s, Unsubstituted-Cp), 3.07 (2H, d, CH>), 2.75 (2H, d, CH), 0.86 (2H, m,
CHz). 3C NMR: dc (150.95 MHz, CDCls, 25 °C): d 202.54 (1C, C=0), 171.21 (1C, CO:H), 80.38 (1C,
C-CO:H), 72.55 (2C, Substituted-Cp), 70.14 (5C, Unsubstituted-Cp), 69.41 (2C, Substituted-Cp), 34.23

(2C, CH2-CHy).
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1.6. Preparation of CISubPc(H)1z, 6 [3], Scheme 1:

BCls (15 cm?,1 M solution in p-xylene, 1.5 eq.) was added to dry phthalonitrile (1 g, 0.008 mol) in
a glove box (H20: < 0.5 ppm and Oz: < 10 ppm) at room temperature in a high-pressure glass tube.
The reaction mixture was stirred under reflux (137°C) for 30 minutes. The solvent was evaporated
and the solid was extracted with toluene (0.4 dm?3). The solution was evaporated, and the resultant
purple solid was thoroughly washed with methanol (0.2 dm?® and hexane (0.2 dmd). Pure
ClSubPc(H):2 was obtained as a purple solid, yield: 94 % (0.94 g). MP: 375 — 380°C. '"H NMR: 6u
(600.28 MHz, CDCls): d 8.88 (6H, q, non-peripheral He) and 7.94 (6H, q, peripheral H¢). "B NMR: 65
(128.38 MHz, CDCls): 8 -16.22 (1B). 3C NMR: 6c (150.95 MHz, CDCls, 25 °C): d 149.68 (6C, C=N: inner
core carbons), 125.68 (6C, C=C: iminoisoindoline unit), 122.01 (6C, non-peripheral Cs), 119.84 (6C,
peripheral Ce). IR: v/cm: 1451 (C=C, Stretch). Elemental analysis calculated C, 66.94; H, 2.81; N,

19.51, obtained: C, 66.42; H, 2.68; N, 18.31.

2. NMR

2.1. 'H NMR of FcCO:BSubPc(H)z, 7:
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2.2. 1B NMR of FcCO:BSubPc(H)1z2, 7:

16.82

o/ ppm

2.3. 3C NMR of FcCO:BSubPc(H)zz, 7:
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2.4. 'TH NMR of Fc CH2CO:BSubPc(H)1, 8:



Molecules 2020, 25, x FOR PEER REVIEW

7 of 13

o
Q
a
3
~
g 2
- =
[ -+
‘ 7
& a ® -
% ® 2@ a \
-] ~ 4 (o] |
[og} [o0}
] |G S TR
| - A ). .
3 d 448 o
M 5 SR S
-] -] aN e (o]
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
o/ ppm
2.5. 1B NMR of Fc CH2CO:BSubPc(H)12, 8:
N-
~
@
-
22 21 20 19 18 17 16 15 14 13 12 11 10
o/ ppm

2.6. 3C NMR of Fc CH2CO:BSubPc(H)12, 8:
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2.8. "B NMR of Fc(CH2)3sCO2BSubPc(H)1z2, 10:
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2.10. tH NMR of FcCO(CH:):CO:BSubPc(H)12, 11:
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2.11. "B NMR of FcCO(CH2):CO:BSubPc(H)1z, 11:
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2.12. BC NMR of FcCO(CH:):CO:BSubPc(H)12, 11:
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3. Cyclic Voltammetry (CV)
Please see Data in Brief.

4. DFT
LUMO and HOMO of optimized cation species pf SubPc 7, 10 and 11.

FcCO:2BSubPc(H)12, 7:
LUMO HOMO

A contour of 0.03 e/A* was used for the orbital plots. Colour code of atoms (online version): Fe (purple), B

(yellow), C (grey), O (red), H (white).

Fe(CH2)3sCO:2BSubPc(H)12, 10:
LUMO HOMO
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A contour of 0.03 e/A? was used for the orbital plots. Colour code of atoms (online version): Fe (purple), B

(yellow), C (grey), O (red), H (white).

FcCO(CH:2):CO2BSubPc(H)12, 11:

LUMO HOMO

A contour of 0.03 e/A? was used for the orbital plots. Colour code of atoms (online version): Fe (purple), B

(yellow), C (grey), O (red), H (white).

Only in electronic version
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Chapter 6
Conclusion

Subphthalocyanines with ferrocenylcarboxylic acids in the axial position, CIBSubPc(F)12 and
the mother compound CIBSubPc(H)12 can be synthesised in 90% yields when working under
strict Schlenk conditions (Glove Box). Only OHBSubPc(C12H25)s(H)s could not be obtained in
high yields due to the large alkyl C12H2s non-peripheral chains causing steric hindrance The
axial ferrocenylcarboxylic acids did not influence the UV/vis wavelength maxima of the Q-
bands of the ferrocenylsubphthalocyanine dyads, that were similar to the wavelength maxima
of the parent CIBSubPc(H)12. Electron donating or withdrawing ring substituents did shift the

UV/vis wavelength maxima of the Q-bands toward longer wavelengths

The experimental conditions used to perform cyclic voltammetry experiments made it possible
for the first time to experimentally observe chemically reversible ring-based oxidation with
peak current ratios approaching 1 and peak current separation AE, < 0.086 V for SubPcs. To
improve the reversibility of CV curves, electrochemical experiments should be performed in
dry oxygen-free conditions, for example in an M Bruan Lab Master SP glove box under a high
purity argon atmosphere (H20 and O < 10 ppm). DCE as solvent increase the solubility while
both DCE and DCM as solvent with [N("Bu)4][B(CeFs)4] as supporting electrolyte minimises

ionic interactions between cationic species and the electrolyte.

Cyclic voltammetry results showed that the experimental formal reduction potential of Fe in
the six ferrocenyl carboxylic acid dyads is ca 0.1 V higher in dichloromethane than in
acetonitrile. The electron-withdrawing effect of the carboxy group on the reduction potential
of the ferrocenyl group became exponentially smaller as the length of the alkyl chain separating

the two groups increases. The formal reduction potential of Fe is also affected by the electron-



withdrawing carbonyl group depending on whether the carbonyl group is directly bonded to
ferrocenyl or is isolated from ferrocenyl by an sp? hybridised carbon atom backbone or by an
sp? hybridised carbon atom backbone. The CVs of the ferrocenylsubphthalocyanine dyads
revealed that the first reversible oxidation process is ferrocene-centred, while the second
oxidation and all observed reduction processes were localised on the SubPc-ring. Cyclic
voltammetry results of the formal reduction potential of Fe(l1/111) of the axial ferrocenyl moiety
of the eight ferrocenylcarboxylic acid-containing SubPc dyads followed a similar trend than
obtained for the free ferrocenylcarboxylic acid dyads, though shifted to a lower oxidation
potential compared to free ferrocenylcarboxylic acid dyads. SubPc (HOBSubPc(C12H2s)s(H)e)
contains the most electron-rich macrocycle of all reported SubPcs till date with an oxidation
potential in DCM of 0.398 V vs Fc/Fc*. SubPc (Fc(CH2)3sCO2BSubPc(H)12) has the lowest first

ring-based reduction potential reported till date.

Density functional theory (DFT) calculations gave further insight into the redox properties of
the dyads and SubPcs. A linear relationship between the formal reduction potential of the
ferrocenyl carboxylic acid dyads and DFT calculated HOMO (highest occupied molecular
orbital) energies were obtained. The DFT study also provided linear relationships between the
first oxidation potential and HOMO energies, as well as between the first reduction potential
and LUMO (lowest unoccupied molecular orbital) energies for a series of non-ferrocene-
containing SubPcs with peripheral and non-peripheral substituents = H, F or (C12H2s) and axial
substituent = Cl or an alkoxy group. These relationships can be used to determine HOMO and
LUMO energies from experimental first oxidation and the first reduction potential of related
compounds (and vice versa). The neutral ferrocenylcarboxylic acid subphthalocyanines dyads
have LUMOs and HOMOs of mainly n-ring and iron-d character respectively, confirming ring-
based reduction and Fe(ll) to Fe(lll) oxidation. Optimisation of the cation (oxidised) species
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was essential to verify the locus of the second ring-based oxidation since the frontier orbitals

rearranged upon oxidation.

There is still much research that can be performed on this topic. However, it would have
increased the volume of work beyond the scope of an Ph.D. study. Topics that can emanate
from this study in follow-up research projects include synthesis of ferrocene alcohols with
varying alkyl chain lengths in the axial position of both electron-rich and poor SubPcs can be
synthesised and characterised spectroscopically and with computational methods. These

compounds will be very interesting especially from an electrochemical point of view.

Photodynamic transfer studies results could improve the effectiveness of photodynamic
therapy (PDT). With the combination of subphthalocyanines and ferrocene moieties,
antineoplastic studies could advance the effectiveness of photodynamic therapy. The research
performed by the author may have opened up new interesting research avenues worthwhile

pursuing.
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done, or was visiting at the time, a 'Present address' (or 'Permanent address') may be indicated as
a footnote to that author's name. The address at which the author actually did the work must be
retained as the main, affiliation address. Superscript Arabic numerals are used for such footnotes.

Highlights are mandatory for this journal as they help increase the discoverability of your article via
search engines. They consist of a short collection of bullet points that capture the novel results of
your research as well as new methods that were used during the study (if any). Please have a look
at the examples here: example Highlights.

Highlights should be submitted in a separate editable file in the online submission system. Please
use 'Highlights' in the file name and include 3 to 5 bullet points (maximum 85 characters, including
spaces, per bullet point).

A concise and factual abstract is required. The abstract should state briefly the purpose of the
research, the principal results and major conclusions. An abstract is often presented separately from
the article, so it must be able to stand alone. For this reason, References should be avoided, but if
essential, then cite the author(s) and year(s). Also, non-standard or uncommon abbreviations should
be avoided, but if essential they must be defined at their first mention in the abstract itself.

Graphical abstract

Although a graphical abstract is optional, its use is encouraged as it draws more attention to the online
article. The graphical abstract should summarize the contents of the article in a concise, pictorial form
designed to capture the attention of a wide readership. Graphical abstracts should be submitted as a
separate file in the online submission system. Image size: Please provide an image with a minimum
of 531 x 1328 pixels (h x w) or proportionally more. The image should be readable at a size of 5 x
13 cm using a regular screen resolution of 96 dpi. Preferred file types: TIFF, EPS, PDF or MS Office
files. You can view Example Graphical Abstracts on our information site.

Authors can make use of Elsevier's Illustration Services to ensure the best presentation of theirimages
and in accordance with all technical requirements.

Immediately after the abstract, provide a maximum of 6 keywords, using American spelling and
avoiding general and plural terms and multiple concepts (avoid, for example, 'and’, 'of'). Be sparing
with abbreviations: only abbreviations firmly established in the field may be eligible. These keywords
will be used for indexing purposes.

Abbreviations

Define abbreviations that are not standard in this field in a footnote to be placed on the first page
of the article. Such abbreviations that are unavoidable in the abstract must be defined at their first
mention there, as well as in the footnote. Ensure consistency of abbreviations throughout the article.
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Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references and do
not, therefore, include them on the title page, as a footnote to the title or otherwise. List here those
individuals who provided help during the research (e.g., providing language help, writing assistance
or proof reading the article, etc.).

Formatting of funding sources
List funding sources in this standard way to facilitate compliance to funder's requirements:

Funding: This work was supported by the National Institutes of Health [grant nhumbers xxxx, yyyy];
the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United States Institutes
of Peace [grant number aaaa].

It is not necessary to include detailed descriptions on the program or type of grants and awards. When
funding is from a block grant or other resources available to a university, college, or other research
institution, submit the name of the institute or organization that provided the funding.

If no funding has been provided for the research, please include the following sentence:

This research did not receive any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors.

Math formulae

Please submit math equations as editable text and not as images. Present simple formulae in
line with normal text where possible and use the solidus (/) instead of a horizontal line for small
fractional terms, e.g., X/Y. In principle, variables are to be presented in italics. Powers of e are often
more conveniently denoted by exp. Number consecutively any equations that have to be displayed
separately from the text (if referred to explicitly in the text).

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article. Many word
processors build footnotes into the text, and this feature may be used. Should this not be the case,
indicate the position of footnotes in the text and present the footnotes themselves separately at the
end of the article.

Image manipulation

Whilst it is accepted that authors sometimes need to manipulate images for clarity, manipulation for
purposes of deception or fraud will be seen as scientific ethical abuse and will be dealt with accordingly.
For graphical images, this journal is applying the following policy: no specific feature within an image
may be enhanced, obscured, moved, removed, or introduced. Adjustments of brightness, contrast,
or color balance are acceptable if and as long as they do not obscure or eliminate any information
present in the original. Nonlinear adjustments (e.g. changes to gamma settings) must be disclosed
in the figure legend.

Electronic artwork

General points

e Make sure you use uniform lettering and sizing of your original artwork.

e Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.

e Number the illustrations according to their sequence in the text.

e Use a logical naming convention for your artwork files.

¢ Indicate per figure if it is a single, 1.5 or 2-column fitting image.

e For Word submissions only, you may still provide figures and their captions, and tables within a
single file at the revision stage.

e Please note that individual figure files larger than 10 MB must be provided in separate source files.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are given here.
Formats

Regardless of the application used, when your electronic artwork is finalized, please 'save as' or
convert the images to one of the following formats (note the resolution requirements for line drawings,
halftones, and line/halftone combinations given below):

EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics'.

TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of 300 dpi.
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TIFF (or JPG): Bitmapped line drawings: use a minimum of 1000 dpi.

TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum of 500 dpi
is required.

Please do not:

e Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); the resolution is too low.
e Supply files that are too low in resolution.

e Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF) or
MS Office files) and with the correct resolution. If, together with your accepted article, you submit
usable color figures then Elsevier will ensure, at no additional charge, that these figures will appear
in color online (e.g., ScienceDirect and other sites) in addition to color reproduction in print. Further
information on the preparation of electronic artwork.

Figure captions

Ensure that each illustration has a caption. A caption should comprise a brief title (not on the figure
itself) and a description of the illustration. Keep text in the illustrations themselves to a minimum but
explain all symbols and abbreviations used.

Please submit tables as editable text and not as images. Tables can be placed either next to the
relevant text in the article, or on separate page(s) at the end. Number tables consecutively in
accordance with their appearance in the text and place any table notes below the table body. Be
sparing in the use of tables and ensure that the data presented in them do not duplicate results
described elsewhere in the article. Please avoid using vertical rules and shading in table cells.

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa). Any references cited in the abstract must be given in full. Unpublished results and personal
communications are not recommended in the reference list, but may be mentioned in the text. If these
references are included in the reference list they should follow the standard reference style of the
journal and should include a substitution of the publication date with either 'Unpublished results' or
'Personal communication'. Citation of a reference as 'in press' implies that the item has been accepted
for publication.

Reference links

Increased discoverability of research and high quality peer review are ensured by online links to
the sources cited. In order to allow us to create links to abstracting and indexing services, such as
Scopus, CrossRef and PubMed, please ensure that data provided in the references are correct. Please
note that incorrect surnames, journal/book titles, publication year and pagination may prevent link
creation. When copying references, please be careful as they may already contain errors. Use of the
DOI is highly encouraged.

A DOI is guaranteed never to change, so you can use it as a permanent link to any electronic article.
An example of a citation using DOI for an article not yet in an issue is: VanDecar J.C., Russo R.M,,
James D.E., Ambeh W.B., Franke M. (2003). Aseismic continuation of the Lesser Antilles slab beneath
northeastern Venezuela. Journal of Geophysical Research, https://doi.org/10.1029/2001]JB000884.
Please note the format of such citations should be in the same style as all other references in the paper.

Web references

As a minimum, the full URL should be given and the date when the reference was last accessed. Any
further information, if known (DOI, author names, dates, reference to a source publication, etc.),
should also be given. Web references can be listed separately (e.g., after the reference list) under a
different heading if desired, or can be included in the reference list.

Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript by citing them
in your text and including a data reference in your Reference List. Data references should include the
following elements: author name(s), dataset title, data repository, version (where available), year,
and global persistent identifier. Add [dataset] immediately before the reference so we can properly
identify it as a data reference. The [dataset] identifier will not appear in your published article.
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References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any citations in
the text) to other articles in the same Special Issue.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular reference
management software products. These include all products that support Citation Style Language
styles, such as Mendeley. Using citation plug-ins from these products, authors only need to select
the appropriate journal template when preparing their article, after which citations and bibliographies
will be automatically formatted in the journal's style. If no template is yet available for this journal,
please follow the format of the sample references and citations as shown in this Guide. If you use
reference management software, please ensure that you remove all field codes before submitting
the electronic manuscript. More information on how to remove field codes from different reference
management software.

Users of Mendeley Desktop can easily install the reference style for this journal by clicking the following
link:

http://open.mendeley.com/use-citation-style/journal-of-electroanalytical-chemistry

When preparing your manuscript, you will then be able to select this style using the Mendeley plug-
ins for Microsoft Word or LibreOffice.

Reference formatting

There are no strict requirements on reference formatting at submission. References can be in any
style or format as long as the style is consistent. Where applicable, author(s) name(s), journal title/
book title, chapter title/article title, year of publication, volume number/book chapter and the article
number or pagination must be present. Use of DOI is highly encouraged. The reference style used by
the journal will be applied to the accepted article by Elsevier at the proof stage. Note that missing data
will be highlighted at proof stage for the author to correct. If you do wish to format the references
yourself they should be arranged according to the following examples:

Reference style

Text: Indicate references by number(s) in square brackets in line with the text. The actual authors
can be referred to, but the reference number(s) must always be given.

Example: '..... as demonstrated [3,6]. Barnaby and Jones [8] obtained a different result ....

List: Number the references (numbers in square brackets) in the list in the order in which they appear
in the text.

Examples:

Reference to a journal publication:

[1]J. van der Geer, J.A.J. Hanraads, R.A. Lupton, The art of writing a scientific article, J. Sci. Commun.
163 (2010) 51-59. https://doi.org/10.1016/j.5¢c.2010.00372.

Reference to a journal publication with an article number:

[2] J. van der Geer, J.A.]. Hanraads, R.A. Lupton, 2018. The art of writing a scientific article. Heliyon.
19, e00205. https://doi.org/10.1016/j.heliyon.2018.e00205.

Reference to a book:

[3] W. Strunk Jr.,, E.B. White, The Elements of Style, fourth ed., Longman, New York, 2000.
Reference to a chapter in an edited book:

[4] G.R. Mettam, L.B. Adams, How to prepare an electronic version of your article, in: B.S. Jones, R.Z.
Smith (Eds.), Introduction to the Electronic Age, E-Publishing Inc., New York, 2009, pp. 281-304.
Reference to a website:

[5] Cancer Research UK, Cancer statistics reports for the UK. http://www.cancerresearchuk.org/
aboutcancer/statistics/cancerstatsreport/, 2003 (accessed 13 March 2003).

Reference to a dataset:

[dataset] [6] M. Oguro, S. Imahiro, S. Saito, T. Nakashizuka, Mortality data for Japanese oak wilt
disease and surrounding forest compositions, Mendeley Data, v1, 2015. https://doi.org/10.17632/
xwj98nb39r.1.

Journal abbreviations source
Journal names should be abbreviated according to the List of Title Word Abbreviations.

Elsevier accepts video material and animation sequences to support and enhance your scientific
research. Authors who have video or animation files that they wish to submit with their article are
strongly encouraged to include links to these within the body of the article. This can be done in the
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same way as a figure or table by referring to the video or animation content and noting in the body
text where it should be placed. All submitted files should be properly labeled so that they directly
relate to the video file's content. In order to ensure that your video or animation material is directly
usable, please provide the file in one of our recommended file formats with a preferred maximum
size of 150 MB per file, 1 GB in total. Video and animation files supplied will be published online in
the electronic version of your article in Elsevier Web products, including ScienceDirect. Please supply
'stills' with your files: you can choose any frame from the video or animation or make a separate
image. These will be used instead of standard icons and will personalize the link to your video data. For
more detailed instructions please visit our video instruction pages. Note: since video and animation
cannot be embedded in the print version of the journal, please provide text for both the electronic
and the print version for the portions of the article that refer to this content.

Include interactive data visualizations in your publication and let your readers interact and engage
more closely with your research. Follow the instructions here to find out about available data
visualization options and how to include them with your article.

Supplementary material such as applications, images and sound clips, can be published with your
article to enhance it. Submitted supplementary items are published exactly as they are received (Excel
or PowerPoint files will appear as such online). Please submit your material together with the article
and supply a concise, descriptive caption for each supplementary file. If you wish to make changes to
supplementary material during any stage of the process, please make sure to provide an updated file.
Do not annotate any corrections on a previous version. Please switch off the "Track Changes' option
in Microsoft Office files as these will appear in the published version.

This journal encourages and enables you to share data that supports your research publication
where appropriate, and enables you to interlink the data with your published articles. Research data
refers to the results of observations or experimentation that validate research findings. To facilitate
reproducibility and data reuse, this journal also encourages you to share your software, code, models,
algorithms, protocols, methods and other useful materials related to the project.

Below are a number of ways in which you can associate data with your article or make a statement
about the availability of your data when submitting your manuscript. If you are sharing data in one of
these ways, you are encouraged to cite the data in your manuscript and reference list. Please refer to
the "References" section for more information about data citation. For more information on depositing,
sharing and using research data and other relevant research materials, visit the research data page.

Data linking

If you have made your research data available in a data repository, you can link your article directly to
the dataset. Elsevier collaborates with a number of repositories to link articles on ScienceDirect with
relevant repositories, giving readers access to underlying data that gives them a better understanding
of the research described.

There are different ways to link your datasets to your article. When available, you can directly link
your dataset to your article by providing the relevant information in the submission system. For more
information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your published
article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the text of your
manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; CCDC: 734053;
PDB: 1XFN).

Mendeley Data

This journal supports Mendeley Data, enabling you to deposit any research data (including raw and
processed data, video, code, software, algorithms, protocols, and methods) associated with your
manuscript in a free-to-use, open access repository. During the submission process, after uploading
your manuscript, you will have the opportunity to upload your relevant datasets directly to Mendeley
Data. The datasets will be listed and directly accessible to readers next to your published article online.
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For more information, visit the Mendeley Data for journals page.

Data in Brief

You have the option of converting any or all parts of your supplementary or additional raw data into
one or multiple data articles, a new kind of article that houses and describes your data. Data articles
ensure that your data is actively reviewed, curated, formatted, indexed, given a DOI and publicly
available to all upon publication. You are encouraged to submit your article for Data in Brief as an
additional item directly alongside the revised version of your manuscript. If your research article is
accepted, your data article will automatically be transferred over to Data in Brief where it will be
editorially reviewed and published in the open access data journal, Data in Brief. Please note an open
access fee of 600 USD is payable for publication in Data in Brief. Full details can be found on the Data
in Brief website. Please use this template to write your Data in Brief.

MethodsX

You have the option of converting relevant protocols and methods into one or multiple MethodsX
articles, a new kind of article that describes the details of customized research methods. Many
researchers spend a significant amount of time on developing methods to fit their specific needs or
setting, but often without getting credit for this part of their work. MethodsX, an open access journal,
now publishes this information in order to make it searchable, peer reviewed, citable and reproducible.
Authors are encouraged to submit their MethodsX article as an additional item directly alongside the
revised version of their manuscript. If your research article is accepted, your methods article will
automatically be transferred over to MethodsX where it will be editorially reviewed. Please note an
open access fee is payable for publication in MethodsX. Full details can be found on the MethodsX
website. Please use this template to prepare your MethodsX article.

Data statement

To foster transparency, we encourage you to state the availability of your data in your submission.
This may be a requirement of your funding body or institution. If your data is unavailable to access
or unsuitable to post, you will have the opportunity to indicate why during the submission process,
for example by stating that the research data is confidential. The statement will appear with your
published article on ScienceDirect. For more information, visit the Data Statement page.

AFTER ACCEPTANCE

Corresponding authors will receive an e-mail with a link to our ProofCentral system, allowing
annotation and correction of proofs online. The environment is similar to MS Word: in addition to
editing text, you can also comment on figures/tables and answer questions from the Copy Editor.
Web-based proofing provides a faster and less error-prone process by allowing you to directly type
your corrections, eliminating the potential introduction of errors.

If preferred, you can still choose to annotate and upload your edits on the PDF version. All instructions
for proofing will be given in the e-mail we send to authors, including alternative methods to the online
version and PDF. We will do everything possible to get your article published quickly and accurately
- please upload all of your corrections within 48 hours. It is important to ensure that all corrections
are sent back to us in one communication. Please check carefully before replying, as inclusion of any
subsequent corrections cannot be guaranteed. Proofreading is solely your responsibility. Note that
Elsevier may proceed with the publication of your article if no response is received.

The corresponding author will, at no cost, receive a customized Share Link providing 50 days free
access to the final published version of the article on ScienceDirect. The Share Link can be used for
sharing the article via any communication channel, including email and social media. For an extra
charge, paper offprints can be ordered via the offprint order form which is sent once the article is
accepted for publication. Both corresponding and co-authors may order offprints at any time via
Elsevier's Author Services. Corresponding authors who have published their article gold open access
do not receive a Share Link as their final published version of the article is available open access on
ScienceDirect and can be shared through the article DOI link.

AUTHOR INQUIRIES

Visit the Elsevier Support Center to find the answers you need. Here you will find everything from
Frequently Asked Questions to ways to get in touch.

You can also check the status of your submitted article or find out when your accepted article will
be published.
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Manuscript Submission Requirements Checklist

1. The names of all coauthors of a manuscript must be entered into Paragon Plus upon
submission.

2. If relevant, authors are required to (a) check the quality of their CIFs through the checkCIF
website prior to submission of their manuscript, (b) submit CIFs and structure factor tables
for inorganic or metal organics to the Cambridge Crystallographic Data Centre (CCDC) prior
to submission and provide the CCDC access code(s) upon submission, (c) provide the
checkCIF output file (as a PDF uploaded as Supporting Information for Review Only), and (d)
address any A and/or B level alerts in the checkCIF PDF and consider inserting their
comments directly into CIFs. Note that while checkCIFs are required, uploading CIF files
into ACS Paragon Plus for compounds accommodated by CCDC is no longer required.

3. Communications must not exceed 2200 words, including titles/footnotes/captions and
approximately five graphics (each typically 2 inches long in a single column); one of the
graphics includes the TOC graphic. References and the TOC synopsis are not included in
the word count. Authors no longer need to fit the manuscript to the strict pages by the
template measure, but communications exceeding the word count limit must be shortened
before acceptance (See Manuscript Types).

4. The Table of Contents graphic AND the synopsis must be on a separate page at the end of
the submitted manuscript file. The synopsis can contain up to 75 words.

5. References must include titles along with the appropriate citation information.

6. Authors must emphasize any unexpected, new, and/or significant hazards or risks
associated with the reported work, and clearly describe how to mitigate them.

Scope of the Journal

Inorganic Chemistry publishes fundamental studies, both experimental and theoretical, on all
topics of inorganic chemistry from across the periodic table, including but not limited to
coordination chemistry, main-group chemistry, bioinorganic chemistry, organometallic chemistry,
solid- state/materials/nanoscale chemistry, energy and photochemistry, catalysis, and
theory/computation.

The journal places emphasis on scientifically rigorous studies of the synthesis and mechanisms,
structure, thermodynamics, kinetics, reactivity, spectroscopy, bonding, and functional properties of
new and significant known compounds. Only those manuscript submissions that sufficiently
emphasize inorganic chemistry aspects will be considered. lllustrative examples of manuscripts
that will not be considered include ones that describe poorly defined or characterized compounds
or materials, or that are deemed to emphasize morphological, nanoscale, or larger scale attributes
of materials, biological phenomena, analytical methods, speculative or predominantly technical
aspects of theory, or technological applications. Reports of routine research describing
incremental additions to the scientific literature are discouraged. More detailed discussion
(organized by topic) of submissions that will be considered are presented below.

Coordination and Organometallic Chemistry: Fundamental studies of the design and synthesis
of new coordination and organometallic complexes incorporating main group, transition metal,
and/or lanthanide/actinide elements with tailored reactivity and/or functional electronic, optical, and
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magnetic properties are welcome. These studies should include details of coordination
environment, electronic structure, bonding, magnetic properties, and/or reactivity probed through
experimental and/or computational methods and involving spectroscopy, electrochemistry, and
other characterization means. The added value to general knowledge in inorganic chemistry
should be clearly visible, for example in the description of uncommon structures, bonding,
reactivity, and/or proven potential for new molecular or materials applications (such as catalysis,
sensing, and optics). Articles that focus solely on solid-state structures or synthetic organic
applications are discouraged.

Bioinorganic Chemistry: Studies in the area of bioinorganic chemistry should emphasize new
inorganic structures, solution chemistry, detailed mechanisms of biological efficacy or reactions, or
spectroscopic properties. The inorganic chemistry must be central and contribute new
perspectives to the field, for example in areas of biomimetic and bioinspired coordination
chemistry, metalloproteins and metallodrugs, and metal-based probes. Manuscripts with a focus
on biology that lack in-depth studies of inorganic chemistry aspects will not be considered.

Solid State, Materials, and Nanoscale Chemistry: Inorganic Chemistry encourages
submissions that contribute significant new synthetic, mechanistic, or structural insight on well-
characterized molecular, nanostructured, or extended inorganic compounds (clusters and
supramolecular compounds) and push the frontiers of functional inorganic chemistry-dependent
materials properties, characterization techniques, or theoretical description. Manuscripts that
emphasize technological applications or that describe routine syntheses and characterization,
incremental advances for well-known families of compounds, routine formulations of known
components, or phenomenological work that does not provide new inorganic chemistry insight will
not be considered.

Energy and Photochemistry: Studies in the area of energy and photochemistry should
emphasize new inorganic structures or coordination compounds with properties and functions
related but not limited to electrical, redox, luminescence, excited states, photoredox sensitization,
and energy-transfer chemistry or to applications in solar-energy conversion and storage.
Contributions that focus on applications, including analytical techniques and photophysics, or on
speculative theoretical aspects, will not be considered.

Catalysis: Studies on heterogeneous and homogeneous catalysis using inorganic or
organometallic compounds and/or inorganic-organic hybrid compounds and materials as well as
metallosupramolecules are welcome. The focus should be on inorganic chemistry aspects, in
particular new complexes with interesting structures, bonding, coordination numbers, or electron
configurations, rather than applications to organic synthesis or industrial process development with
well-known compounds, for example.

Theory and Computation: Inorganic Chemistry welcomes studies that use state-of-the art
theoretical/computational methods to contribute to conceptual advances in all areas of inorganic
chemistry, especially those that combine experiment and theory. Studies that focus on technical
aspects, for example the choice of density functionals and/or basis sets, or are largely speculative,
that is, make predictions that cannot reasonably be subjected to experimental testing, will not be
considered.

Manuscript Types

Inorganic Chemistry publishes Articles, Communications, invited Viewpoint Articles, and invited
Forum Articles.

Articles represent complete studies and are not restricted in length. However, authors are urged
to be as concise as possible, presenting experimental results clearly and carefully in a separate
section and placing material in the Supporting Information file that, while of importance for
practitioners on the topic, is of significantly less interest to the general reader.

Communications are reports of unusual urgency, significance, and interest originating in all areas



of inorganic chemistry. A statement from the authors describing why their manuscript meets these
criteria is required in the cover letter. Communications must convey the scientific findings
concisely in 2,200 words or less, which includes the abstract, main text, and figure captions, plus
approximately four graphics (each typically 2 inches long in a single column) and the TOC graphic.
References and the TOC synopsis are not included in the word count. Authors no longer need to
fit their manuscript into the three-page template, but communications will have to be under the
word count limit before acceptance. Complete experimental work should appear in the Supporting
Information; additional documentation in the Supporting Information is encouraged.
Communications that contain X-ray crystallographic information must be accompanied by full
documentation to be used as Supporting Information in the editorial and review process.

Viewpoints are personalized discussions of a developing subject or field, firmly based in science,
with the intent of inspiring future research efforts. In each Viewpoint, authors introduce the topic,
provide insight and critical assessment of recent advances, and discuss new directions and future
outlook for the field. The manuscript length should fit within 5-10 final published journal pages.
While Viewpoints are typically invited by the Editor-in-Chief, proposals for Viewpoint submissions
are welcome.

Forums are published several times annually and consist of a set of thematically linked invited
research Articles and Communications from leading scientists on a multidisciplinary topic of
growing interest. The article format is neither a review nor a typical research publication. As such,
more leeway is available in the article introduction to frame the importance of the work within the
field and in the discussion section to integrate how the research results are broadly impactful in
the topic area. Thus, the research account should identify the important questions on the subject
and the authors’ contribution to addressing its key challenges, with additional attention given to
providing educational value for undergraduate and graduate students.

Inorganic Chemistry does not publish comprehensive reviews or book reviews. Commentaries on
prior work published in the journal or elsewhere will be considered if significant new results or
insights are presented.

In all types of submissions, authors should present their material as clearly and concisely as
possible. Introductions should contain sufficient background material to show why the work was
done and how it relates to the subject. However, extensive reviews of the literature and/or
numerous general references are inappropriate. The description of experimental work must be
presented accurately and in sufficient detail to allow the work to be duplicated in other
laboratories.

ACS Publishing Center

While this document will provide basic information on how to prepare and submit the manuscript
as well as other critical information about publishing, we also encourage authors to visit the ACS
Publishing Center for additional information on everything that is needed to prepare (and review)
manuscripts for ACS journals and partner journals, such as
- Mastering the Art of Scientific Publication, which shares editor tips about a variety of topics
including making your paper scientifically effective, preparing excellent graphics, and writing
cover letters.
- Resources on how to prepare and submit a manuscript to ACS Paragon Plus, ACS
Publications’” manuscript submission and peer review environment.
- Sharing your research with the public through the ACS Publications open access program.
- ACS Reviewer Lab, a free online course covering best practices for peer review and related
ethical considerations.

Manuscript Preparation



Review Ready Submission

All ACS journals and partner journals have simplified their formatting requirements in favor of a
streamlined and standardized review-ready format for an initial manuscript submission. Read more
about the requirements and the benefits these serves authors and reviewers here.

Manuscripts submitted for initial consideration must adhere to these standards:

- Submissions must be complete with clearly identified standard sections used to report original
research, free of annotations or highlights, and include all numbered and labeled components.

- Figures, charts, tables, schemes, and equations should be embedded in the text at the point
of relevance. Separate graphics can be supplied later at revision, if necessary.

- A two-column manuscript template is available and can be used for manuscripts submitted to
any ACS journal or partner journal. Templates are not required but may be useful to
approximate how an article will compose. For manuscripts with word count limits, authors are
not required to fit content into a page limit based on the template.

- References can be provided in any style, but they must be complete, including titles.

- Supporting Information should be submitted as a separate file(s).

- Author names and affiliations on the manuscript must match what is entered into ACS.

Document Templates and Format

The templates facilitate the peer review process by allowing authors to place artwork and tables
close to the point where they are discussed within the text. Learn more about document templates
here.

General information on the preparation of manuscripts may also be found in the ACS Guide to
Scholarly Communication.

Acceptable Software, File Designations, and TeX/LaTeX

See the list of Acceptable Software and appropriate File Designations to be sure your file types
are compatible with ACS Paragon Plus. Information for manuscripts generated from TeX/LaTeX is
also available.

Cover Letter

A cover letter must accompany every manuscript submission. During the submission process, you
may type it or paste it into the submission system, or you may attach it as a file.

Authors must explain clearly and convincingly in their cover letter how their manuscript is original,
significant, and novel and why it will be of interest to the readers of Inorganic Chemistry.

Manuscript Text Components

Manuscripts of full Articles should include:
1. Title page
2. Abstract
3. Introduction
4. Experimental Section
5. Results
6. Discussion



7. Footnotes (including explanatory notes and literature references)

8. Tables

9. Schemes

10. Charts

11. Captions for Figures

12. Figures

13. Table of Contents Synopsis

14. Table of Contents Graphic
The abstract of each manuscript should not exceed 300 words for an article and 150 words for a
communication.

For all categories of papers, authors must submit a TOC graphic and synopsis, which can contain
up to 75 words.

Supporting Information

This information is provided to the reviewers during the peer-review process (for Review Only) and
is available to readers of the published work (for Publication). Supporting Information must be
submitted at the same time as the manuscript. See the list of Acceptable Software by File
Designation and confirm that your Supporting Information is viewable.

If the manuscript is accompanied by any supporting information files for publication, these files will
be made available free of charge to readers. A brief description of each file is required, and the
paragraph and descriptions should be placed at the end of the manuscript before the list of
references. The appropriate format is as follows:

Supporting Information. Brief descriptions in nonsentence format listing the contents of the files
supplied as Supporting Information.

When including supporting information for review only, include copies of references that are
unpublished or in-press. These files are available only to editors and reviewers.

Data Requirements

Characterization of New Compounds

The Journal upholds a high standard for compound characterization to ensure that substances
being added to the chemical literature have been correctly identified and can be synthesized in
known yield and purity by the reported preparation and isolation methods.

For all new compounds, evidence adequate to establish both identity and degree of purity
(homogeneity) must be provided. For known compounds prepared by a new or modified synthetic
procedure, the types of physical and spectroscopic data that were found to match cited literature
data should be identified, and purity documentation should be provided.

Single-crystal X-ray diffraction results are not, in general, acceptable as the only means of
characterization of new compounds. Compounds must also be characterized by spectroscopic and
analytical methods appropriate for the particular sample or compound. Methods may include
elemental analyses to demonstrate bulk composition, NMR spectroscopy, mass spectrometry,
infrared spectroscopy, and electronic spectroscopy.

Structure Reports

(A) Crystal Structure Studies

A checklist for authors derived from recommendations of the Commission on Crystallographic
Data of the International Union of Crystallography (Acta Crystallogr. 1967, 22, 445) is available
from the Inorganic Chemistry website. Authors should consult this checklist (revised 2001) before
preparing manuscripts for submission. Not all data requested for review will be shown in the
printed text.




This applies both to reports in which the structure study is the main thrust of the work (full structure
report) and to those in which such a study plays only a supporting role (abbreviated structure
report). Single-crystal X-ray diffraction results are not, in general, acceptable as the only means of
characterization of new compounds. See the statement under Characterization of New
Compounds given above. If electronic spectral data are employed to relate the bulk and
crystallographic samples, extinction coefficients should be provided. It is possible that syntheses
will occasionally produce a material that cannot be reliably analyzed, gives uninformative IR and
electronic spectra, and presents no definitive NMR data because of paramagnetism or dynamic
exchange processes. Cases of this sort may be acceptable if and only if the author clearly
delineates the limitations of the available data.

(1) Structure Reports in Articles.

(a) Experimental Section. Every effort should be made to minimize the quantity of tabular
material appearing in the published text. The collection of data and refinement of the structure are
usually routine, and a concise description can be accomplished with a brief written description and
a table containing crystallographic parameters and data collection and refinement information
described below.

(b) Tabular Material. An abbreviated table containing unit cell constants, space group information,
Z, data collection and refinement parameters, and final agreement factors may be helpful to
readers and may be included in either the text or Supporting Information. In addition, important
bond lengths and angles (with esd’s) should be supplied for the published text when they are
significant to the overall discussion. Inorganic Chemistry does not publish refined positional
parameters in the published text except in cases where such information is essential to the clarity
of the manuscript. This information can be accessed easily from the web page displaying the final
published article, which links to the data deposited at the CCDC via the Accession Codes box.
Note that a list of the Accession Codes will also be published in the PDF version of the final article.
If relevant, other information such as least-squares planes and atomic deviations therefrom,
closest intermolecular contacts (e.g., details of intermolecular hydrogen-bonding or other packing
interactions), and unit cell and packing diagrams (optional if no unusual intermolecular contacts
exist), stylized to emphasize packing information and drawn with right- handed axes, should be
deposited in PDF format as Supporting Information. A statement should appear at the end of the
printed manuscript text enumerating the contents of the Supporting Information.

(c) Figures. Drawings of crystal or molecular structures should be made with the
noncrystallographer in mind. For structures refined anisotropically, plots showing thermal
ellipsoids are required rather than ball-and-stick drawings. Stereoscopic pairs of perspective
drawings and unit cell and packing diagrams should be deposited as Supporting Information
unless they contribute directly to the discussion.

(d) Deposited Data. Prior to manuscript submission, authors are required to check the quality of
their CIFs (for single-crystal data collections) through the checkCIF website of the International
Union of Crystallography (checkcif.iucr.org) and to upload the checkCIF output files (combined into
one PDF file) as Supporting Information for Review Only. Any A and/or B level alerts must be
addressed prior to submission or otherwise explained in the checkCIF PDF, and authors are
further encouraged to insert their comments directly into CIFs.

CIFs, structure factor tables, and CheckCIF reports must be submitted to the Cambridge
Crystallographic Data Centre (CCDC) prior to manuscript submission. The CCDC deposition
number(s) should be entered into the ACS Paragon Plus Environment during submission. See
Requirements for Depositing X-Ray Crystallographic Data for complete details on submission of
CIFs. Any subsequent revisions to the CIFs or structure factor tables should be deposited directly
with the CCDC before uploading a revised manuscript to ACS Paragon Plus.

Reviewers will have access via the CCDC to an electronic copy of the CIF(s) associated with a
manuscript. For many reviewers, an electronic CIF greatly simplifies the review process. Thus, the
lack of availability of an electronic CIF may result in significant delays in the review process. If the
manuscript is accepted and published, the CIF(s) will be made available to readers via the ACS




Publications Web site.

CCDC will accept organic, metal-organic, and inorganic compounds, including extended molecular
solids and powder data where a constrained refinement has been used. Structural data for
inorganic compounds will be transferred by CCDC to the Inorganic Crystal Structure Database
(ICSD) after publication and will maintain the original deposition number(s). For all other
crystallographic data that are not accommodated by the CCDC, authors are encouraged to deposit
into a database according to instructions in the Requirements for Depositing X-Ray
Crystallographic Data, in addition to uploading the data in ACS Paragon Plus during manuscript
submission as Supporting Information. Please indicate whether the other crystallographic data is
intended for publication or for review only.

If restraints or constraints on non-hydrogen atoms or adjustments to the structure factors are used
in the refinement of a crystal structure, these should be described in detalil in the experimental
section and their application justified. Data from complementary experiments should be made
available to resolve any ambiguities arising from problems with a refinement.

(2) Abbreviated Structure Reports in Communications and Articles. In a Communication or in
the case where a structural study plays a supporting role in a full paper devoted to another
principal objective, a good molecular or unit cell diagram should appear as a figure. A brief
summary of unit cell constants and data collection and refinement information should be given in a
footnote, while selected distances and angles should be placed in the figure caption or a short
table. The corresponding CIF should still be deposited with the CCDC as described above.

(B) Powder Diffraction Data

The structural determination of new materials by powder diffraction methods (laboratory X-ray,
synchrotron, and/or neutron diffraction) is encouraged. Authors must include a table with the
information shown below, as well as a figure showing the observed, calculated, and difference
diffraction patterns and tick marks indicating the positions of the reflections for the refined phase
and impurity phase(s). Authors are encouraged but not required to supply a CIF for a structure
determined from powder diffraction. If a CIF file is provided for a powder diffraction structure, a
checkCIF file is not required.

Crystallographic Data (Powder)

- Source (laboratory X-ray, synchrotron, neutron time of flight (TOF), neutron constant
wavelength)
- Chemical formula
- Formula weight
- Temperature
- Pressure (if not ambient)
- Wavelength for constant wavelength or TOF
- Crystal system
- Space group (No.)
-a,b,c,,,
- V (A3)
- Z
- d-space range
.2
- Rp
- Rwp
- Definition of R factors
(C) Corrections
Errors discovered in published structure reports should be communicated directly to the

corresponding author of the work. The Editor should be kept informed by a copy of such
correspondence. Upon verifying the error, the author or authors should submit a suitable




correction to the Editor without delay, carrying an acknowledgment of the colleagues who brought
the matter to their attention.

Computational Reports

With great advances in computational facilities and the availability of electronic structure codes
(particularly DFT), there has been a significant increase in the number of computational papers
being submitted to Inorganic Chemistry. In addition to computational competence (level of theory,
basis sets, etc.), for a manuscript to be appropriate for publication in Inorganic Chemistry, it
must be strongly correlated to experimental data, address problems of broad interest to the
inorganic community, and provide significant chemical insight.

Comparison of methods, studies of various levels of theory, basis set effects, etc., are considered
to be technically oriented computational papers and are not encouraged. In addition, studies
simply confirming results already present in the literature or which are entirely speculative should
be directed toward more specialized journals.

Authors should supply enough Supporting Information to reproduce the calculations or to make the
results utilizable without repeating the calculations. Computational manuscripts should include at
least the following Supporting Information:

1. Description of specific programs and the release or version. If the author’'s own or a modified
version of a commercially available program is used, it is encouraged that the
program/code/modification be made available to the scientific community (QCPE, publication
in a computational journal, commercially, etc.), if the license permits. A clear exposition of
any nonstandard equations and algorithms used and, where feasible, tests of the codes in
various limiting cases should also be provided.

2. Details of the calculations including input coordinates along with input keywords. The choice
of basis sets must be explicitly discussed including any deviation from standard basis sets.
Convergence criteria, integration parameters, active space definition in multireference
calculations, and, for open-shell systems, the way in which spin states are handled should be
mentioned explicitly. The exact definition of any applied numerical or symmetry constraint
should be indicated.

3. Certain data of the output files such as absolute energies, gross orbital populations, atomic
spin densities, etc. Where feasible, critical checkpoint/restart files should be saved and made
available upon request. If the paper discusses a reaction mechanism in terms of its potential
energy surface, optimized molecular structures should be provided in Cartesian atomic
coordinates for each calculated molecule, intermediate, transition state, etc., as separate
plain-text files in standard .xyz file format. More information about the .xyz file format is
available at http://openbabel.sourceforge.net/wiki/XYZ.

Magnetic measurements

Fits of magnetic data such as (T), “X(T), T(T), (T), M(H), etc., to an analytical expression must
include both the Hamiltonian from which the analytical expression is derived and the final
analytical expression and fitting parameters. When the value of an exchange coupling constant, J,
is given in the abstract, the form of the Hamiltonian must also be included. The expressions may
be included in the manuscript or, if long and complex, as Supporting Information; if the latter
method is used, it should be noted as such in the “Supporting Information Available” paragraph at
the end of the manuscript. In addition, how the sample was measured (in a gelatin capsule, Teflon
capsule, etc.) and the diamagnetic correction for the sample holder, as well as the diamagnetic
correction for the material, must be provided and the manner in which it was calculated (Pascal’s
constants) or measured stated.

NMR Spectra

Please follow the specific guidelines for presenting NMR spectroscopic data (as text and as
spectra).




Language and Editing Services

A well-written paper helps share your results most clearly. ACS Publications’ English Editing
Service is designed to help scientists communicate their research effectively. Our subject-matter
expert editors will edit your manuscript for grammar, spelling, and other language errors so your
ideas are presented at their best.

Preparing Graphics

The quality of illustrations in ACS journals and partner journals depends on the quality of the
original files provided by the authors. Figures are not modified or enhanced by journal production
staff. All graphics must be prepared and submitted in digital format.

Graphics should be inserted into the main body whenever possible. Please see Appendix 2 for
additional information.

Any graphic (figure chart, scheme, or equation) that has appeared in an earlier publication should
include a credit line citing the original source. Authors are responsible for obtaining written
permission to re-use this material.

Figure and Illustration Services

The impact of your research is not limited to what you can express with words. Tables and figures
such as graphs, photographs, illustrations, diagrams, and other visuals can play a significant role
in effectively communicating your findings. Our Figures service generates publication-ready
figures that conform to your chosen journal’s specifications. This includes changes to file type,
resolution, color space, font, scale, line weights, and layout (to improve readability and
professional appearance).

Preparing for Submission

Manuscripts, graphics, supporting information, and required forms, as well as manuscript
revisions, must all be submitted in digital format through ACS Paragon Plus, which requires an
ACS ID to log in. Registering for an ACS ID is fast, free, and does not require an ACS
membership. Please refer to Appendix 1 for additional information on preparing your submission

Prior Publication Policy

Inorganic Chemistry authors are allowed to deposit an initial draft of their manuscript in a preprint
service such as ChemRxiv, bioRxiv, and arXiv prior to submission to the journal. Please note any
use of a preprint server in the cover letter and include a link to the preprint, and as appropriate,
state how the manuscript has been adjusted/updated between deposition and submission. The
preprint should be cited as a reference in the manuscript. Authors are discouraged from posting a
revised version of the preprint, or for depositing the initial version of manuscript as a preprint, after
the manuscript has been submitted and a decision is pending. All other prior/redundant publication
is forbidden.

Upon publication in Inorganic Chemistry, authors are advised to add a link from the preprint to the
published paper via the Digital Object Identifier (DOI). Some services, such as ChemRxiv and
bioRxiv, add this link for authors automatically after publication.

For the ACS Publications policy on theses and dissertations, click the American Chemical
Society’s Policy on Theses and Dissertations [PDF].




Providing Potential Reviewer Names

Please suggest four reviewers. Authors are encouraged to avoid suggesting reviewers from the
authors’ institutions. Do not suggest reviewers who may have a real or perceived conflict of
interest. Whenever possible, suggest academic email addresses rather than personal email
addresses.

Manuscript Transfer

If your submission is declined for publication by this journal, the editors might deem your work to
be better suited for another ACS Publications journal or partner journal and suggest that the
authors consider transferring the submission. Manuscript Transfer simplifies and shortens the
process of submitting to another ACS journal or partner journal, as all the coauthors, suggested
reviewers, manuscript files, and responses to submission questions are copied by ACS Paragon
Plus to the new draft submission. Authors are free to accept or decline the transfer offer.

Note that each journal is editorially independent. Transferring a manuscript is not a guarantee that
the manuscript will be accepted, as the final publication decision will belong to the editor of the
next journal.

PRODUCTION AND PUBLICATION

Proofs via ACS Direct Correct

Correction of the galley proofs is the responsibility of the Corresponding Author. The
Corresponding Author of an accepted manuscript will receive e-mail notification and complete
instructions when page proofs are available for review via ACS Direct Correct. Extensive or
important changes on page proofs, including changes to the title or list of authors, are subject to
review by the editor.

It is the responsibility of the Corresponding Author to ensure that all authors listed on the
manuscript agree with the changes made on the proofs. Galley proofs should be returned within
48 hours in order to ensure timely publication of the manuscript.

Publication Date and Patent Dates

Accepted manuscripts will be published on the ACS Publications Web site as soon as page proofs
are corrected and all author concerns are resolved. The first date on which the document is
published on the Web is considered the publication date.

Publication of manuscripts on the Web may occur weeks in advance of the cover date of the issue
of publication. Authors should take this into account when planning their patent and intellectual
property activities related to a document and should ensure that all patent information is available
at the time of first publication, whether ASAP or issue publication.

All articles published ahead of print receive a unique Digital Object Identifier (DOI) number, which
is used to cite the manuscript before and after the paper appears in an issue. Additionally, any
supplemental information submitted along with the manuscript will automatically be assigned a
DOI and hosted on Figshare to promote open data discoverability and use of your research
outputs.

ASAP Publication



Manuscripts will be published on the “Articles ASAP” page on the Web as soon as page proofs are
corrected and all author concerns are resolved. ASAP publication usually occurs within a few
working days of receipt of page proof corrections, which can be several weeks in advance of the
cover date of the issue.

Post-Publication Policies

The American Chemical Society follows guidance from the Committee on Publication Ethics
(COPE) when considering any ethical concerns regarding a published article, Retractions, and
Expressions of Concern.

Additions and Corrections

Additions and Corrections may be requested by the author(s) or initiated by the Editor to address
important issues or correct errors and omissions of consequence that arise after publication of an
article. All Additions and Corrections are subject to approval by the Editor, and should bring new
and directly relevant information and corrections that fix scientific facts. Minor corrections and
additions will not be published. Readers who detect errors of consequence in the work of others
should contact the corresponding author of that work.

Additions and Corrections must be submitted as new manuscripts via ACS Paragon Plus by the
Corresponding Author for publication in the “Addition/Correction” section of the Journal. The
corresponding author should obtain approval from all coauthors prior to submitting or provide
evidence that such approval has been solicited. The manuscript should include the original article
title and author list, citation including DOI, and details of the correction.

Retractions

Articles may be retracted for scientific or ethical reasons and may be requested by the article
author(s) or by the journal Editor(s), but are ultimately published at the discretion of the Editor.
Articles that contain seriously flawed or erroneous data such that their findings and conclusions
cannot be relied upon may be retracted in order to correct the scientific record. When an article is
retracted, a notice of Retraction will be published containing information about the reason for the
Retraction. The originally published article will remain online except in extraordinary circumstances
(e.g. where deemed legally necessary, or if the availability of the published content poses public
health risks).

Expressions of Concern

Expressions of Concern may be issued at the discretion of the Editor if:

- there is inconclusive evidence of research or publication misconduct by the authors;

- there is evidence that the findings are unreliable but the authors’ institution will not investigate
the case;

- an investigation into alleged misconduct related to the publication either has not been, or
would not be, fair and impartial or conclusive;

- an investigation is underway but a judgment will not be available for a considerable time.

- Upon completion of any related investigation, and when a final determination is made about
the outcome of the article, the Expression of Concern may be replaced with a Retraction
notice or Correction.

Sharing Your Published Article

At ACS Publications, we know it is important for you to be able to share your peer reviewed,
published work with colleagues in the global community of scientists. As sharing on sites known as
scholarly collaboration networks (SCNs) is becoming increasingly prevalent in today’s scholarly
research ecosystem, we would like to remind you of the many ways in which you, a valued ACS
author, can share your published work.




Publishing open access makes it easy to share your work with friends, colleagues, and family
members. In addition, ACS Publications makes it easy to share your newly published research
with ACS Articles on Request (see below). Don't forget to promote your research and related data
on social media, at conferences, and through scholarly communication networks. Increase the
impact of your research using the following resources: Altmetrics, Figshare, ACS Certified Deposit
E-Prints

When your article is published in an ACS journal or partner journal, corresponding authors are
provided with a link that offers up to 50 free digital prints of the final published work. This link is
valid for the first 12 months following online publication, and can be shared via email or an
author’s website. After one year, the access restrictions to your article will be lifted, and you can
share the Articles on Request URL on social media and other channels. To access all your Articles
on Request links, log in to your ACS Publishing Center account and visit the “My Published
Manuscripts” page.

Reprints
Article, journal, and commercial reprints are available to order.

Appendix 1: PREPARING FOR SUBMISSION

We've developed ACS’ publishing and editorial policies in consultation with the research
communities that we serve, including authors and librarians. Browse our policies below to learn
more.

Ethical Guidelines

ACS editors have provided Ethical Guidelines for persons engaged in the publication of chemical
research—specifically, for editors, authors, and reviewers. Each journal also has a specific policy
on prior publication.

Safety Considerations

Authors must emphasize any unexpected, new, and/or significant hazards or risks associated with
the reported work. This information should be in the Experimental Section of the full article and
included in the main text of a letter.

Conflict of Interest Disclosure

A statement describing any financial conflicts of interest or lack thereof is published in each ACS
journal and partner journal article.

During the submission process, the Corresponding Author must provide a statement on behalf of
all authors of the manuscript, describing all potential sources of bias, including affiliations, funding
sources, and financial or management relationships, that may constitute conflicts of interest. If the
manuscript is accepted, the statement will be published in the final article.

If the manuscript is accepted and no conflict of interest has been declared, the following statement
will be published in the final article: “The authors declare no competing financial interest.”

Plagiarism

In publishing only original research, ACS is committed to deterring plagiarism, including self-
plagiarism. ACS Publications uses CrossCheck'’s iThenticate software to screen submitted



manuscripts for similarity to published material. Note that your manuscript may be screened during
the submission process.

Further information about plagiarism can be found in Part B of the Ethical Guidelines to Publication
of Chemical Research. See also the press release regarding ACS' participation in the CrossCheck
initiative.

Author List and Coauthor Notification

Authors are required to obtain the consent of all their coauthors prior to submitting a manuscript.
The submitting author accepts the responsibility of notifying all coauthors that the manuscript is
being submitted.

If any change in authorship is necessary after a manuscript has been submitted, the
Corresponding Author must e-mail a signed letter to the Editor-in-Chief confirming that all of the
original coauthors have been notified and have agreed to the change. If the change involves the
removal of a coauthor’'s name, the Corresponding Author must, in addition, arrange for the
coauthor involved to e-mail a separate signed letter to the Editor-in-Chief consenting to the
change. No changes in the author list will be permitted after a manuscript has been accepted.

During manuscript submission, the submitting author must provide contact information (full name,
email address, institutional affiliation, and mailing address) for all of the coauthors. Because all of
the author names are automatically imported into the electronic Journal Publishing Agreement, the
names must be entered into ACS Paragon Plus in the same sequence as they appear on the first
page of the manuscript. (Note that coauthors are not required to register in ACS Paragon Plus.)

Patent Activities and Intellectual Property

Authors are responsible for ensuring that all patent activities and intellectual property issues are
satisfactorily resolved prior to first publication (Just Accepted, ASAP, or in issue). Acceptance and
publication will not be delayed for pending or unresolved issues of this nature.

Open Researcher and Contributor ID (ORCID)

Authors submitting manuscript revisions are required to provide their own personal, validated
ORCID iD before completing the submission, if an ORCID iD is not already associated with their
ACS Paragon Plus user profiles. This ID may be provided during original manuscript submission
or when submitting the manuscript revision. All authors are strongly encouraged to register for an
ORCID iD, a unique researcher identifier. The ORCID iD will be displayed in the published article
for any author on a manuscript who has a validated ORCID iD associated with ACS when the
manuscript is accepted.

ORCID iDs should not be typed into the manuscript. ACS publishes only those ORCID iDs that
have been properly verified and linked before the manuscript is accepted. After your ORCID iD
is linked, it will be displayed automatically in all subsequently accepted manuscripts for any/all
ACS journals. We do not publish ORCID iDs provided during proof review or via other
communications after a manuscript is accepted for publication.

With an ORCID iD, you can create a profile of your research activities to distinguish yourself from
other researchers with similar names, and make it easier for your colleagues to find your
publications. If you do not yet have an ORCID iD, or you wish to associate your existing ORCID iD
with your ACS Paragon Plus account, you may do so by clicking on “Edit Your Profile” from your
ACS Paragon Plus account homepage and following the ORCID-related links. Learn more at
www.orcid.org.




Copyright and Permissions

To obtain forms and guidelines for copyright transfer, obtaining permissions from copyright
owners, and to explore a Copyright Learning Module for chemists, click here.

Funder Reporting Requirement

Authors are required to report funding sources and grant/award numbers. Enter ALL sources of
funding for ALL authors in BOTH the Funder Registry Tool in ACS Paragon Plus and in your
manuscript to meet this requirement.

Open Access Compliance

ACS offers options by which authors can fulfill the requirements of manuscript deposit for research
funded by the National Institutes of Health, the Wellcome Trust, and the Austrian Science Fund.
ACS offers options by which authors can fulfill the requirements for open access and deposition
into repositories for funded research. Read more about Open Access Compliance and ACS Open
Access initiatives.

Appendix 2: Preparing Graphics
Resolution

Digital graphics pasted into manuscripts should have the following minimum resolutions:
- Black and white line art, 1200 dpi

- Grayscale art, 600 dpi
. Color art, 300 dpi

Size

Graphics must fit a one- or two-column format. Single-column graphics can be sized up to 240
points wide (3.33 in.) and double-column graphics must be sized between 300 and 504 points
(4.167 in. and 7 in.). The maximum depth for all graphics is 660 points (9.167 in.) including the
caption (allow 12 pts. For each line of caption text). Lettering should be no smaller than 4.5 points
in the final published format. The text should be legible when the graphic is viewed full-size.
Helvetica or Arial fonts work well for lettering. Lines should be no thinner than 0.5 point.

Color

Color may be used to enhance the clarity of complex structures, figures, spectra, and schemes,
etc., and color reproduction of graphics is provided at no cost to the author. Graphics intended to
appear in black and white or grayscale should not be submitted in color.

Type of Graphics
Table of Contents (TOC)/Abstract Graphic

Consult the Guidelines for Table of Contents/Abstract Graphics for specifications.




Figures

A caption giving the figure number and a brief description must be included below each figure. The
caption should be understandable without reference to the text. It is preferable to place any key to
symbols used in the artwork itself, not in the caption. Ensure that any symbols and abbreviations
used in the text agree with those in the artwork.

Charts

Charts (groups of structures that do not show reactions) may have a brief caption describing
their contents.

Tables

Each table must have a brief (one phrase or sentence) title that describes the contents. The title
should be understandable without reference to the text. Details should be put in footnotes, not in
the title. Tables should be used when the data cannot be presented clearly in the narrative, when
many numbers must be presented, or when more meaningful inter-relationships can be conveyed
by the tabular format. Tables should supplement, not duplicate, information presented in the text
and figures. Tables should be simple and concise.

Schemes

Each scheme (sequences of reactions) may have a brief caption describing its contents.
Chemical Structures

Chemical structures should be produced with the use of a drawing program such as ChemDraw.
Cover Art

The Editor-in-Chief’s office will contact selected authors to invite submission of front cover artwork
and provide specifications for preparing the cover. However, volunteer front cover suggestions will
be considered. The journal is looking for aesthetically pleasing covers that are scientifically
interesting and exhibit simplicity, clarity, and eye-catching color graphics. Caption/Tagline: Authors
must submit a 3-4 sentence caption that describes the art and corresponding chemistry, and a 5-7
word tagline for the cover, which may be omitted by the EIC office if the artwork is self-
explanatory. In so far as possible, please ensure that the authors or the image designer are the
copyright holder of any content used for the cover; if not, additional steps may be necessary to
prepare the cover for publication.

Inorganic Chemistry also offers authors to promote their work through Supplementary Covers.
Submit your cover idea, artwork, and caption when submitting your manuscript revision in ACS
Paragon Plus. If your article is accepted for publication, your suggestion may be selected for use
on one of the journal’s supplementary covers.

Web Enhanced Objects (WEO)

The Web editions of ACS journals allow readers to view multimedia attachments such as
animations and movies that complement understanding of the research being reported.



WEOSs should be uploaded in ACS Paragon Plus with ‘Web Enhanced Object’ selected as the file
designation. Consult the list of compatible WEO formats.
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Author Instructions

Molecules
Chapter 5
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Type of the Paper (Article, Review, Communication, etc.)

Title

Firstname Lastname !, Firstname Lastname 2 and Firsthame Lastname 2*

L Affiliation 1; e-mail@e-mail.com

2 Affiliation 2; e-mail@e-mail.com

* Correspondence: e-mail@e-mail.com; Tel.: (optional; include country code; if there are multiple
corresponding authors, add author initials) +xx-xxxx-xxx-xxxx (F.L.)

Received: date; Accepted: date; Published: date

Abstract: A single paragraph of about 200 words maximum. For research articles, abstracts should
give a pertinent overview of the work. We strongly encourage authors to use the following style of
structured abstracts, but without headings: (1) Background: Place the question addressed in a
broad context and highlight the purpose of the study; (2) Methods: Describe briefly the main
methods or treatments applied; (3) Results: Summarize the article's main findings; and (4)
Conclusions: Indicate the main conclusions or interpretations. The abstract should be an objective
representation of the article, it must not contain results which are not presented and substantiated
in the main text and should not exaggerate the main conclusions.

Keywords: keyword 1; keyword 2; keyword 3. List three to ten pertinent keywords specific to the
article; yet reasonably common within the subject discipline.

0. How to Use This Template

The template details the sections that can be used in a manuscript. Note that each section has a
corresponding style, which can be found in the ‘Styles’” menu of Word. Sections that are not
mandatory are listed as such. The section titles given are for Articles. Review papers and other
article types have a more flexible structure.

Remove this paragraph and start section numbering with 1. For any questions, please contact
the editorial office of the journal or support@mdpi.com.

1. Introduction

The introduction should briefly place the study in a broad context and highlight why it is
important. It should define the purpose of the work and its significance. The current state of the
research field should be reviewed carefully and key publications cited. Please highlight
controversial and diverging hypotheses when necessary. Finally, briefly mention the main aim of the
work and highlight the principal conclusions. As far as possible, please keep the introduction
comprehensible to scientists outside your particular field of research. References should be
numbered in order of appearance and indicated by a numeral or numerals in square brackets, e.g.,
[1] or [2,3], or [4-6]. See the end of the document for further details on references.

2. Results

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation as well as the experimental conclusions
that can be drawn.
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2.1. Subsection

2.1.1. Subsubsection
Bulleted lists look like this:

. First bullet
e  Second bullet
e  Third bullet

Numbered lists can be added as follows:

1. Firstitem
. Second item
3. Third item

The text continues here.

2.2. Figures, Tables and Schemes

All figures and tables should be cited in the main text as Figure 1, Table 1, etc.

(a) (b)

Figure 1. This is a figure, Schemes follow the same formatting. If there are multiple panels, they
should be listed as: (a) Description of what is contained in the first panel; (b) Description of what is
contained in the second panel. Figures should be placed in the main text near to the first time they are
cited. A caption on a single line should be centered.

Table 1. This is a table. Tables should be placed in the main text near to the first time they are cited.

Title 1 Title 2 Title 3
entry 1 data data
entry 2 data data!’

! Tables may have a footer.

2.3. Formatting of Chemical Structures

The chemical structures should be drawn with a professional program. For ChemDraw users,
document settings from the template “ACS Document 1996” is recommended. Authors not using
ChemDraw should adapt the setting parameters in Table 2. When a paper contains multiple
structures, they should all be scaled to the same size.
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Table 2. Parameters for chemical structures.

Item Parameter
Drawing Settings
chain angle 120 degrees
bond spacing 18% of length
fixed length 14.4 pt (0.2 in.)
bold width 2.0 pt (0.0278 in.)
line width 0.6 pt (0.0083 in.)
margin width 1.6 pt (0.0222 in.)
hash spacing 2.5 pt (0.0345 in.)
Text Settings
page setup US/Letter/Paper
scale 100%
font Helvetica (Mac), Arial (PC)
size 10 pt
Preferences
units points
tolerances 3 pixels

2.4. Formatting of Mathematical Components
This is an example of an equation:
a=1, 1)

the text following an equation need not be a new paragraph. Please punctuate equations as regular
text.

Theorem-type environments (including propositions, lemmas, corollaries etc.) can be formatted
as follows:

Theorem 1. Example text of a theorem. Theorems, propositions, lemmas, etc. should be numbered sequentially
(i.e., Proposition 2 follows Theorem 1). Examples or Remarks use the same formatting, but should be numbered
separately, so a document may contain Theorem 1, Remark 1 and Example 1.

The text continues here. Proofs must be formatted as follows:

Proof of Theorem 1. Text of the proof. Note that the phrase ‘of Theorem 1’ is optional if it is clear
which theorem is being referred to. Always finish a proof with the following symbol. o

The text continues here.

3. Discussion

Authors should discuss the results and how they can be interpreted in perspective of previous
studies and of the working hypotheses. The findings and their implications should be discussed in
the broadest context possible. Future research directions may also be highlighted.

4. Materials and Methods

Materials and Methods should be described with sufficient details to allow others to replicate
and build on published results. Please note that publication of your manuscript implicates that you
must make all materials, data, computer code, and protocols associated with the publication
available to readers. Please disclose at the submission stage any restrictions on the availability of
materials or information. New methods and protocols should be described in detail while
well-established methods can be briefly described and appropriately cited.
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Research manuscripts reporting large datasets that are deposited in a publicly available
database should specify where the data have been deposited and provide the relevant accession
numbers. If the accession numbers have not yet been obtained at the time of submission, please state
that they will be provided during review. They must be provided prior to publication.

Interventionary studies involving animals or humans, and other studies require ethical approval
must list the authority that provided approval and the corresponding ethical approval code.

5. Conclusions

This section is not mandatory, but can be added to the manuscript if the discussion is unusually
long or complex.

6. Patents

This section is not mandatory, but may be added if there are patents resulting from the work
reported in this manuscript.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: title, Table
S1: title, Video Sl title.

Author Contributions: For research articles with several authors, a short paragraph specifying their individual
contributions must be provided. The following statements should be used “Conceptualization, X.X. and Y.Y.;
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resources, X.X.; data curation, X.X.; writing—original draft preparation, X.X.; writing—review and editing, X.X.;
visualization, X.X.; supervision, X.X.; project administration, X.X.; funding acquisition, Y.Y. All authors have
read and agreed to the published version of the manuscript.”, please turn to the CRediT taxonomy for the term
explanation. Authorship must be limited to those who have contributed substantially to the work reported.
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errors may affect your future funding.

Acknowledgments: In this section you can acknowledge any support given which is not covered by the author
contribution or funding sections. This may include administrative and technical support, or donations in kind
(e.g., materials used for experiments).

Conflicts of Interest: Declare conflicts of interest or state “The authors declare no conflict of interest.” Authors
must identify and declare any personal circumstances or interest that may be perceived as inappropriately
influencing the representation or interpretation of reported research results. Any role of the funders in the
design of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript, or in
the decision to publish the results must be declared in this section. If there is no role, please state “The funders
had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results”.

Appendix A

The appendix is an optional section that can contain details and data supplemental to the main
text. For example, explanations of experimental details that would disrupt the flow of the main text,
but nonetheless remain crucial to understanding and reproducing the research shown; figures of
replicates for experiments of which representative data is shown in the main text can be added here
if brief, or as Supplementary data. Mathematical proofs of results not central to the paper can be
added as an appendix.

Appendix B

All appendix sections must be cited in the main text. In the appendixes, Figures, Tables, etc.
should be labeled starting with ‘A’, e.g., Figure A1, Figure A2, etc.
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Optimised Coordinates

Chapter 3: Electrochemical behavior of chloro- and hydroxy-

subphthalocyanines

CIBSubPc¢(F)12 — 1

Cl

0.000751000

0.681933000

-1.363701000

2.664162000

-1.332175000

1.983889000

2.255356000

1.014569000

0.003188000

3.400408000

3.322210000

2.108792000

0.950022000

-1.980820000

-3.270266000

-4.350701000

-5.431082000

3.576541000

1.107405000

1.107981000

0.556956000

0.557927000

0.691874000

0.175805000

0.176135000

0.692371000

0.349067000

0.849672000

0.849297000

0.348384000

0.692867000

0.176852000

-0.348389000

-0.849881000

0.000000000
1.181048000
0.000000000
0.000000000
2.307302000
1.141783000
2.473934000
3.190304000
2.289030000
3.060691000
4.353778000
5.054367000
4.475464000
1.147241000
0.716374000
1.414750000

0.700573000
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0.000217000

0.681933000

-1.332175000

1.983889000

2.255356000

1.014569000

0.003188000

3.400408000

3.322210000

2.108792000

0.950022000

-1.980820000

-3.270266000

-4.350701000

-5.431082000

-0.187881000

2.081515000

4.409200000

4.568476000

4.568476000

4.409200000

2.081515000

-0.187881000

-4.380871000

-6.490659000

1.709297000

1.107405000

0.557927000

0.691874000

0.175805000

0.176135000

0.692371000

-0.349067000

-0.849672000

-0.849297000

-0.348384000

0.692867000

0.176852000

-0.348389000

-0.849881000

-0.373283000

-1.337479000

-1.338238000

-0.374560000

-0.374560000

-1.338238000

-1.337479000

-0.373283000

-0.373628000

-1.339003000

0.000000000
-1.181048000
-2.307302000
-1.141783000
-2.473934000
-3.190304000
-2.289030000
-3.060691000
-4.353778000
-5.054367000
-4.475464000
-1.147241000
-0.716374000
-1.414750000
-0.700573000
-5.167307000
-6.294017000
-4.950080000
-2.421118000
2421118000
4.950080000
6.294017000
5.167307000
2.746118000

1.343896000
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CIBSubPc(H)12 — 2

Cl

-6.490659000

-4.380871000

0.000000000

-1.181360000

0.000000000

0.000000000

-2.306293000

-1.144918000

-2.473058000

-3.187571000

-2.290268000

-3.048705000

-2.498660000

-4.339332000

-4.813691000

-5.042275000

-6.045859000

-4.471719000

-5.004684000

-1.145262000

-0.714510000

-1.339003000

-0.373628000

-0.000298000

-0.682055000

1.364003000

-2.663008000

1.331597000

-1.983307000

-2.252799000

-1.015174000

0.000229000

-3.403196000

-4.336202000

-3.316793000

-4.201754000

-2.099267000

-2.067570000

-0.938409000

0.004445000

1.983275000

3.268189000

-1.343896000

-2.746118000

3.226731000
0.751305000
0.751441000
0.194586000
0.195197000
0.329372000
-0.201884000
-0.201863000
0.329634000
-0.740697000
-0.755879000
-1.247760000
-1.655971000
-1.247698000
-1.655932000
-0.740601000
-0.755491000
0.329948000

-0.201434000
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-1.423054000

-2.506093000

-0.702941000

-1.232149000

0.000000000

1.181360000

2.306293000

1.144918000

2.473058000

3.187571000

2.290268000

3.048705000

2.498660000

4.339332000

4.813691000

5.042275000

6.045859000

4.471719000

5.004684000

1.145262000

0.714510000

1.423054000

2.506093000

0.702941000

1.232149000

4.341705000

4.331802000

5.415995000

6.269089000

-0.000097000

-0.682055000

1.331597000

-1.983307000

-2.252799000

-1.015174000

0.000229000

-3.403196000

-4.336202000

-3.316793000

-4.201754000

-2.099267000

-2.067570000

-0.938409000

0.004445000

1.983275000

3.268189000

4.341705000

4.331802000

5.415995000

6.269089000

-0.740553000
-0.755627000
-1.248137000
-1.656763000
1.344753000
0.751305000
0.195197000
0.329372000
-0.201884000
-0.201863000
0.329634000
-0.740697000
-0.755879000
-1.247760000
-1.655971000
-1.247698000
-1.655932000
-0.740601000
-0.755491000
0.329948000
-0.201434000
-0.740553000
-0.755627000
-1.248137000

-1.656763000
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CIBSubPc(F)3(H)

Cl
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0.000375000

-0.300117000

-1.002165000

1.955915000

-2.542598000

0.680009000

-0.022913000

-1.417066000

-1.553746000

0.430139000

1.487704000

-0.503067000

-0.206824000

-1.863301000

-2.351648000

-3.410384000

-2.233627000

-2.884099000

-4.152382000

-4.881867000

-4.457290000

-5.431388000

0.000196000

-1.330465000

0.925286000

-1.806639000

-0.790544000

-2.186483000

-3.343213000

-3.028993000

-1.681002000

-4.545911000

-4.777559000

-5.436625000

-6.390182000

-5.104649000

-3.912418000

-3.690550000

0.504376000

1.691406000

1.900345000

1.100361000

3.153788000

3.373995000

3.400735000
0.926806000
0.926787000
0.368666000
0.369162000
0.503235000
-0.028356000
-0.026527000
0.505779000
-0.572254000
-0.590977000
-1.082208000
-1.500595000
-1.067037000
-0.564220000
-0.589301000
0.503526000
-0.028020000
-0.571511000
-0.589675000
-1.081613000

-1.499607000
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0.000122000

N 1302408000
N 0.586610000
C 2232718000
C 3.331789000
C 2.906898000
C  1.553590000
C 4.564188000
H  4.901376000
C 5.352707000
C 4.960193000
H 5638027000
C 3.722113000
H  3.394032000
C -0.678947000
C -1.914822000
C  -2.212704000
H -1.491151000
C  -3.489581000
F 6.561732000

F -3.826320000

F -2.735613000

CIBSubPc(F)s(H)s

0.000110000

0.405360000

2.597117000

0.505059000

0.287315000

1.651822000

1.682158000

-0.080331000

-1.108169000

0.938766000

2.282782000

3.016160000

2.645581000

3.677314000

2.186016000

2.741586000

3.992549000

4.798455000

4.165730000

0.629515000

5.367244000

-5.996950000

1.522496000
0.926523000
0.368109000
0.505398000
-0.026859000
-0.028563000
0.502802000
-0.564478000
-0.589639000
-1.066893000
-1.081852000
-1.499914000
-0.572120000
-0.590677000
0.505147000
-0.026852000
-0.564779000
-0.590300000
-1.067094000
-1.578006000
-1.578551000

-1.578394000
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0.000724000

0.681996000

-1.363734000

2.661969000

-1.331035000

1.982298000

2.250382000

1.013979000

-0.000603000

3.403392000

4.349075000

3.304535000

2.085838000

0.928596000

0.000717000

-1.981724000

-3.264620000

-4.332265000

-4.350021000

-5.390611000

0.000237000

0.681996000

-1.331035000

1.982298000

2.250382000

3.548356000

1.075193000

1.075727000

0.514424000

0.515362000

0.651455000

0.118991000

0.119301000

0.651935000

-0.425114000

-0.453142000

-0.932105000

-0.931741000

-0.424457000

-0.452014000

0.652405000

0.119990000

-0.424362000

-0.452235000

-0.932017000

1.673129000

1.075193000

0.515362000

0.651455000

0.118991000

0.000000000
1.181103000
0.000000000
0.000000000
2.305373000
1.143800000
2.470343000
3.184164000
2.288626000
3.037712000
2.512309000
4.317148000
5.020757000
4.466504000
5.022763000
1.144826000
0.713836000
1.428825000
2.510515000
0.703614000
0.000000000
-1.181103000
-2.305373000
-1.143800000

-2.470343000
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1.013979000

-0.000603000

3.403392000

4.349075000

3.304535000

2.085838000

0.928596000

0.000717000

-1.981724000

-3.264620000

-4.332265000

-4.350021000

-5.390611000

4.381478000

-6.454800000

2.073072000

2.073072000

-6.454800000

4.381478000

0.119301000

0.651935000

-0.425114000

-0.453142000

-0.932105000

-0.931741000

-0.424457000

-0.452014000

0.652405000

0.119990000

-0.424362000

-0.452235000

-0.932017000

-1.450219000

-1.450488000

-1.449465000

-1.449465000

-1.450488000

-1.450219000

(HO)BSubPc(Ci2H2s)6(H)s — 3
Cl  -0.647687000 -0.048152000
N -1.538953000  0.529048000
N 0.806486000  0.591644000

N -2.543180000 -1.531116000

-3.184164000
-2.288626000
-3.037712000
-2.512309000
-4.317148000
-5.020757000
-4.466504000
-5.022763000
-1.144826000
-0.713836000
-1.428825000
-2.510515000
-0.703614000
-4.924495000
-1.332739000
6.257243000
-6.257243000
1.332739000

4.924495000

1.441959000
-1.178065000
-0.896259000

-1.772396000
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-0.349398000

-2.575519000

-3.437389000

-2.764598000

-1.492159000

-4.646911000

-5.150903000

-4.505063000

-3.301748000

0.794668000

2.174799000

2.768887000

4.115180000

-0.420784000

-0.318663000

2.034246000

-1.392008000

-0.878709000

0.549078000

0.880747000

1.517493000

0.683556000

0.705976000

1.364605000

1.977312000

2.525133000

-0.191825000

0.783168000

2.051956000

1.822804000

0.629841000

1.778584000

3.016384000

3.195379000

1.880956000

2.180130000

3.348927000

3.249354000

-0.103449000

-1.484003000

-1.406443000

-2.155728000

-3.462808000

-3.417398000

-2.091068000

-4.587081000

-5.636926000

-5.588839000

-4.489524000

-0.068174000

-1.623876000
-1.700067000
-2.358468000
-2.295095000
-1.615561000
-3.053304000
-3.664837000
-3.588662000
-2.904120000
-1.348260000
-1.712804000
-2.216106000
-2.566197000
-0.432959000
-0.969700000
-1.221113000
-1.482255000
-1.884851000
-1.723655000
-1.215461000
-2.427870000
-2.816548000
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-1.144995000
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2.918104000

4.273502000

4.842487000

5.105341000

4.493109000

5.909512000

5.704739000

4.883941000

6.295987000

6.553291000

6.820236000

5.927941000

7.829519000

8.297662000

7.557603000

8.865815000

8.423477000

9.687298000

9.436037000

10.108502000

8.625661000

10.176808000

10.488892000

9.477362000

11.407953000

0.958764000

0.886693000

2.061462000

-0.359990000

-1.244284000

-0.351427000
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-0.453834000
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-1.721309000
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-1.845837000
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-0.721813000
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1.334061000
1.214084000
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1.303754000
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293



T &ZT 0 T T O @D o ZZD o T =T O @D = o ¥ =™ O @m == O 9=

@!

11.112413000

11.785332000

12.552469000

12.214236000

12.822835000

13.799121000

13.528032000

14.148839000

14.948770000

14.600976000

15.218435000

16.190525000

15.960730000

16.990473000

2.011743000

1.020365000

2.530397000

1.829149000

1.145047000

1.315012000

3.122449000

2.872505000

3.796529000

3.888285000

4.198597000

-2.536007000

-3.168354000

-1.231748000

-0.325072000

-0.919731000

-1.771385000

-2.091049000

-2.674082000

-0.760593000

0.139893000

-0.439403000

-1.310722000

-1.608498000

-0.566359000
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4.440607000

5.283611000
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6.247919000

4.755089000
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5.081782000
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0.888814000
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-0.167939000
1.364899000
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-1.378094000
0.154508000
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-0.965499000
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-1.152255000
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-1.200812000
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-1.154369000
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4.820784000
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2.235747000
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2.127336000

1.996892000

3.833403000
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3.383684000

4.811485000

5.315190000

4.246423000

5.872167000

6.431696000

5.373858000

6.854920000

7.355900000

6.295942000

7.914044000

8.472895000
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-2.654961000

-2.483791000

-1.673401000

7.221524000

8.322813000

8.968070000

8.119985000

9.095567000

9.977178000

8.483998000
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8.685907000

10.015008000

10.555710000

10.097728000

11.408727000

11.067345000

10.214040000

11.536785000

12.065789000
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13.051664000

4.562785000

4.924288000

4.476342000

-0.620527000
-1.404482000
-2.028586000
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0.434178000
0.784632000
1.152057000
1.673019000
0.155780000
-0.703608000
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1.137797000
1.542672000
1.995841000
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1.904320000
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-3.846233000
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-3.025965000

-4.478416000

-3.774413000

-4.542278000

-4.215371000

-2.545199000

-1.781280000

-2.839989000

-1.898538000

-1.005573000

-1.529611000

-2.801492000

-2.228808000

-3.639053000

-3.365002000

-3.984886000

-4.044085000

-2.306524000

-1.648068000

-1.665091000

-2.908241000

-3.555877000

-3.561376000

-1.858781000

5.611654000

6.586783000

5.705720000

5.310595000

6.003410000

4.311457000

5.385405000

4.683163000

5.023107000

6.775411000

6.675152000

7.107128000

7.883042000

8.818733000

8.060503000

7.630070000

6.725505000

8.454309000

7.512902000

6.660075000

8.404071000

7.354698000

6.468561000

8.211264000

7.232634000

-2.081085000
-2.186099000
-2.591536000
-0.595860000
-0.234601000
-0.509090000
0.327210000
-0.022086000
1.318064000
0.466219000
1.092532000
-0.511183000
1.039446000
1.053804000
0.355288000
2.447923000
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2.698451000
3.552025000
3.350295000
3.532006000
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5.165407000
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-1.207253000

-1.208988000

-2.460366000

-3.109086000

-3.111066000

2.863721000

3.256690000

3.302658000

3.318128000

4.402011000

2.884091000

2.958702000

3.202137000

1.873261000

3.637343000

3.338933000

3.237557000

5.175153000

5.525320000

5.579579000

5.785193000

6.877551000

5.514689000

5.398472000

4.312092000

6.374502000

8.117518000

7.076149000

6.191991000

7.933652000

-4.480916000

-3.514497000

-5.240922000

-4.714204000

-4.563484000

-3.929814000

-6.083907000

-6.063587000

-6.223005000

-7.302257000

-7.368769000

-8.207567000

-7.330748000

-8.214508000

-6.473103000

-7.327239000

-7.304125000

-6.396003000

-8.510876000

-8.529307000

5.853763000
6.047419000
7.465134000
7.481702000
7.675901000
-1.931821000
-2.255692000
-2.584774000
-0.471700000
-0.429104000
0.155216000
0.126180000
1.193964000
0.075279000
-0.525906000
-1.578368000
-0.055587000
-0.461122000
-1.005721000
-1.010555000
0.952326000
0.853851000
1.462307000
1.855001000

2.003503000

297



T &-m O =T T O Z oIz QO

T =T T X @m T = = O

O T = O

s

5.829985000

5.862800000

5.401171000

6.945783000

5.542998000

4.460991000

6.009415000

6.004120000

5.536511000

7.086058000

5.686332000

4.605402000

6.153570000

-4.958345000

-6.079704000

-1.128745000

1.295418000

4.616769000

5.888727000

-5.380982000

-4.660293000

-6.066843000

-6.156799000

-6.526356000

-5.449605000

-8.338781000

-9.882792000

-10.100893000

-9.852491000

11.026144000

-11.052357000

-10.816688000

12.401377000

-12.612928000

-12.375887000

13.544228000

-13.570585000

-13.333423000

3.869462000

1.707771000

-6.527055000

-6.439445000

4.125270000

2.052415000

-0.688145000

-1.485893000

-0.661943000

-1.047500000

-2.072953000

-1.069550000

2.848531000
1.349512000
0.379262000
1.170491000
2.319844000
2.503366000
3.291197000
1.824516000
0.853951000
1.639847000
2.795611000
2.979614000
3.765238000
-4.082976000
-4.221083000
-3.248927000
-2.994536000
-2.963977000
-2.717302000
-3.126132000
-3.319021000
-3.977947000
-1.837035000
-1.940801000

-1.002549000
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-7.318484000

-7.685364000

-6.934205000

-8.498699000

-8.150940000

-9.212912000

-9.233626000

-10.006079000

-8.541731000

-9.870770000

-10.322915000

-9.084406000

-10.935480000

-10.493478000

-11.243134000

-12.184267000

-11.907229000

-12.607777000

-13.261593000

-12.835169000

-13.550720000

-14.512293000

-14.224230000

-14.939256000

-15.590067000

-0.107400000

-0.385376000

0.913283000

-0.085279000

0.263489000

0.673515000

-1.422731000

-1.277861000

-2.159157000

-2.033069000

-2.993864000

-2.273509000

-1.171835000

-0.223080000

-1.687151000

-0.882892000

-0.321187000

-1.832461000

-0.101188000

0.843946000

-0.664067000

0.195845000

0.760663000

-0.748650000

0.976139000

-1.476509000
-0.482526000
-1.372501000
-2.464806000
-3.443885000
-2.125990000
-2.666544000
-3.429823000
-3.090774000
-1.405002000
-1.680550000
-0.681016000
-0.704911000
-0.377594000
0.213080000
-1.547718000
-2.447598000
-1.900959000
-0.786566000
-0.426009000
0.110377000
-1.621325000
-2.517660000
-1.983219000

-0.859980000
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-15.163806000

-15.879022000

-3.020644000

-3.250080000

-3.484829000

-3.643418000

-4.701310000

-3.185270000

-3.501647000

-3.792611000

-2.442657000

-4.303806000

-4.008123000

-4.009164000

-5.835384000

-6.278243000

-6.140721000

-6.450406000

-7.533731000

-6.087291000

-6.195825000

-5.118591000

-6.619061000

-6.789962000

-6.340514000

1.919784000

0.411660000

-4.699956000

-4.892301000

-3.745722000

-5.836853000

-5.920977000

-6.787458000

-5.676007000

-6.619812000

-5.538277000

-4.521840000

-3.575570000

-4.432639000

-4.648490000

-3.737121000

-4.663217000

-5.876909000

-5.861731000

-6.789939000

-5.991623000

-6.058221000

-6.942054000

-4.853375000

-3.897704000

-0.498318000
0.034889000
-2.577456000
-3.632101000
-2.330327000
-1.734081000
-2.005254000
-2.027988000
-0.211378000
0.262557000
0.033200000
0.415667000
-0.049059000
1.466916000
0.326137000
0.742017000
-0.726488000
1.021499000
0.848720000
0.536169000
2.533948000
2.727973000
2.881553000
3.373320000

3.079628000
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-7.862312000

-6.598042000

-5.526444000

-7.054204000

-7.186309000

-6.728603000

-8.257952000

-6.995956000

-5.925470000

-7.453299000

-16.835281000

-17.304629000

-17.583078000

-16.583979000

-7.586585000

-7.123562000

-8.663353000

-7.434187000

6.151306000

5.674170000

7.234040000

5.909894000

8.891123000

9.632255000

9.432351000

-4.765773000

-5.049057000

-5.143958000

-6.000794000

-3.915340000

-2.963794000

-3.818198000

-4.111223000

-4.207358000

-5.061805000

1.268945000

0.343058000

1.825669000

1.862650000

-2.973823000

-2.014888000

-2.874961000

-3.143731000

-14.913973000

-15.168947000

-14.929931000

-15.705706000

13.577252000

13.924816000

13.124537000

3.153301000
4.881933000
5.100095000
5.184145000
5.729213000
5.429085000
5.510919000
7.237685000
7.455977000
7.538302000
-1.701886000
-2.049055000
-1.130424000
-2.586462000
8.075904000
7.822934000
7.905598000
9.145347000
2.292953000
1.341402000
2.133223000
3.007507000
0.866738000
1.591745000

0.029939000
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0.012161000

0.006901000

1.180105000

1.795944000

1.795944000

0.769621000

0.169739000

0.169739000

1.650957000

-0.708081000

1.341489000

-2.713099000

1.270720000

-2.024142000

-2.325263000

-1.091188000

14.456831000

6.954102000

6.843971000

6.084518000

7.839294000

-2.191334000

0.000000000

0.000000000

0.000000000

0.884227000

-0.884227000

0.000000000

-0.884577000

0.884576000

-0.000001000

1.180401000

-0.000001000

0.000002000

2.305321000

1.143630000

2.470517000

3.185876000

0.481799000

8.567824000

9.553206000

8.403782000

8.599357000

-0.634196000

1.233138000
2.653077000
3.454025000
3.239426000
3.239426000
4.917413000
5.143858000
5.143858000
5.565454000
0.611393000
0.519140000
0.151853000
-0.052508000
0.252842000
-0.271716000

-0.334634000
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-0.052014000

-3.500710000

-4.432056000

-3.441736000

-4.346275000

-2.227202000

-2.216231000

-1.042007000

-0.101345000

1.929106000

3.172291000

4.202515000

4.189819000

5.236092000

6.055620000

-0.708082000

1.270717000

-2.024144000

-2.325267000

-1.091193000

-0.052018000

-3.500714000

-4.432059000

-3.441742000

-4.346282000

2.287051000

3.041573000

2.489253000

4.330988000

4.801975000

5.035063000

6.036746000

4.467027000

5.000315000

1.142986000

0.714326000

1.422646000

2.505686000

0.703184000

1.232469000

-1.180400000

-2.305323000

-1.143627000

-2.470514000

-3.185874000

-2.287051000

-3.041568000

-2.489247000

-4.330983000

-4.801968000

0.152592000
-0.756911000
-0.726186000
-1.273065000
-1.640457000
-1.334978000
-1.749132000
-0.882220000
-0.947054000
0.048190000
-0.575470000
-1.194953000
-1.211896000
-1.781002000
-2.253474000

0.611393000
-0.052508000

0.252842000
-0.271716000
-0.334634000

0.152592000
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-1.273065000

-1.640457000
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-2.227210000

-2.216239000

-1.042014000

-0.101353000

1.929105000

3.172290000

4.202513000

4.189815000

5.236091000

6.055618000

0.001190000

-0.040442000

1.115101000

1.737326000

1.737328000

0.783788000

-0.702722000

1.348812000

-2.695074000

1.292651000

-2.008986000

-2.296453000

-5.035060000

-6.036743000

-4.467026000

-5.000315000

-1.142989000

-0.714331000

-1.422652000

-2.505692000

-0.703192000

-1.232478000

0.000000000

0.000000000

0.000002000

0.889589000

-0.889583000

0.000001000

1.180442000

0.000000000

0.000000000

2.305298000

1.143625000

2.470538000

-1.334978000

-1.749132000

-0.882220000

-0.947054000

0.048190000

-0.575470000

-1.194953000

-1.211896000

-1.781002000

-2.253474000

1.419526000
2.838104000
3.654035000
3.493501000
3.493501000
4.694478000
0.779382000
0.740854000
0.268011000
0.167131000
0.386911000
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-1.061162000

-0.034953000

-3.458916000

-4.390765000

-3.386601000

-4.281339000

-2.170886000

-2.149150000

-0.997805000

-0.055787000

1.948446000

3.207349000

4.253293000

4.241031000

5.301619000

6.133070000

-0.702723000

1.292650000

-2.008987000

-2.296454000

-1.061163000

-0.034954000

-3.458917000

-4.390766000

-3.386603000

3.185886000

2.287039000

3.041559000

2.489272000

4.330971000

4.801931000

5.035009000

6.036675000

4.466972000
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1.143079000

0.714356000

1.422656000

2.505699000

0.703207000

1.232481000

-1.180442000

-2.305298000

-1.143624000

-2.470537000

-3.185886000

-2.287040000

-3.041558000

-2.489271000

-4.330970000

-0.176338000
0.337747000
-0.660856000
-0.654170000
-1.175388000
-1.566071000
-1.205879000
-1.619645000
-0.722532000
-0.763010000
0.285228000
-0.305939000
-0.898617000
-0.915892000
-1.457778000
-1.908949000
0.779382000
0.167131000
0.386911000
-0.145388000
-0.176338000
0.337747000
-0.660855000
-0.654170000

-1.175388000
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-4.281341000

-2.170888000

-2.149152000

-0.997806000

-0.055789000

1.948446000

3.207349000

4.253293000

4.241030000

5.301619000

6.133069000

(PhO)BSubPc(F)12

0.011112000

-0.141949000

0.773752000

0.621279000

1.677826000

2.872777000

3.033643000

1.994074000

1.809601000

1.809781000

1.994452000

-4.801929000

-5.035008000

-6.036675000

-4.466972000

-5.000276000

-1.143080000

-0.714358000

-1.422658000

-2.505701000

-0.703209000

-1.232484000

0.000002000

-2.289643000

-3.188121000

-4.468507000

-5.040361000

-4.336946000

-3.048436000

-2.469490000

-1.142369000

1.142058000

2.469132000

-1.566070000
-1.205878000
-1.619645000
-0.722532000
-0.763009000
0.285228000
-0.305939000
-0.898617000
-0.915892000
-1.457777000

-1.908949000

1.267416000

0.222413000
-0.463707000
-0.981805000
-1.678270000
-1.879630000
-1.388018000
-0.670227000
-0.105186000
-0.105207000

-0.670295000
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3.034108000

2.873435000

1.678588000

0.621952000

0.774236000

-0.141601000

-2.096259000

-3.448862000

-4.593777000

-5.736027000

-5.736135000

-4.593994000

-3.448972000

-2.096435000

-0.503528000

1.568917000

3.861661000

4.180118000

4.180489000

3.862411000

1.569862000

-0.502751000

-4.627806000

-6.855913000

-6.856120000

3.047895000

4.336411000

5.040009000

4.468337000

3.187951000

2.289639000

1.144467000

0.716401000

1.414573000

0.700758000

-0.699930000

-1.413910000

-0.715904000

-1.144168000

-5.163605000

-6.276478000

-4.926773000

-2.405108000

2.404390000

4.926064000

6.276123000

5.163608000

2.746480000

1.344937000

-1.343947000

-1.388105000
-1.879768000
-1.678443000
-0.981961000
-0.463811000
0.222347000
0.498089000
0.171795000
-0.191037000
-0.530230000
-0.530210000
-0.190996000
0.171818000
0.498132000
-0.818059000
-2.165476000
-2.551691000
-1.606723000
-1.606783000
-2.551847000
-2.165697000
-0.818247000
-0.211672000
-0.859499000

-0.859458000
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F -4.628229000 -2.745814000 -0.211587000
N 0.603414000 -1.184902000  0.536930000
N 0.603595000  1.184799000  0.536909000
N -1.425233000 0.000107000  0.811157000
N 2.455764000 -0.000206000 -0.359083000
N -1.475639000  2.307621000  0.279347000
N -1.475992000 -2.307418000  0.279423000
O 0.034644000  0.000001000  2.692960000
C 1.071051000  0.000021000  3.581332000
C 0.716422000  0.000105000  4.935546000
C 2.422848000 -0.000034000  3.226729000
C 1.698275000  0.000125000  5.917461000
C 3.400385000 -0.000004000  4.222641000
C 3.049277000  0.000073000  5.568030000
H -0.336380000  0.000148000  5.190533000
H 2.730913000 -0.000096000  2.190490000
H 1.406695000  0.000188000  6.961862000
H 4.445349000 -0.000045000  3.933001000
H 3.814851000  0.000094000  6.334662000
(FsCsO)BSubPc(F)12

B -0.046984000 -0.000063000  0.689076000
C 0.372636000  2.293564000 -0.249152000

C  -0.312498000 3.188161000 -1.167186000
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-0.018459000

-0.830515000

-1.915876000

-2.209587000

-1.419930000

-1.404119000

-1.404315000

-1.420350000

-2.210104000

-1.916609000

-0.831367000

-0.019215000

-0.313039000

0.372247000

2.185023000

3.573940000

4.774847000

5.966248000

5.966367000

4.775088000

3.574061000

2.185217000

1.010124000

-0.588604000

-2.669084000

4.467287000

5.033276000

4.325364000

3.038295000

2.465254000

1.140466000

-1.139779000

-2.464374000

-3.036963000

-4.323944000

-5.032210000

-4.466671000

-3.187643000

-2.293457000

-1.145513000

-0.716850000

-1.414943000

-0.701004000

0.699903000

1.414043000

0.716145000

1.145064000

5.165531000

6.267642000

4.910212000

-1.624938000
-2.598360000
-3.132915000
-2.703660000
-1.713177000
-1.117500000
-1.117866000
-1.713967000
-2.704634000
-3.134304000
-2.599978000
-1.626375000
-1.168210000
-0.249890000
0.527503000
0.589325000
0.561386000
0.554967000
0.555193000
0.561842000
0.589556000
0.527872000
-1.146349000
-3.038590000

-4.063903000
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-3.241881000

-3.242290000

-2.669917000

-0.589663000

1.009251000

4.812731000

7.133163000

7.133391000

4.813198000

-0.437242000

-0.437444000

1.454321000

-1.937295000

1.642109000

1.642500000

-0.393123000

-1.505297000

-1.330827000

-2.820174000

-2.410602000

-3.910137000

-3.710111000

-3.056407000

-5.150375000

-4.752545000

2.390876000

-2.389198000

-4.908365000

-6.266475000

-5.165242000

-2.746574000

-1.344904000

1.343606000

2.745671000

1.189203000

-1.188993000

-0.000179000

0.000459000

-2.310167000

2.309928000

-0.000269000

-0.000382000

-0.000802000

-0.000113000

-0.000942000

-0.000253000

-0.000668000

0.000298000

0.000018000

-0.000804000

-3.241207000
-3.241971000
-4.065480000
-3.040607000
-1.148011000
0.550976000
0.551204000
0.551638000
0.551862000
-0.146152000
-0.146534000
0.631587000
-1.556673000
0.160835000
0.161578000
2.096957000
2.842521000
4.235989000
2.373671000
5.106012000
3.237369000
4.609633000
1.047758000
2.739173000

5.445997000

310



F -2.205000000
F -0.090980000
(F5CsO)SubPc(H)12
B -0.173917000
C -1.067334000
C -1.079111000
C -1.605482000
C -1.536688000
C -0.981684000
C -0.482422000
C -0.516911000
C -0.160889000
C -0.160608000
C -0.516314000
C -0.481698000
C -0.980658000
C -1.535491000
C -1.604412000
C -1.078341000
C -1.066776000
C -2.059035000
C -3.147983000
C -4.136917000

-0.001345000

-0.001075000

-0.281814000

0.222066000

1.372828000

1.561108000

2.831289000

3.910668000

3.745112000

2.468114000

1.975561000

1.974192000

2.465163000

3.741489000

3.905506000

2.825277000

1.555763000

1.369013000

0.219317000

-1.490741000

-2.357401000

-3.039316000

6.426240000

4.737058000

-0.000234000
-2.294820000
-3.184526000
-4.462880000
-5.020371000
-4.309487000
-3.024218000
-2.462875000
-1.142224000
1.144455000
2.465779000
3.028640000
4.314224000
5.023948000
4.464956000
3.186254000
2.295169000

1.142624000
0.713519000

1.421564000
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-5.099672000

-5.099842000

-4.137262000

-3.148157000

-2.059313000

-2.050659000

-1.922377000

-0.950045000

-0.072299000

-0.071710000

-0.948914000

-1.920946000

-2.049459000

-4.145024000

-5.868416000

-5.868715000

-4.145631000

-0.352279000

-0.351987000

-1.403438000

0.005820000

-1.840910000

-1.841471000

0.958065000

2.289994000

-3.735811000

-3.734968000

-3.037610000

-2.356545000

-1.489371000

0.732804000

2.998349000

4.889508000

4.578234000

4.575279000

4.883791000

2.991142000

0.726816000

-3.025007000

-4.287030000

-4.285553000

-3.022003000

0.616806000

0.615381000

-1.138982000

2.644282000

-0.870910000

-0.868144000

-1.208161000

-1.137365000

0.701081000
-0.704495000
-1.424376000
-0.715754000
-1.144083000
-5.000416000
-6.019391000
-4.773712000
-2.466642000

2.471964000

4.779610000

6.023257000

5.001606000

2.504625000

1.230089000
-1.233977000
-2.507417000
-1.188959000

1.189609000
-0.000600000
0.001495000

2.308772000
-2.309542000
-0.000924000

-0.000905000
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C 2.987952000 -2.358135000 -0.001497000
C 3.067436000  0.024216000 -0.000377000
C 4.373142000 -2.410724000 -0.001557000
C 4.457647000 -0.018574000 -0.000428000
C 5.118974000 -1.236873000 -0.001018000
F 2.470737000  1.230326000  0.000196000
F 5.155640000  1.123470000  0.000093000
F 6.456784000 -1.284297000 -0.001071000
F 4.998371000 -3.593802000 -0.002131000
F 2.295829000 -3.503529000 -0.002019000

Chapter 4: Redox and photophysical properties of four SubPcs

containing ferrocenylcarboxylic acid dyads as axial ligands

SubPc 5, (Fe(CH2)2CO0)BSubPc(H)12

-1.165775000  -0.580717000
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4.040330000

2.089365000

0.876751000

0.612998000

1.151778000

2.087311000

3.263766000

4.157379000

3.517093000

3.640041000

2.964354000

4.890996000

5.200728000

5.771781000

6.746033000

5.422830000

6.108166000

3.355413000

0.173371000

1.182191000

2.124320000

-0.161416000

-2.446668000

-2.316823000

-3.119195000

-2.308591000

-1.019929000

-4.394767000

-5.002068000

-4.858791000

-5.856197000

-4.059749000

-4.454310000

-2.777344000

-2.149814000

1.250071000

-1.375561000

-0.490887000

1.309416000

0.764128000

1.063764000

0.120815000

-0.153068000

-0.908156000

-1.087418000

0.257581000

0.849117000

-0.114404000

0.178828000

-0.858563000

-1.126689000

-1.248788000

-1.807189000

-0.993474000
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C

3.824798000

2.845186000

1.785593000

5.015198000

5.769032000

5.200175000

6.111797000

4.233116000

4.414773000

3.057517000

2.315663000

0.359296000

-0.248631000

-0.168418000

0.491870000

-0.764907000

-0.813381000

-1.222628000

2.587075000

3.189339000

2.216444000

3.247923000

2.776688000

4.516697000

5.060536000

5.111451000

6.104206000

4.451663000

4.898897000

0.922073000

0.391771000

-1.025898000

1.347527000

1.012139000

2.093307000

0.209240000

-0.682110000

0.153518000

0.342098000

-0.969139000

-1.589562000

-0.444276000

-0.667820000

0.379352000

0.777037000

0.698831000

1.350562000

1.548777000

2.754797000

2.677223000

1.425769000

3.887904000

3.947076000

4.920001000
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H

C

H

-1.649953000

-1.141578000

-1.505198000

-0.602042000

-0.520969000

1.266911000

-4.521928000

-3.664566000

-3.213620000

-2.187965000

-4.343189000

-4.322191000

-5.502537000

-6.523263000

-5.084819000

-5.733724000

-3.618140000

-2.660779000

0.667806000

-1.188897000

-1.785323000

-1.819357000

-2.899101000

-0.059287000

-0.156162000

-0.277938000

-1.341531000

-1.536003000

-2.092288000

-2.942972000

-1.499973000

-1.818987000

-0.382563000

0.292172000

1.328866000

1.756776000

5.805207000

4.844829000

5.674793000

3.735032000

3.681025000

-0.572244000

-0.571459000

-2.436544000

-1.600924000

-1.318661000

-1.171391000

-0.505271000

-1.740193000

-1.583828000

-2.514213000

-3.056182000

0.502556000

0.239891000
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-3.829891000

-3.060048000

-5.225053000

-5.702201000

-5.877724000

-6.937146000

-4.883576000

-5.056871000

-2.824592000

-1.343485000

-0.588084000

-0.817738000

0.390307000

-2.924606000

-3.208333000

-1.187578000

-0.860299000

0.183540000

-0.393993000

-0.091091000

-0.917610000

0.884223000

0.929602000

1.761206000

2.590830000

0.733421000

0.380186000

0.673919000

1.619314000

-0.199647000

1.724299000

0.814769000

-0.662574000

0.992237000

1.318991000

1.811119000

1.341393000

1.848754000

0.538167000

0.329132000

0.021559000

-0.649396000

-3.169217000

-3.238848000

-1.965901000

-1.248846000

-1.737969000

-2.715692000

-4.191647000

-3.522714000

-4.010604000
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1.567735000

2.664283000

2.344526000

3.097488000

1.746570000

1.495778000

1.516634000

1.816654000

2.178422000

2.095170000

1.888531000

1.632059000

2.291013000

2.339132000

2.647477000

2.964412000

SubPc 6, (Fc(CH)2COO)BSubPc(H)12.

-0.398687000

-2.455570000

-0.922931000

0.860641000

1.294592000

1.870058000

0.568980000

-0.104119000

-1.442707000

-1.572150000

0.352196000

1.378215000

-0.538787000

-0.211520000

-1.858153000

-2.526300000

1.313363000

0.928257000

-0.847523000

-2.206463000

-0.313959000

1.968758000

2.266477000

3.515223000

3.193176000

1.751375000

4.828414000

5.066988000

5.809490000

6.842654000

5.492076000

6.285782000
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2.609956000

2.904004000

2.854700000

3.841755000

3.978034000

3.070721000

4.656735000

4.563879000

5.577628000

6.212366000

5.711355000

6.446806000

4.927713000

5.039984000

2.494528000

2.731852000

2.231814000

1.697325000

-2.317797000

-3.330447000

-2.078671000

-2.528805000

-1.498101000

-0.430733000

-3.655515000

-4.429987000

-3.755259000

-4.632425000

-2.738682000

-2.848530000

-1.597075000

-0.799811000

1.705641000

3.120598000

3.436019000

2.208744000

4.186058000

3.934141000

-0.334792000

-1.298792000

-2.267678000

-1.888517000

-1.342707000

-0.589815000

-2.373229000

-2.440619000

-3.330034000

-4.119865000

-3.279383000

-4.005264000

-1.374400000

-1.156488000

0.136000000

0.696431000
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3.396139000

3.791706000

3.527981000

4.026015000

3.035659000

3.162368000

2.399015000

2.034955000

1.307909000

-5.706459000

-4.155219000

-4.897992000

-4.497276000

-6.237527000

-7.046056000

-6.341294000

-7.244476000

-5.067685000

4.080370000

3.829476000

5.353780000

6.125154000

5.664694000

6.670746000

4.710213000

4.941274000

-0.121761000

-0.225097000

-1.395683000

-2.045461000

-2.348224000

-2.199178000

-2.631672000

-1.641089000

-1.571636000

-1.141466000

-1.913443000

-2.891061000

-1.383494000

-1.961192000

-0.107604000

0.277975000

0.669252000

1.663926000

-0.129382000

-0.256863000

-0.887898000

0.150479000

1.107924000

-0.284947000

0.286716000

-1.588951000

-2.178311000

-1.960382000
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-4.833520000

-5.060061000

-4.144009000

-6.329899000

-6.550230000

-7.248824000

-8.290045000

-6.546364000

-6.959741000

-5.193582000

-4.394929000

-2.751027000

-1.987172000

-0.567420000

0.105320000

-0.085990000

-2.281706000

-2.373098000

-0.628536000

1.195965000

1.134133000

0.697401000

0.189513000

0.941500000

0.652600000

1.591004000

1.879712000

1.747542000

2.170523000

-1.045654000

-0.603320000

-0.256880000

0.147199000

-0.425010000

-1.168085000

-0.473258000

-2.882086000

1.054536000

1.624527000

1.453233000

2.381246000

0.395737000

0.380190000

-0.656055000

-1.611831000

-0.249653000

-0.842329000

-0.802000000

-1.810186000

-1.664508000

-2.587599000

-0.426637000

0.170999000

-2.815384000
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2.052907000

3.394732000

1.384904000

0.199320000

0.379510000

1.430535000

2.202436000

3.480082000

4.088913000

3.175975000

4.165809000

5.436421000

6.033222000

5.371328000

-0.808362000

1.056910000

1.348425000

1.549246000

-0.551840000

-2.651438000

-2.095155000

-2.515781000

-1.366161000

-0.257130000

-3.720360000

-3.786241000

-2.659208000

-1.443793000

SubPc 7, (Fe(CH2)2CO0)BSubPc(F)12

-1.005903000

-1.552473000

-0.336069000

1.701077000

0.631054000

0.333797000

-0.598771000

-1.136954000

-1.722144000

-1.534100000

-1.085781000

-1.631819000

-2.205596000

-2.244736000
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Fe

2.538929000

2.729000000

1.738904000

0.952372000

3.693522000

3.657936000

2.686580000

1.730718000

-0.015509000

-0.361372000

0.016681000

0.593487000

-0.862213000

-1.006909000

-0.635682000

-0.111977000

0.840085000

-6.281630000

1.823225000

3.133130000

3.282899000

2.065479000

4.111504000

5.240848000

5.387957000

4.408728000

0.239070000

-0.676993000

-1.982969000

-1.849356000

-0.475008000

-1.568677000

-2.849859000

-3.064032000

-0.001133000

-0.143770000

-0.882290000

-0.291492000

0.722159000

0.736205000

-0.477989000

0.322858000

1.317453000

1.531577000

1.664847000

2.734042000

2.308265000

0.985088000

4.010967000

4.848623000

4.430700000

3.166440000

-0.680686000

-1.423575000

323



-4.325184000

-4.433894000

-4.004657000

-5.225074000

-5.519878000

-5.607395000

-6.241882000

-5.050737000

-5.187859000

-6.957898000

-6.328170000

-7.508846000

-7.367834000

-8.237261000

-8.747644000

-8.136132000

-8.557756000

-7.345606000

-0.231240000

-0.277368000

0.448344000

-1.404154000

-1.684430000

-2.066505000

-2.938580000

-1.346494000

-1.577267000

1.781310000

2.657093000

1.064578000

1.298824000

-0.040651000

-0.794042000

-0.008339000

-0.731510000

1.118310000

-1.995272000

-0.573937000

0.101805000

-0.220492000

0.780923000

-1.419011000

-1.489644000

-2.511095000

-3.559071000

-1.426114000

-1.359315000

-0.328727000

0.716686000

-0.847059000

-0.264173000

-2.264630000

-2.948039000

-2.622697000
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-7.065781000

-3.552506000

-2.088195000

-1.265793000

-1.591817000

-0.095698000

-3.597389000

-4.011673000

-1.985830000

-1.611558000

3.636344000

6.108423000

7.248827000

5.970051000

4.632995000

4.548671000

2.692355000

0.834904000

1.403952000

0.766188000

0.369641000

0.566491000

1.247125000

-0.077899000

1.747672000

0.865107000

-0.670551000

0.976918000

-4.803539000

-4.926782000

-2.773090000

-0.396051000

4.001266000

6.205478000

6.486461000

4.576482000

-3.626804000

-2.801339000

-2.975039000

-1.729738000

-0.787658000

-1.789704000

-2.321783000

-3.789515000

-3.296667000

-3.755212000

-0.542279000

-1.620848000

-2.717373000

-2.786182000

-1.402450000

0.154220000

2.056046000

2.489015000
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0.238266000

-0.795651000

-1.504993000

-1.213324000

0.675968000

1.891815000

1.619770000

2.370324000

0.878294000

0.441826000

0.508587000

0.745416000

1.195179000

1.227373000

0.697925000

-4.287910000

-3.864158000

-1.414619000

0.723625000

SubPc 8, (Fo(CH)2CO0)BSubPc(F)12

-0.914126000

-2.598599000

-0.463956000

1.738941000

1.309890000

0.864609000

-0.437423000

-1.572576000

-2.646105000

-2.153440000

-1.722798000

2.808526000

5.266117000

6.065460000

4.444336000

0.935572000

-0.188825000

-1.174348000

-1.595106000

0.188992000

2.472290000

2.195886000

3.064018000

2.239069000

0.877229000

4.442280000
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1.072936000

1.513904000

1.588434000

2.144529000

3.203368000

3.354661000

2.383309000

4.064775000

5.054394000

5.203062000

4.365026000

1.670759000

1.808885000

1.205107000

0.709958000

2.459606000

2.488002000

1.895477000

-2.936178000

-3.988597000

-3.848174000

-1.720544000

-1.707276000

-0.358361000

0.435818000

-2.690841000

-2.337883000

-1.014427000

-0.016233000

2.140434000

3.338810000

3.070421000

1.708512000

4.542672000

5.480855000

5.217310000

4.992870000

4.184154000

2.809055000

-1.154624000

-2.145119000

-2.577233000

-1.850327000

-2.605523000

-3.508072000

-3.932165000

-3.462719000

-0.540000000

0.264474000

1.526577000

1.480332000

0.041850000

1.060612000

2.298826000
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C

B

Fe

1.262432000

0.491631000

-6.474074000

-4.815647000

-5.605010000

-5.269287000

-6.891780000

-7.719811000

-6.918339000

-7.772436000

-5.648903000

-5.368519000

-6.031745000

-5.165423000

-7.295136000

-7.558731000

-8.137000000

-9.152532000

4.010092000

-0.059657000

-0.202187000

-0.973963000

-2.012427000

-2.686012000

-1.988933000

-2.634377000

-0.934231000

-0.636850000

-0.304062000

0.552795000

0.561310000

0.291923000

-0.088118000

-0.940124000

0.550126000

0.268606000

2.544102000

-0.276777000

-1.097168000

-2.002681000

-1.408583000

-0.632418000

-1.999954000

-1.744565000

-2.953872000

-3.545353000

-2.954882000

-3.550353000

0.742877000

1.330036000

0.769788000

1.379909000

-0.181621000

-0.420689000
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F

F

F

F

F

F

F

-7.393479000

-7.744324000

-6.091700000

-5.276990000

-3.446678000

-2.627827000

-1.249151000

-0.517698000

-0.853962000

-3.053373000

-2.937218000

0.294724000

1.015886000

1.858624000

2.019362000

3.960121000

5.877828000

6.162822000

1.595065000

2.244645000

1.601173000

2.253464000

-0.672131000

0.170210000

0.439583000

1.203995000

-0.234139000

-1.192068000

0.710704000

-0.746004000

-3.120330000

-5.131261000

-4.861360000

-3.951232000

-3.257328000

-0.726512000

-0.794937000

-1.584036000

-0.225702000

-0.506286000

-1.640723000

-2.288166000

-1.876519000

-2.466865000

-0.781294000

-0.770681000

-3.175781000

5.238218000

6.302966000

4.757698000

2.075857000

-2.218103000

-3.987047000

-4.797422000
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4.543407000

3.041229000

3.079715000

1.945890000

0.721446000

2.564225000

3.979867000

1.830238000

0.398478000

0.700814000

1.771028000

2.659328000

3.996726000

4.680851000

3.754949000

1.226345000

4.822081000

6.650313000

6.146559000

3.790980000

-0.898849000

0.920954000

1.305059000

1.665969000

-0.519944000

-2.635152000

-2.154856000

-2.609613000

-1.507197000

-0.389997000

-3.876485000

-1.111713000

0.873357000

3.240584000

3.731229000

SubPc 5+, (Fc+(CH2)2CO0)BSubPc(H)12

-0.742660000

-1.250852000

-0.334836000

1.513147000

0.650565000

0.646771000

-0.219800000

-0.553610000

-1.137545000

-1.157217000
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4.659934000

4.143845000

5.991139000

6.526905000

6.664773000

7.708339000

6.025108000

6.548754000

3.053111000

3.181448000

2.070792000

1.272639000

4.187711000

5.043877000

4.057344000

4.818870000

2.963067000

2.900076000

-3.808316000

-4.640865000

-3.902533000

-4.831670000

-2.816356000

-2.926104000

-1.606059000

-0.757976000

1.739604000

3.091329000

3.323643000

2.111942000

4.042470000

3.852164000

5.230865000

5.996549000

5.460136000

6.398794000

-0.313762000

0.150364000

-0.688366000

-0.527793000

-1.264085000

-1.537796000

-1.480524000

-1.906466000

-0.755062000

-0.244683000

0.612084000

0.617020000

-0.378882000

-1.015778000

0.321640000

0.222536000

1.167806000

1.707384000

331



1.970129000

1.136174000

0.188172000

0.274961000

0.140480000

0.861653000

-0.900503000

-1.177190000

-1.139044000

-1.629565000

-0.732677000

-0.921576000

-0.076854000

0.267339000

1.344194000

-4.554920000

-3.698008000

-3.342796000

4.507967000

4.674479000

0.349364000

-0.477243000

-1.813153000

-1.787143000

-0.164305000

0.859762000

-1.190313000

-0.973174000

-2.506974000

-3.281319000

-2.827429000

-3.836339000

-0.069199000

-0.134664000

-0.455736000

-1.482001000

1.334986000

2.007101000

1.567431000

2.662152000

2.388233000

1.133314000

3.869393000

4.095443000

4.768149000

5.710919000

4.495403000

5.230942000

3.319273000

3.121760000

-0.610436000

-0.530684000

-2.498213000

-1.582426000
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-2.336039000

-4.531683000

-4.579056000

-5.637027000

-6.683016000

-5.118508000

-5.704811000

-3.604470000

-2.642599000

-3.802835000

-3.018948000

-5.189998000

-5.653522000

-5.860713000

-6.926209000

-4.874653000

-5.059864000

-2.786668000

-1.752084000

-2.096601000

-2.919133000

-1.427662000

-1.643885000

-0.406323000

0.296352000

1.392919000

1.792069000

0.279199000

-0.286352000

-0.002405000

-0.816250000

0.940495000

0.986366000

1.805041000

2.628257000

0.414432000

-1.294810000

-1.095159000

-0.395609000

-1.689167000

-1.522816000

-2.530499000

-3.107757000

0.562584000

0.271505000

1.412064000

1.899424000

1.460787000

2.001244000

0.635410000

0.458904000

0.075936000

-0.599607000

-3.311953000
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C

-1.320035000

-0.638295000

-1.127650000

0.517777000

-2.881143000

-3.151242000

-1.173593000

-0.780183000

0.016058000

0.360865000

1.120267000

0.242850000

1.454857000

0.377556000

-1.046300000

0.551215000

-3.283015000

-1.978821000

-1.168293000

-1.836697000

-2.986265000

-4.343880000

-3.497512000

-4.071766000

SubPc 6+, (Fe+(CH)2COO0)BSubPc(H)12.

1.618598000

2.729828000

2.362033000

3.074698000

1.755216000

1.543505000

1.580710000

-0.378065000

-2.430413000

-0.930448000

0.838805000

1.294138000

1.901434000

0.606195000

1.325654000

0.950665000

-0.843926000

-2.244352000

-0.332760000

1.946753000

2.266386000
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1.910484000

2.277970000

2.169315000

2.011905000

1.757625000

2.447836000

2.523425000

2.808874000

3.155840000

2.743673000

3.046086000

2.896002000

3.866390000

3.975106000

3.068347000

4.692022000

4.623502000

5.595443000

-0.046125000

-1.386826000

-1.540437000

0.433584000

1.462315000

-0.437826000

-0.092082000

-1.758859000

-2.408826000

-2.241421000

-3.253884000

-2.073700000

-2.530329000

-1.514165000

-0.447322000

-3.649088000

-4.411405000

-3.755534000

3.518003000

3.209201000

1.772152000

4.820985000

5.049663000

5.805625000

6.830840000

5.501351000

6.297209000

4.204552000

3.962478000

-0.320993000

-1.298106000

-2.286272000

-1.907095000

-1.336799000

-0.569257000

-2.382534000
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6.239535000

5.701880000

6.426001000

4.907932000

5.002249000

2.484884000

2.715742000

2.237781000

1.721481000

3.366112000

3.748504000

3.505505000

3.995299000

3.036257000

3.173200000

2.414431000

2.073920000

1.358535000

-4.625776000

-2.753904000

-2.868766000

-1.618802000

-0.832192000

1.694580000

3.112952000

3.445003000

2.224757000

4.062556000

3.799260000

5.342807000

6.106074000

5.669926000

6.679841000

4.725994000

4.970208000

-0.119312000

-2.446055000

-3.357743000

-4.156860000

-3.312737000

-4.052454000

-1.413767000

-1.220531000

0.076981000

0.666848000

-2.002328000

-2.981799000

-1.491014000

-2.085729000

-0.210575000

0.160427000

0.591017000

1.590785000

-0.110707000
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Fe

H

-5.794049000

-4.119892000

-4.870492000

-4.476919000

-6.206228000

-7.005978000

-6.300407000

-7.186169000

-5.025537000

-4.782661000

-5.129624000

-4.089473000

-5.858417000

-5.478136000

-7.162105000

-7.956436000

-7.232186000

-8.091110000

-0.247330000

-1.481613000

-2.043027000

-2.265655000

-2.250589000

-2.677520000

-1.795295000

-1.810499000

-1.301181000

-0.859357000

1.672464000

1.966707000

1.047523000

0.806213000

0.758243000

0.281627000

1.204963000

1.133320000

-0.231593000

-0.763154000

0.309743000

1.292466000

-0.122969000

0.465580000

-1.468556000

-2.087956000

-1.851491000

-2.807723000

0.382460000

0.426398000

1.421738000

2.404695000

0.935686000

1.492525000

-0.415257000

-1.067359000
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-5.969335000

-5.690737000

-2.721770000

-1.989468000

-0.554692000

0.054223000

-0.065460000

-2.236938000

-2.390871000

2.227474000

3.099594000

1.097859000

-0.070675000

0.570627000

2.074453000

1.767751000

2.177697000

-1.097595000

-0.682477000

-0.308133000

0.081952000

-0.440575000

-1.186359000

-0.593272000

-0.432399000

1.759043000

1.338931000

0.854680000

-0.897514000

-2.596981000

-0.752788000

-1.713575000

-0.684856000

-1.724289000

-1.616650000

-2.583850000

-0.397574000

0.283341000

-2.728877000

SubPc 7+, (Fe+(CH2)2CO0)BSubPc(F)12

-1.138129000

-1.261870000

-0.068154000

1.931484000

0.474353000

-0.206629000

338



2.678398000

4.004950000

4.323301000

3.187642000

4.947385000

6.189478000

6.501636000

5.578156000

2.106504000

2.001646000

1.017287000

0.529634000

2.719726000

2.442307000

1.475603000

0.767334000

0.024631000

-0.073218000

-1.707990000

-1.709082000

-0.357462000

0.454916000

-2.711196000

-2.374287000

-1.049127000

-0.032794000

2.162218000

3.334764000

3.053141000

1.712309000

4.520742000

5.430221000

5.154494000

3.964022000

-0.438120000

-1.600737000

-0.990570000

-1.572401000

-1.898566000

-1.513109000

-1.744573000

-2.259054000

-2.578855000

-2.390929000

-0.473858000

0.369467000

1.361515000

1.114165000

0.411000000

1.418877000

2.391628000

2.376655000

1.636106000

2.493026000
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C

0.591765000

1.090258000

-0.573755000

-0.431718000

0.222654000

0.746685000

0.884959000

-6.369229000

-4.385031000

-4.445367000

-3.875698000

-5.369166000

-5.629658000

-5.904121000

-6.641751000

-5.300971000

-5.517731000

-6.834849000

-2.673347000

-2.155017000

-1.776475000

-3.012842000

-4.064575000

-3.899823000

-0.003134000

-0.177483000

-0.416603000

-0.694657000

-0.160770000

-1.753935000

-2.186360000

-2.127875000

-2.896812000

-1.295425000

-1.307025000

1.775003000

1.828640000

0.572681000

3.775069000

4.381790000

3.730481000

2.459181000

-0.672169000

-1.426513000

-2.189323000

-0.795202000

-0.047058000

-0.582452000

0.373622000

-1.847504000

-2.030226000

-2.830199000

-3.890372000

-0.969414000
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H

H

-6.098820000

-7.436844000

-7.220884000

-8.341171000

-8.922612000

-8.299594000

-8.855857000

-7.370224000

-7.116193000

-3.536737000

-2.073791000

-1.313907000

-1.816033000

-0.055233000

-3.570342000

-3.938221000

-1.976047000

-1.561032000

2.541064000

0.925193000

0.915442000

0.066383000

-0.722807000

0.372088000

-0.133912000

1.430378000

1.889385000

0.614162000

0.181736000

0.300353000

0.698249000

-0.062232000

1.550058000

0.806688000

-0.844683000

0.809033000

-0.769797000

-0.001724000

1.057688000

-0.672209000

-0.215312000

-2.052925000

-2.829936000

-2.243331000

-3.188411000

-2.866093000

-2.988151000

-1.686774000

-0.657860000

-1.813182000

-2.302462000

-3.864246000

-3.355911000

-3.724008000
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F 4.688604000 -3.970854000 -1.443574000
F 7.100735000  -3.308576000 -2.458017000
F 7.696993000 -0.777399000 -3.068778000
F 5.908433000  1.209289000 -2.693415000
F 3.644385000  4.807793000 -0.486669000
F 3.088861000  6.580274000  1.472821000
F 1.242376000  6.054138000  3.330333000
F  -0.133378000  3.731972000  3.316171000
F 1.364548000 -4.910382000  1.874972000
F 0.328454000 -5.227212000  4.348603000
F  -0.921740000 -3.220082000  5.591700000
F  -1.193189000 -0.802519000  4.421321000

SubPc 8+, (Fc+(CH)2COO)BSubPc(F)12

N 0.706112000  -0.901954000  0.944787000

N 1.927999000 -2.597353000 -0.158896000

N 1.645283000 -0.478517000 -1.177359000
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2.390193000

0.902970000

0.468981000

0.539866000

0.781739000

1.236060000

1.265497000

0.740160000

1.126533000

1.572555000

1.640421000

2.177875000

3.232481000

3.379081000

2.409814000

4.098147000

5.087789000

5.231790000

1.721450000

1.315600000

0.899293000

-0.406818000

-1.529126000

-2.612610000

-2.141203000

-1.659136000

-2.861488000

-3.923583000

-3.803666000

-1.735062000

-1.730974000

-0.387386000

0.415527000

-2.718262000

-2.374310000

-1.056042000

-1.629011000

0.166209000

2.456689000

2.201467000

3.082431000

2.271601000

0.903716000

4.463285000

5.030819000

4.235946000

2.858046000

-1.138525000

-2.131656000

-2.583894000

-1.866905000

-2.576143000

-3.483481000

-3.927329000
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4.388993000

1.696858000

1.832883000

1.229636000

0.736348000

2.487217000

2.519693000

1.927242000

1.290678000

0.546240000

-6.587666000

-4.795772000

-5.590259000

-5.264754000

-6.867312000

-7.681736000

-6.883181000

-7.713815000

-0.053554000

2.138435000

3.345514000

3.093857000

1.732458000

4.545051000

5.495823000

5.248950000

4.046490000

-0.060936000

-0.231337000

-1.030132000

-2.051394000

-2.705843000

-2.058952000

-2.730655000

-1.020362000

-0.756076000

-3.473335000

-0.575408000

0.212805000

1.479794000

1.455507000

-0.025964000

0.981588000

2.224458000

2.485481000

-0.267960000

-1.083193000

-1.959885000

-1.363852000

-0.566247000

-1.982230000

-1.749641000

-2.954926000

-3.594405000
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-5.619638000

-5.332251000

-6.298351000

-5.470258000

-7.566597000

-7.866831000

-8.360240000

-9.362582000

-7.588760000

-7.907170000

-6.313032000

-5.495080000

-3.430600000

-2.632045000

-1.227965000

-0.555093000

-0.829775000

-3.028822000

-0.374007000

0.477334000

0.567392000

0.311535000

-0.075567000

-0.920795000

0.564835000

0.279996000

1.595901000

2.243088000

1.604695000

2.272147000

-0.710392000

0.118657000

0.410184000

1.180663000

-0.239082000

-1.215074000

-2.922821000

-3.524109000

0.791167000

1.437175000

0.761015000

1.364799000

-0.220895000

-0.510707000

-0.808805000

-1.614494000

-0.184186000

-0.417175000

-1.578485000

-2.258684000

-1.868837000

-2.508972000

-0.786502000

-0.704429000
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-2.949964000

0.329806000

1.074036000

1.925911000

2.073163000

3.995813000

5.912443000

6.188145000

4.559964000

3.065252000

3.112211000

1.979590000

0.747658000

0.634584000

-0.673506000

-3.025765000

-5.052548000

-4.822609000

-3.970958000

-3.295541000

-0.777424000

1.182392000

4.806105000

6.658515000

6.187555000

3.842502000

-3.159173000

5.243153000

6.340695000

4.823689000

2.137178000

-2.169852000

-3.946615000

-4.793814000

-3.903740000

-1.183457000

0.779368000

3.152302000

3.673403000

Chapter 5: Synthesis, Spectroscopy, Electrochemistry and DFT of

Electron-rich ferrocenylsubphthalocyanine dyads
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Optimized cation coordinates of FcCO2BSubPc(H)i2, 7:

Fe

O

O

N

N

4.097544000

0.421510000

0.991721000

-1.906289000

-1.547142000

-0.435734000

-0.229187000

-1.291875000

-3.158202000

-2.972211000

-3.906055000

-3.406454000

-2.170342000

-5.139807000

-5.528445000

-5.846410000

-6.803146000

-0.060142000

0.028743000

-2.137841000

-0.843176000

-2.494904000

-0.412149000

1.812239000

1.374964000

0.972357000

-0.333232000

-1.434646000

-2.509837000

-2.058541000

-1.531481000

-0.701967000

-2.716495000

-2.825898000

-1.082864000

-1.294316000

-1.032484000

-0.789395000

0.868678000

1.008685000

1.797597000

-0.266953000

-1.655135000

-1.476795000

-1.615439000

-0.831017000

-0.220250000

-2.250446000

-2.829797000

-2.120216000

-2.618925000
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C

C

-5.353647000

-5.939001000

-4.141046000

-3.767772000

-0.747956000

-0.311870000

0.104499000

-0.085960000

-0.342158000

-0.682625000

0.068875000

0.065513000

0.475279000

0.776290000

0.482783000

0.767820000

-0.909738000

-1.653843000

-3.777146000

-4.686163000

-3.681549000

-4.491679000

-1.641889000

-1.614691000

-0.282110000

0.495109000

-2.580639000

-3.586612000

-2.215329000

-2.951854000

-0.902228000

-0.650187000

0.077206000

1.098303000

2.226976000

3.448334000

-1.346907000

-1.262693000

-0.682754000

-0.067061000

1.508195000

2.888905000

3.176814000

1.968850000

3.892170000

3.674993000

5.162740000

5.958734000

5.447615000

6.458623000

4.469023000

4.696080000

0.726718000

0.488671000
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-2.563536000

-2.365324000

-1.677168000

-1.003298000

-2.583813000

-2.612192000

-3.477610000

-4.178697000

-3.488584000

-4.193708000

1.194044000

2.466754000

2.882859000

2.293272000

4.198124000

4.810639000

4.600083000

5.570040000

3.185591000

1.807950000

4.671368000

4.862391000

5.628274000

6.594230000

5.369892000

6.141150000

4.146889000

3.936166000

1.020582000

0.678415000

0.596036000

1.500864000

0.456236000

1.250302000

-0.891804000

-1.298147000

-0.575915000

-0.980826000

1.153067000

1.980445000

0.727247000

1.219472000

-0.322431000

-0.621793000

-0.972630000

-1.768463000

-1.437584000

-2.142791000

-2.631561000

-2.592508000

-3.136894000

-3.542539000

-2.965314000

-3.218479000
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C 3.536718000 -1.597666000 -2.352912000
H 3.519403000 -2.640028000 -2.066518000
C 3.592728000  0.864357000  0.757792000
H 2.652638000  1.365028000  0.952699000
C 4.753199000  1.453689000  0.198509000
H 4.859014000  2.490299000 -0.090149000
C 5.737837000  0.437464000  0.049786000
H 6.733757000  0.569210000 -0.349171000
C 5.173171000 -0.784552000  0.517591000
H 5.659571000 -1.749837000  0.529693000
C 3.847886000 -0.514107000  0.952233000
H 3.133953000 -1.241888000  1.315430000
B  -0.764771000 -0.000623000 -0.374602000

Optimized cation coordinates of FcCH2CO2BSubPc(H)12, 8:

Fe -5.638214000 -0.003938000 -0.444545000
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2.287587000

2.653924000

1.538397000

1.553165000

1.677382000

2.924862000

2.948125000

3.837669000

3.753575000

2.813480000

4.739463000

4.817447000

5.525418000

6.225480000

5.442653000

6.080399000

4.571786000

4.522045000

0.491683000

2.625992000

0.948198000

-0.834221000

-1.284707000

-1.718393000

-0.407342000

0.383826000

1.729023000

1.747505000

0.030809000

-0.998070000

1.029195000

0.783200000

2.354562000

3.107359000

2.715407000

3.734494000

-1.283334000

-0.339463000

0.907439000

2.465130000

0.144958000

-1.821753000

-2.064551000

-2.891718000

-2.433051000

-1.329733000

-3.891433000

-4.223638000

-4.442907000

-5.233866000

-3.990933000

-4.441271000

-2.976023000

-2.609928000
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2.101457000

2.247989000

1.910548000

1.557213000

2.729943000

3.010506000

2.839095000

3.198670000

2.506269000

2.615490000

2.055876000

1.822264000

1.690152000

2.196675000

2.619010000

2.369912000

2.404598000

2.103729000

2.188063000

2.673457000

1.598792000

0.466748000

3.875227000

4.683405000

4.001156000

4.931946000

2.941406000

3.073835000

1.729488000

0.900355000

-1.683964000

-3.041874000

-3.317755000

-2.124578000

-3.969559000

-3.746697000

0.791068000

2.148627000

3.017824000

2.185053000

2.660352000

1.994605000

4.035189000

4.460216000

4.892576000

5.963489000

4.396254000

5.054311000

1.450748000

1.433406000

0.103387000

-0.680934000

2.450090000

3.467348000
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3.003328000

3.163909000

3.419881000

3.894012000

3.248282000

3.591111000

-3.579526000

-4.057941000

-3.639630000

-5.161127000

-5.734845000

-5.382287000

-6.149747000

-4.410855000

-4.318448000

-6.120336000

-5.543498000

-5.919074000

-5.174360000

-5.920334000

-5.446226000

-6.397053000

-4.520102000

-4.717567000

-0.580734000

-0.682775000

-0.158849000

-1.576655000

-1.856304000

-2.027120000

-2.715150000

-1.400816000

-1.518048000

1.606635000

1.916358000

2.028460000

2.120885000

2.891621000

0.809060000

0.591328000

-0.206438000

-1.215650000

-0.565948000

0.766938000

1.613684000

0.785517000

1.658060000

-0.546354000

-0.871958000

-1.376363000

-2.447869000

-1.652715000

-2.512963000

-0.307644000

353



H

Optimized cation coordinates of Fc(CH2)3CO2BSubPc(H)i2, 10:

-5.168388000

-6.887317000

-6.986821000

-7.683199000

-8.479937000

-7.210965000

-7.590917000

1.290929000

-1.155266000

-0.074413000

-1.209245000

-2.411165000

-2.202190000

-2.589718000

2.724567000

1.371752000

1.461421000

0.556518000

-0.100155000

0.697982000

0.174110000

0.083652000

-0.074507000

0.208442000

-0.474132000

0.219966000

0.045902000

1.295388000

0.039325000

0.501978000

1.574740000

-0.340545000

-0.018878000

-1.666050000

-2.532347000

-0.269727000

-0.201265000

-0.879421000

0.935661000

-1.027342000

-2.083569000

-0.912792000
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Fe

5.213439000

-3.096825000

-2.803519000

-1.250533000

-0.454006000

-1.864218000

-4.006258000

-4.111296000

-5.281708000

-4.909263000

-3.514846000

-6.596099000

-6.881332000

-7.518735000

-8.546651000

-7.151966000

-7.903421000

-5.852961000

0.013784000

-0.591163000

-2.605705000

-0.834113000

1.101260000

1.307150000

1.564797000

0.237132000

-0.612963000

-1.904550000

-1.831198000

-0.342225000

0.648078000

-1.373510000

-1.193963000

-2.646132000

-3.426410000

-2.921610000

-0.271772000

-0.878862000

0.317931000

0.565828000

1.673628000

-0.215761000

-1.193096000

-1.247326000

-1.360802000

-0.894308000

-0.499314000

-1.726793000

-2.062742000

-1.651504000

-1.946887000

-1.191640000

-1.140174000

-0.794945000
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H

C

C

C

-5.572084000

-1.733807000

-1.083392000

-0.360166000

-0.571373000

-1.154275000

-1.727964000

-0.478767000

-0.509549000

0.230755000

0.730077000

0.283715000

0.797685000

-1.163511000

-1.644307000

-2.743746000

-2.927201000

-1.290586000

-3.899106000

-2.064942000

-2.403960000

-1.252494000

-0.223162000

-3.534093000

-4.399072000

-3.515129000

-4.387223000

-2.378954000

-2.394052000

-1.236297000

-0.343716000

1.843074000

3.205274000

3.348918000

2.072401000

4.241322000

-0.420049000

0.903235000

2.152599000

2.575402000

1.578231000

2.963629000

2.650753000

4.172159000

4.816183000

4.591970000

5.554847000

3.811266000

4.150967000

0.826510000

0.955021000

0.064189000

-0.598260000

1.814534000
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-0.470672000

-2.016216000

-1.751679000

-3.098726000

-3.648877000

-3.483791000

-4.334999000

4.536574000

5.440203000

5.218264000

6.673727000

7.555909000

6.533669000

7.289113000

5.212557000

4.780659000

3.600001000

2.600557000

4.121134000

5.419656000

6.247265000

5.561295000

6.495752000

4.527086000

4.624015000

-1.209609000

-0.205329000

0.565274000

-0.361946000

0.249204000

-1.465599000

-1.847074000

-1.969651000

-2.790551000

1.122171000

1.120810000

2.513458000

1.750277000

2.399463000

0.869601000

0.853622000

0.032393000

-0.631699000

-1.911408000

-2.347728000

-3.072755000

-1.655736000

-1.784504000

-0.768402000

-0.095961000

-0.916529000

-0.359576000

0.565263000

0.143685000
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4.657360000

4.596745000

5.823807000

6.797054000

5.486330000

6.153840000

4.108980000

3.544419000

-1.716335000

0.363354000

-0.915922000

0.988000000

1.003157000

2.519821000

3.126392000

2.511035000

3.106898000

2.933112000

1.994926000

2.806302000

1.591757000

2.058119000

0.453363000

-0.089617000

0.164757000

-0.647618000

-0.107101000

-0.053905000

-0.334671000

0.431360000

-0.390672000

-0.296970000

-1.425562000

-1.604606000

-2.360899000

-0.313636000

0.218340000

-0.494170000

0.919368000

0.856574000

1.706087000

2.360184000

1.478376000

1.915151000

-0.643083000

-1.919259000

-1.876662000

-0.994735000

-3.247380000

-3.187229000

-2.355661000

-1.468460000

-2.930467000

-4.200256000
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H

H

H

Optimized cation coordinates of FcCO(CH2)2CO2BSubPc(H)12, 11:

Fe

2.778296000

0.658811000

0.595922000

4.589882000

-3.080022000

-3.123079000

-1.245343000

-0.033349000

-1.477675000

-3.573752000

-3.933823000

-5.249601000

-5.110010000

-3.710281000

-6.502826000

0.669307000

-1.382552000

0.306860000

0.013034000

-0.046051000

-2.381370000
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Abstract: A series of novel ferrocenylsubphthalocyanine dyads Y-BSubPc(H)iz with
ferrocenylcarboxylic acid dyads Y-H = (FcCH2COe-H), (Fe(CH2)sCO2-H) or (FeCO(CH2)2CO2-H) in
axial position, were synthesized from the parent Cl-BSubPc(H)i2z via an activated triflate-SubPc
intermediate. UV/vis data revealed that the axial ferrocenyl-containing ligand did not influence the
Q-band maxima compared to Cl-BSubPc(H)iz. A combined electrochemical and density functional
theory (DFT) study showed that Fe group of the ferrocenyl-containing axial ligand is involved in
the first reversible oxidation process, followed by a second oxidation localized on the macrocycle of
the subphthalocyanine. Both observed reductions were ring-based. It was found that the novel
F¢(CH2):C0O2BSubPc(H)12 exhibited the lowest first macrocycle-based reduction potential (-1.871 V
vs. Fc/Fe) reported for SubPes till date. The oxidation and reduction values of
Fe(CH2)nCO:2BSubPc(H)1iz (n = 0 - 3), FeCO(CH2)2CO:BSubPc(H)2, and Cl-BSubPc(H)iz2 illustrated
the electronic influence of the carboxyl group, the different alkyl chains and the ferrocenyl group

in the axial ligand on the ring-based oxidation and reduction values of the SubPcs.

Keywords: Subphthalocyanines; Ferrocene; redox potentials; DFT; electron rich.

1. Introduction
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The discovery of ferrocene (1951) [1] unlocked an entirely new research field and over the years.
Ferrocene has been extensively researched with numerous good reviews in organic and inorganic
chemistry [2-5]. The research of ferrocene-containing compounds thrives, and new research keeps
on growing due to their varying successful applications. This includes asymmetric catalysis [6-8],
non-linear optics [8], antineoplastic properties [9,10] antimalarial activity [11] and espedially
electrochemistry due to the ideal redox behavior of the Fe!" couple [8,12]. For a series of four
ferrocenyl carboxylic acid dyads Fe(CH2)CO:2H with n =0 (1), 1 (2), 2 (3) or 3 (4) (Figure 1), it was
found that the as the length of the alkyl chain separating the ferrocene moiety and
electron-withdrawing carboxy group decreases, the formal reduction potential of Fe of the
ferrocenyl group also decreases [13,14]. The electron-withdrawing carboxy group directly bound to
ferrocene in 1 and FcCO(CH:2)2CO:2H (5), led to an increase in the formal reduction potential of the
ferrocene moiety compared to free ferrocene [13,14].

Subphthalocyanines such as CIBSubPc(H)1z, 6, have been used in research for almost 50 years
[15] due to their diverse applications including light-emitting diodes [16], dye-sensitized solar cells
[17], sensors [18] and photodynamic therapy [19]. The uses and reactivity of SubPcs can be modified
by substituting the axial ligand as well as by functionalizing the ring substituents [18]. Redox data of
the ring-based oxidation and reduction processes of SubPcs showed that axial or peripheral
substitution has a smaller influence on the shift of the oxidation and reduction potential of the SubPc
(ca 0.1 V shift) than non-peripheral substitution (ca 0.3 V shift) [20]. Ferrocenylsubphthalocyanine
dyads with a direct ferrocene-boron or substituted ferrocene-boron bond have been investigated by
V. Nemykin and co-workers [21,22]. They found that the first oxidation process in these
ferrocenylsubphthalocyanine dyads is ferrocene based, while second oxidation and the first
reduction processes are centered at the macrocyclicligand of the SubPc [21,22].

In this paper, we report the synthesis, characterisation and electrochemical studies of three
novel (8, 10 and 11) ferrocenylsubphthalocyanine dyads. The appropriate ferrocenyl carboxylic acid

2, 4 and 5 was directly bound to the boron atom in the axial position of SubPc, 6, to form the three
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new ferrocenylsubphthalocyanine dyads, FcCH:CO:BSubPc(H)iz, 8, Fe(CH2):CO:BSubPc(H)iz, 10,
and FcCO(CH2)2CO:BSubPc(H)iz, 11, see Scheme 1 and Figure 1. For comparative purposes, the two
known ferrocenylsubphthalocyanine dyads 7 [21] and 9 [23] were included in this study to
systematically evaluate (i) the effect of the electron rich macrocycle of SubPcs 7 - 11 on the formal
reduction potential of Fe of the ferrocenyl group of the ferrocenylcarboxylic acid moieties of 7 — 11,
and (ii) the influence of the axially ferrocenylcarboxylic acid dyads 1 - 5 on the UV/vis maxima and

the ring-based oxidations and reductions of the ferrocenylsubphthalocyanine dyads 7 - 11.

H H H H 0 H H 0
" M W H )j\@ “ H J\/@
Cl (0] 0 |
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Figure 1 Structures of FcCO:BSubPc(H)iz, 7 [21], FcCH2C0:2BSubPe(H) 12, 8 (novel), Fe(CH2CO:BSubPc(H)z, 9
[23], Fe(CH2)3COaBSubPe(H)1z, 10 (novel) and FeCO(CH2):CO:BSubPc(H)i, 11 (novel), containing the
ferrocenylcarboxylic acids FeCOzH (1), FeCHaCO:H (2), Fo(CH2pCO:H  (3), Fe(CH2:CO:H (4) and
FeCO(CHz)2CO:H (5) in the axial position. n = number of alkyl groups in the axial ligand.

2. Results and Discussion

2.1. Synthesis

The free ferrocenylcarboxylic acids 1 - 5, were synthesized using slightly modified methods
than previously published [13], as described in our previous publication [14]. The synthesis of
ferrocenylsubphthalocyanine dyads 7 — 11, was complex due to the moisture sensitivity of the
reactions. In the first step any of the two well-known halophiles, such as MesSi groups or Ag* ions
are used to irreversibly substitute the axial chloride in the axial position [23,24]. We found that using
MesSiOTf did not give desirable yields. Using AgOTf, however, enabled us to increase our yields by

more than 30 % compared to previous studies [21]. Once the activated triflate species was formed the
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activated SubPc showed considerable reactivity toward the different ferrocenyl acids 1 - 5, see
Scheme 1. The success of the synthesis is drastically affected when not working under strict Schlenk
conditions. SubPcs 7 — 11 were soluble in common organic solvents such as DCM, chloroform and

THEF.

i. Me,SiOTf or AgOTf (1.25 eq.)
ii. Ferrocenylcarboxylic acid (2 eq.‘
H DIPEA (1.25 eq.)

leq.

Scheme 1 Reaction scheme for FeCO:BSubPe(H)12, 7, FeCH2C0:2BSubPe(H)12, 8, Fo(CH2)2CO:2BSubPe(H)12, 9,
Fe(CH2pCOBSubPe(H), 10, and  FcCO(CH:2)2CO:BSubPe(H)iz, 11, Note:  AgOTf = silver
trifluoromethanesulfonate, MesSiOTf =  Trimethylsilyl  trifluoromethanesulfonate  and DIPEA =
N,N-Diisopropylethylamine.

2.3.'H NMR
The 'H NMR results showed that signals of the SubPc ring protons (H) shifted upfield by ca.

0.04 - 0.07 ppm for SubPcs 7 — 11 relative to the signals of the parent ring protons CIBSubPc(H)uz, 6.
The most significant effect on 'H NMR was observed for the signals of the ferrocenyl axial ligands
peaks. Ferrocenyl of SubPc 7 (signals of the protons of substituted-Cp = 3.96 and 3.95
un-substituted-Cp = 3.63) is the closest to the electron rich macrocycle of SubPc and as a result the
signals of the protons of the substituted and un-substituted-Cp rings shift the furthest upfield with
ppm shifts between 0.50 and 0.88 ppm compared to ferrocenyl acid 1 (substituted-Cp =4.84 and 4.45,
un-substituted-Cp = 4.24). With the increase of (CH2)n linker groups the distance between the
ferrocenyl moiety and SubPc increases and as a result the ferrocene peaks shift less upfield as the

chain lengths increase.

2.3. UVlvis
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As usually found for SubPcs, the UV/vis spectra of SubPcs 7 — 11 exhibited the two main

transitions, the Soret band between 250 and 350 nm, and the Q-band between 450 and 620 nm, see

Figure 2. The substitution of the parent macrocycles axial chloride with the different

ferrocenylcarboxylic acid groups, had a negligible effect on the Q-bands position, see Table 1. In a

similar fashion there was no shift when comparing the Q-bands of SubPcs 7 — 11 to 6. The similar

Soret and Q-bands for 6 and SubPcs 7 — 11 indicates that the Soret and Q-bands involve m-n*

transitions. SubPcs 7 to 11 followed the Beer-Lambert law and no aggregation in the concentration

range of 0.01 —0.10 (x 10* M) was observed, see Figure 2.

Table 1 UV/vis data of SubPcs 6 - 11 in THF.

Sorret Band Q Band

Max 1st shoulder 27 shoulder Max
CIBSubPc(H)zz, 6, [20] 308 525 532 564
FcCO:BSubPc(H)12, 7 299 515 530 563
FcCH2CO2BSubPci2, 8 300 518 534 563
Fe(CH2)2CO:BSubPc(H)z, 9, [23] 302 505 544 563
Fo(CH2)sCO:BSubPc(H)z, 10 328 521 539 563

FeCO(CH2)2CO:BSubPc(F)i, 11 327 523 542 563
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Figure 2 (a) — (d) The UV/vis spectra of SubPc (7, 8, 10 and 11) at concentrations 0.01, 0.02, 0.03, 0.04, 0.05 and

0.10 (x 10°* M), obtained with a 1 cm pathlength cuvette with THF as solvent. UV/vis spectra of SubPc 9 can be

found in reference [23]. Insert: The Beer-Lambert correlation between the absorbance A and concentration of

FeCO:BSubPe(H)i, 7 (¢ = 176547 dm?® mol! em); Fe(CH2CO:BSubPe(H)iz, 8 (¢ = 166317 dm® mol! em™),
Fe(CH2)pCOBSubPe(H)iz, 9 (¢ = 153630 dm? mol! em! [23]), Fe(CH2):COBSubPe(H)n, 10 (¢ = 145673 dm?® mol”
cm!) and FeCO(CH2)2COaBSubPe(H )iz, 11 (¢ = 131772 dm? mol! em!) at indicated wavelength innm.

2.4.

Cyclic Voltammetry

The redox properties of the ferrocenylsubphthalocyanine dyads, SubPc 7, 8, 10 and 11 were

examined utilizing cyclic voltammetry (CVs) and linear sweep voltammetry (LSV). The CVs and the

LSVs of SubPc 7, 8, 10 and 11, performed at 25 °C in dichloromethane (DCM) at a scan rate of 0.100

Vst are shown in Figure 3 with the relevant electrochemical data summarised in Table 2. Data of the

free ferrocenylcarboxylic acids 1 — 5 [12] and SubPcs 6 [20] and 9 [21] are added for comparative
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reasons in Table 2. The CVs of SubPc 7, 8, 10 and 11 (Figure 3) showed two oxidation and two
reduction peaks in the experimental solvent window of DCM. The oxidation of the Fe group (Fe!VIT)
of the ferrocenyl moiety on the axial ligand is the first observed redox process for all five SubPc 7 -
11. The assignment that the Fe group is oxidised first, is supported by DFT calculations (see
computational analysis below) and is in agreement with literature [21,22]. Both oxidation and the
first reduction peaks are chemically reversible with peak ratios approaching 1 and peak current
separations, AEp, of 0.074-0.076 (ferrocenyl oxidation), 0.080-0.084 V (wave 1 in Figure 3) and
0.082-0.086 V (wave Il in Figure 3) respectively. The second ring-based reduction (wave 1l in Figure
3) were irreversible and did not show any re-oxidation peaks. The linear sweep voltammetry
showed, as expected, 1 e redox couples for Fc and waves 1 to Ill. The reaction scheme for the redox

signals of SubPc 7 — 10 (similar for 11) is given in Scheme 2.

H H
o
H H ! @
é.lf \E ° n Fe
[Fe[CH,),CO0][SubPc]* <=~ IFctCHz)anJO][SuchI'-—'\%FH N n/( W By -<==[Fc"[CH,),COO][SubPc] <= [Fc'(CH,),,COO][SubPc]*

N I‘N
Wave Il Wave 11 " \N)Q:Z" Fe(ll}==Fe(Ill) Wave |
W H

n=0,1,20r3
(normal resting state)

Scheme 2 The reaction scheme of the redox signals of SubPcs 7 to 10 in DCM as solvent, see Figure 3.
Reactions scheme for 11 is similar.

2.4.1. Effect of SubPc on ferrocenyl moiety oxidation

The oxidation potentials, E¥, of the Fe group (Fel'™I) of the ferrocenyl moiety on the axial ligand
of SubPcs 7 — 11 range between -0.062 and 0.262 V and with AE, between 0.074 and 0.076 V (Figure 3
and Table 2). Comparing E*' (of the first process) of the Fc moiety of SubPcs 7 — 11 with the E*' of the
free ferrocenyl acids 1 - 5 (obtained under the experimental same conditions [14] as the SubPcs 7 -
11) it is clear that the aromatic SubPc ring acts as an electron-donating specie in the complex,
decreasing (lower oxidation potential) E* of the Fe group of SubPcs 7 — 11 with 0.060 — 0.038 V
relative to E” of the Fe group of the free ferrocenylcarboxylic acids 1 — 5. The largest

electron-donating effect was, as expected, on the ferrocenyl moiety closest to the ring, with a
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decrease of 0.060 V between 7 (0.224 V) and 1 (0.284 V). As the chain length increases with (CHz)»
groups the effect of the SubPc on ferrocenyl oxidation becomes less. The Fe group in SubPc 10 with
three (CH2) groups separating the ferrocenyl moiety from the SubPc, is more shielded from the
electron-donating effect of the SubPc and as a result E* of Fe only shifts with only 0.038 V between
10 (-0.062 V) and 4 (-0.024 V). With an additional carbonyl group as well as the (CH:2) groups in
SubPc 11 E* of the Fe group of SubPc 11 shifted the least in the range namely, with only a 0.033 V

between 11 (0.262 V) and 5 (0.295 V).
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Figure 3 CVs and LSVs of SubPc, 7 - (purple), 8 - (blue), 10 - (red) and 11 - (grev) in DCM. Concentration of 7 —
11 = 0.0005 mol dm™. Scan rate for CVs is 0.100 V s and LSVs at 0.001 V s Scan directions are indicated at
starting point of each scan. DmFc was used ass internal reference with E*' (DmFc) =-0.610 vs. free Fe/Fc' at 0 V.
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2.4.2. Effect of chain length on ferrocenyl moiety oxidation

The formal reduction potential E*' of Fe in the axial ligand of SubPc 7 is at 0.224 V compared to
free ferrocene 0 V. With one additional CHzspacer group between ferrocene and the SubPc, E*' of Fe
is significantly shifted by 0264 V to — 0.043 V in SubPc 8, SubPcs 9 and 10 had two and three
additional CH:2 spacer groups respectively, with E* of the ferrocene group decreasing to -0.058 V
and -0.062 V respectively. There was an exponential decrease to lower oxidation potential with an

increase in (CHz2)» chain lengths for SubPc 7 - 10, see Figure 4 a. This is because Fe of the ferrocene

group is increasingly shielded from the electron donating effect of the SubPc and

electron-withdrawing effect of the carboxy group as the (CHz)» chain length increases. This trend

was similar as observed for the free ferrocenylcarboxylic acids 1 -5 [14], see Figure 4 a.
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Figure 4 (a) Relationship between E°' of the Fe group and the number n of CHz groups in the side chain of
Fe—(CHz)n—-CO: for ferrocenyl carboxylic acids 1 -5 and ferrocenylsubphthalocyanine dyads 7 - 11. Data of 1~ 5
from reference [14]. (b) Relationship between E'(wave II) and Ep (wave IIT) and n, of the first and second
ring-based reductions respectively, of ferrocenylsubphthalocyanine dyads 7 - 11.
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2.4.3. Effect of carboxyl and carbonyl group on ferrocenyl moiety oxidation

The formal reduction potential E*' of the Fe group of SubPc 7, separated by a carboxyl group
from the electron donating SubPc, is at 0.224 V compared to free ferrocene 0 V, implying that the
electron withdrawing effect of the carboxyl group is larger than the electron donating effect of the
SubPc on the E* of the Fe group. The additional electron withdrawing carbonyl group bound next to
the ferrocenyl moiety in SubPc 11 resulted in the highest oxidation potential of the Fe group with E¥'
at 0.262 V, Figure 3. With the two electron withdrawing CO groups in SubPc 11 the oxidation
potential was 0.038 V higher than E* of Fe in SubPc 7 (0.224 V) containing only one electron

withdrawing CO group.

Table 2 Cyclic voltammetry data of SubPcs 7 - 11 in DCM containing 0.1 mol dm™ [N{"Bu)4][B(CsFs)4] as
supporting electrolyte at a scan rate of 0.100 V/s at 25°C.

Description Ep E® (V), AEp ip (LA)P, current
V) ratio®
FcCOOH4 1 Fc 0321 0.284, 0.074 3.60, 0.99
FcCH>COOH¢ 2 Fe 0.047 0.014, 0.066 3.79,0.99
Fe(CH2):2COOH* 3 Fe 0.020 -0.015, 0.070 3.87,0.99
Fe(CH2)sCOOH¢ 4 Fe 0.011 -0.024, 0.070 3.98, 0.99
FeCO(CH2)2COOH¢< 5 Fe 0.330 0.295, 0.070 3.66, 0.99
SubPc 6 - DmFc -0.647 -0.610, 0.076 3.89, 0.99
CIBSubPc¢(H)i2¢ Wave | 0.674 0.628, 0.086 3.08, 0.99
Wave 1 -1.519 -, - 3.63, -
Wave 1 -2.050 -, - -, -
SubPc 7 - DmFe -0.647 -0.610, 0.074 3.91, 0.99
FcCO:SubPc(H)12 Fe 0.262 0.224, 0.076 3.61, 0.99
Wave | 0.711 0.670, 0.082 3.34, 0.99
Wave 11 -1.643 -1.601, 0.084 3.47,0.99
Wave I11 -2.124 -, - -, -
SubPc § - DmFc -0.647 -0.610, 0.075 3.84,0.99
FcCH>CO-SubPc(H):2 Fe -0.005 -0.043, 0.076 3.61, 0.99
Wave | 0.710 0.670, 0.080 3.38,0.99
Wave Il -1.643 -1.674, 0.082 3.49,0.99
Wave 111 -2.154 -, - -, -
SubPc9 - DmFc -0.647 -0.610,0.074 3.89, 0.99

Fc(CH2)2CO:5ubPc(H)i2t Fc -0.021 -0.058, 0.074 3.66, 0.99
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Wave | 0.712 0.670, 0.084 3.31, 0.99
Wave 11 -1.783 -1.741, 0.084 3.42,0.99
Wave III -2.264 -, - -, -
SubPc 10 - DmFc -0.647 -0.610, 0.075 3.97,0.99
Fe(CH2)sCO2SubPc(H)i2 Fc -0.024 -0.062, 0.076 3.58, 0.99
Wave | 0711 0.670, 0.082 3.27,0.99
Wave 11 -1.871 -1.829, 0.084 3.39, 0.99
Wave II1 -2.344 -, - - -
SubPc11 - DmFe -0.647 -0.610, 0.074 3.84, 0.99
FcCO(CH2)2CO:SubPc(H)2 Fc 0.300 0.262, 0.076 3.57,0.99
Wave | 0.711 0.670, 0.082 3.35, 0.99
Wave Il -1.525 -1.482, 0.086 3.41, 0.99
Wave I -2.004 -, - -, -

2Ep is the peak anodic peak for oxidation (Eex) and peak cathodic peak for reduction (Era).
bipis the peak anodic peak for oxidation (i) and peak cathodic peak for reduction (ipx).

< peak current ratio = ipd/ip for oxidation and ips/ipc for reduction.

d Data from reference [14]

¢, Data from reference [20]

f Data from reference [23]

2.4.4. Ring Based Reductions

The first (wave II) and second (wave IlI) ring-based reductions of SubPcs 7 - 11 are lower than
that of SubPc 6. The axial ferrocenylcarboxylic ligands of SubPcs 7 — 11 thus have a nett electron
donating effect on the aromatic ring electrons of SubPcs 7 — 11 compared to Cl in SubPc 6. Both
ring-based reductions of SubPcs 7 - 11, redox waves Il and Il in Figure 3 and Table 2, followed the
same trend, namely the reduction value decreases near linear as the number of (CH2) groups, n, in
the different axially bonded ferrocenyl carboxylic acid moieties (Fc-(CHz2)»-COr) increases in SubPcs
7 — 10, with the reduction values of SubPc 11 higher than that of SubPc 7, see Figure 4 (b). The charge
on Fecin 7-10 is isolated from the rest of the molecules, and the aromatic ring electron density of the
SubPcs systematically increased as n of the alkyl group in -OCO(CH:)- increases. SubPc 10
exhibited the lowest first ring-based reduction potential (-1.872 V), reported to date [18,21,22,25],
due to the carboxyl-alkyl (OOC(CHz)s), group’s electron-withdrawing effect being isolated from

ferrocenium moiety. The withdrawing effect is the most prominent on SubPc 10 containing the
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longest alkyl chain. Propyl (n = 3) is more electron donating than ethyl (n = 2) that is more electron

donating then methyl (n=1).

2.4.5. Ring Based Oxidation

E® of the first ring-based oxidation of SubPcs 7 - 11 (wave | in Figure 3) is exactly the same, with
E®" = 0.670 V for all five complexes 7 — 11. This is because the charge located on the ferrocenium
group (Fct) in the different oxidised ferrocenyl carboxylic acid moieties (Fe~(CH2)n-CO2) and
(Fc-CO(CHz)2-CO2) for SubPcs 7 — 11, is isolated from and the rest of the molecule. The Fc* group is
highly electronegative [26], withdrawing any available electron density from the alkyl groups
bonded to it. The first ring-based oxidation of SubPcs 7 - 11 is consequently only influenced by the
electron withdrawing carboxyl group attached directly to boron in the axial position, shifting the
first ring-based oxidation of SubPcs 7 — 11 with exactly the same value namely 0.042 V more positive
than E® of the first ring-based oxidation of SubPcs 6 at 0.628 V. The electron withdrawing effect of
the carboxyl group in 7 — 11 is thus larger than the electron withdrawing effect of Cl in 6, on the
aromatic ring electron density of the SubPcs. It was possible to get chemically reversible ring-based
oxidation with peak current ratios approaching 1 and peak current separation AE, between 0.080

and 0.084 V, see Table 2.

2.5. Computational Analysis

The ferrocenylcarboxylic-containing SubPc dyads 7 — 11, were optimised using density
functional theory (DFT) to gain further insight into the redox properties of the ferrocene dyads. In
agreement with previous studies on related SubPcs, the HOMOs of the neutral species are of iron-d
character while the LUMOs have n-ring character [21,23]. This confirm Fe(1I) to Fe(lll) oxidation and
ring-based reduction respectively. However, since the top three HOMOs of 7 — 11 are all iron-d
based, and Fe(lll) to Fe(IV) oxidation is not expected, it was essential to also optimise the cation
(oxidised) species, to locate the locus of the second experimentally observed oxidation. It is known

that orbitals can rearrange upon oxidation [27-29]. The DFT results of oxidised SubPcs 7 — 11 all
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showed that the LUMO is of iron-d character (the first oxidation, see Figure 5) and the HOMO is on
the SubPc ring (the second oxidation, see Figure 5). HOMO-1, also on the SubPc ring, will be the
second ring oxidation, however, it is out of the solvent window in cyclic voltammetry scans and not

experimentally observed.

LUMO HOMO HOMO-1

Neutral

./

4 &

Figure 5 Selected PBE1PBE/6-311G(d,p) frontier MOs for cation SubPc, 8. A contour of 0.03 e/A? was used for
the orbital plots. Colour code of atoms (online version): Fe (purple), B (vellow), C (grey), O (red), H (white).

3. Materials and Methods

Solid reagents (Sigma-Aldrich, Strem and Merck) were used as received. Liquid reagents
(Sigma-Aldrich and Merck) were used without any further purification unless specified otherwise.
Solvents were distilled, and water was double distilled. Organic solvents used in this study were
dried according to published methods [30]. Melting points are uncorrected and were determined

with an Olympus BX 51 microscope equipped with a Linkam THMS 600 hot stage.

3.1. Spectroscopy Measurements
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H, 1B and BC spectroscopic analysis were performed for all compounds in the study. 'H and
13C spectra were recorded at 25°C on a 600 MHz AVANCE II NMR spectrometer at 600.28 MHz and
150.95 MHz respectively. "B NMR spectra were recorded at 25°C on a 400 MHz AVANCE I NMR
spectrometer at 128.38 MHz. Hydrogen and carbon chemical shifts are relative to hydrogen and
carbon in CDCls at 7.24 ppm and 77.16 ppm, respectively. The following abbreviations are used to
describe peak patterns: s = singlet, d = doublet, t = triplet, q = quartet and m = multiplet. UV /vis
spectra were recorded on a Varian Cary 5000 UV-Vis-NIR Spectrophotometer. Melting points are
uncorrected and were determined with an Olympus BX 51 microscope equipped with a Linkam

THMS 600 hot stage.

3.2. Cyclic Voltammetry

All the electrochemical experiments were performed in an M Bruan Lab Master SP glove box
under a high purity argon atmosphere (H:O and O: < 10 ppm). Cyclic voltammetry (CV)
measurements were performed utilising a Princeton Applied Research PARSTAT 2273 potentiostat,
running Powersuite software (Version 2.58). A three-electrode cell was used. A glassy carbon
electrode with a surface area 3.14 x 10* m? was chosen as working electrode, platinum wires were
chosen as auxiliary and reference electrodes. The glassy carbon working electrode was polished and
prepared before every experiment on a Buhler polishing mat first with I-micron and then with
Ya-micron diamond paste, rinsed with Hz0, acetone and dichloromethane (DCM), and dried before
each experiment. Electrochemical analysis of the complexes was performed in DCM (anhydrous, =
99.8%, contains 40-150 ppm amylene as a stabiliser) at room temperature. Solutions were made in
0.001 dm? spectrochemical grade anhydrous DCM containing ca. 0.0005 M of an analyte, 0.0005 mol
dm? of internal reference (decamethylferrocene, DmFc) and 0.1 mol dm= of supporting electrolyte
tetrabutylammonium tetrakispentafluorophenylborate, [N("Bu)4][B(CsFs)s] in DCM. Experimental
potential data was collected vs. the Pt wire reference electrode but is reported vs. the redox couple of
ferrocene, Fc/Fcrat 0 V. E*' (DmFc)=- 0.610 V vs. F¢/Fer at 0 V in DCM/[N("Bu)4][B(CsFs)4]. Scan rates

were between 0.05 and 5.00 Vs?. Electrochemical reversibility (or Nernstian behaviour) of redox
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processes is indicated by a peak current ratio (ip/ip for oxidation and ipa/ipc for reduction) of 1 [31,32]
and peak current separation AE = |[Eys — Ep] = 0.059 V for a one-electron transfer process [33]. In this
experiment, due to experimental cell imperfections and ohmic drop effects, AEp slightly larger than
0.059 V was obtained, even for the known 1 e transfer processes of decamethylferrocene,
DmFct/DmFc, namely 0.074 - 0.076 V [34-36]. The formal reduction potential is determined by E*' =
(Epa— Epc)/2 for an electrochemically reversible (and quasi reversible) process where Epa (Epc) = anodic

(cathodic) peak potential and ips (i) = anodic (cathodic) peak current.

3.3.DFT Calculations

Density functional theory (DFT) optimisations were performed on the neutral and oxidised
molecules in the gas phase using the hybrid PBE1PBE [37-39] exchange-correlation functional and
the triple-C basis set 6-311G(d,p) basis set, as implemented in the Gaussian 16 package [40]. Single
point calculations using pure BP86 [41-43] exchange-correlation were performed in DCM as the
solvent, using the IEF-PCM model (polarisable continuum model (PCM) [44] which solved the
non-homogeneous Poisson equation by applying the integral equation formalism variant) [45]. Both
the gas phase PBE1PBE/6-311G(d,p) and solvent phase BP86/6-311G(d,p) results gave the same

molecular orbital (MO) insight into the observed experimental redox processes.

3.4. Preparationof SubPcs 7 - 11
FeCO:H, 1, FeCH2CO:H, 2, Fe(CH2):CO:H, 3, Fc(CH2):CO:H, 4, CIBSubPc(H)iz, 5, and

Fe(CH2)2CO2BSubPc(H)2, 9, were synthesised using slight modifications to literature methods (see
the supporting information) [8,12,13,23]. Compounds 7 — 11 were characterised by NMR, UV/vis,

elemental analysis and m.p.

3.4.1. Preparation of FcCO25ubPc(H)iz, 7.

To a solution of chlorosubphthalocyanine, 6, (200 mg; 0.46 mmol) and dry toluene (3 cm?), silver

trifluoromethanesulfonate (150 mg, 0.58 mmol; 1.25 eq.) was added and the mixture stirred at 45°C,
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under argon atmosphere for 4 hours. Once the (OTf)SubPc(H)iz was generated, ferrocenylcarboxylic
acid, 1, (212 mg, 0.92 mmol, 2 eq.) and N,N-diisopropylethylamine (0.10 cm?, 75 mg, 0.58 mmol, 1.25
eq.) was added. The mixture was stirred at 50 °C for 12 hours. The solvent was removed by
evaporation under reduced pressure and the product was directly purified by flash chromatography
using hexane: DCM (1:1) (Re: 0.82) as eluent to give 184 mg (92%). m.p.: 172-182°C, UV/vis: Amax 563
nm, ¢ = 176547 dm?® mol* cm in THE. NMR: 61 (600.28 MHz, CDCls, 25 °C): d 8.84 (6H, dd, Sublc),
7.90 (6H, dd, SubPc), 3.96 (2 H, pt, 2 x CHa:Substituted-Cp), 3.95 (2 H, pt, 2 x CH= Substituted-Cp),
3.63 (5 H, s, Unsubstituted-Cp). "B NMR: &5 (128.38 MHz, CDCl:): d 16.82 (1B). 2C NMR: éc (150.95
MHz, CDCL;, 25 °C): d 151.64 (6C, N=C), 130.00 (6C, SubPc - C=C), 122.49 (6C, SubP¢-Ph), 71.02 (1C,
C-CO:H), 70.01 (2C, Substituted-Cp), 69.58 (5C, Unsubstituted-Cp). Elemental analysis calculated for

CasHaBFeNsO: (element, %): C, 67.34; H, 3.39; N, 13.46. Obtained: C, 67.73; H, 3.47; N, 13.58.

3.4.2. Preparation of FcCH2CO:SubPc(H), 8.

To a solution of chlorosubphthalocyanine, 6, (200 mg; 0.46 mmol) and dry toluene (3 cm?), silver
trifluoromethanesulfonate (150 mg, 0.58 mmol; 1.25 eq.) was added and the mixture stirred at 45°C,
under argon atmosphere for 4 hours. Once the (OTf)SubPc(H)z was generated, ferrocenylmethanoic
acid, 2, (225 mg, 0.92 mmol, 2 eq.) and N,N-diisopropylethylamine (0.10 cm? 75 mg, 0.58 mmol, 1.25
eq.) was added. The mixture was stirred at 50 °C for 12 hours. The solvent was removed by
evaporation under reduced pressure and the product was directly purified by flash chromatography
using hexane: DCM (1:1) (Re: 0.78) as eluent to give 140 mg (79%). m.p.: 175 - 183°C, UV/vis: Amax 563
nm, ¢ = 166317 dm? mol- em-! in THE. NMR: 61 (600.28 MHz, CDCls, 25 °C): d 8.86 (6H, dd, SublPc),
7.89 (6H, dd, SubPc), 3.79 (2 H, pt, 2 x CHz: Substituted-Cp), 3.67 (5 H, s, Unsubstituted-Cp), 3.53 (2
H, pt, 2 x CHz:Substituted-Cp), 2.28 (2H, t, CHz). "B NMR: 65 (128.38 MHz, CDCls): d 16.76 (1B). 5C
NMR: 6c (150.95 MHz, CDCls, 25 °C): d 151.68 (6C, N=C), 130.04 (6C, SubPc - C=C), 122.45 (6C,
SubPc-Ph), 69.10 (1C, C-CO2H), 6841 (2C, Substituted-Cp), 6748 (5C, Unsubstituted-Cp), 30.48 (2C,
CH2). Elemental analysis calculated for CxHzBFeN:O: (element, %): C, 67.74; H, 3.63; N, 13.17.

Obtained: C, 67.90; H, 3.82; N, 13.72.
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3.4.3. Preparation of Fc(CH2):CO2SubPc(H)iz, 10.

To a solution of chlorosubphthalocyanine, 6, (200 mg; 0.46 mmol) and dry toluene (3 cm?), silver
trifluoromethanesulfonate (150 mg, 0.58 mmol; 1.25 eq.) was added and the mixture stirred at 45°C,
under argon atmosphere for 4 hours. Once the (OTf)SubPc(H)12 was generated, ferrocenylethanoic
acid, 4, (250 mg, 0.92 mmol, 2 eq.) and N,N-diisopropylethylamine (0.10 cm?®, 75 mg, 0.58 mmol, 1.25
eq.) was added. The mixture was stirred at 50 °C for 12 hours. The solvent was removed by
evaporation under reduced pressure and the product was directly purified by flash chromatography
using hexane: DCM (1:1) (Re: 0.73) as eluent to give 104 mg (52%). m.p.: 182-190°C, UV/vis: Amax 563
nm, ¢ = 145673 dm?® mol' em! in THE. NMR: 61 (600.28 MHz, CDCls, 25 °C): d 8.86 (6H, dd, SubPc),
7.88 (6H, dd, SubPc), 3.89 (5 H, s, Unsubstituted-Cp), 3.84 (2 H, pt, 2 x CHz Substituted-Cp), 3.70 (2
H, pt, 2 x CHz Substituted-Cp), 1.76 (2H, t CHz), 1.26 (2H, t, CHz), 1.06 (2H, q, CHz). "B NMR: és
(128.38 MHz, CDCL): d 16.32 (1B). 3C NMR: éc (150.95 MHz, CDCL;, 25 °C): & 151.64 (6C, N=C),
129.99 (6C, SubPc - C=C), 122.43 (6C, SubPc-Ph), 6848 (1C, C-CO:H), 68.01 (2C, Substituted-Cp),
67.01 (5C, Unsubstituted-Cp), 28.42 (2C, CHz), 2539 (2C, CHz). Elemental analysis calculated for

CxHzBFeN«O: (element, %): C, 68.50; H, 4.08; N, 12.61. Obtained: C, 68.61; H, 4.16; N, 12.74.

3.4.4. Preparation of FcCO(CH2)2CO:25ubPc(H)1z, 11.

To a solution of chlorosubphthalocyanine, 6, (200 mg; 0.46 mmol) and dry toluene (3 cm?), silver
trifluoromethanesulfonate (150 mg, 0.58 mmol; 1.25 eq.) was added and the mixture stirred at 45°C,
under argon atmosphere for 4 hours. Once the (OTf)SubPc(H)i2 was generated,
ferrocenyloxobutanoic acid, 4, (263 mg, 0.92 mmol, 2 eq.) and N,N-diisopropylethylamine (0.10 cm?,
75 mg, 0.58 mmol, 1.25 eq.) was added. The mixture was stirred at 50 °C for 12 hours. The solvent
was removed by evaporation under reduced pressure and the product was directly purified by flash
chromatography using hexane: DCM (1:1) (Rr: 0.62) as eluent to give 114 mg (57%). m.p.: 201-207°C,
UV/vis: Amax 563 nm, ¢ = 113729 dm?* mol*em in THF. NMR: 61 (600.28 MHz, CDCls, 25 °C): d 8.85

(6H, dd, SubPc), 7.88 (6H, dd, SubPc), 4.49 (2 H, pt, 2 x CHz: Substituted-Cp), 4.31 (2 H, pt, 2 x CHz
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Substituted-Cp), 3.98 (5 H, s, Unsubstituted-Cp), 2.23 (2H, t, CH2), 1.66 (2H, t, CHz)..'B NMR: 05
(128.38 MHz, CDCL): & 16.79 (1B). 3C NMR: éc (150.95 MHz, CDCL, 25 °C): & 156.51 (6C, N=C),
144.73 (6C, SubPc - C=C), 130.42 (6C, SubPc-Ph), 72,55 (1C, C-CO:H), 70.14 (2C, Substituted-Cp),
69.41 (5C, Unsubstituted-Cp),34.23 (2C, CHz). Elemental analysis calculated for CasH:sBFeN«Os

(element, %): C, 67.09; H, 3.70; N, 12.35. Obtained: C, 67.09; H, 3.82; N, 12.35.

4. Conclusions

Subphthalocyanines with ferrocenylcarboxylic acids in the axial position can be synthesized in
90% yields when reactions are performed under strict Schlenk conditions, in this case a glovebox.
The axial ferrocenyl moiety did not influence the UV/vis wavelength maxima of the Soret or
Q-bands comparing SubPcs 7 — 11 with parent macrocycle, 6. The cyclic voltammetry data revealed
that the first reversible oxidation process is ferrocene-centered, with the second oxidation and all
observed reduction processes are SubPc ring-based. DFT optimization of the oxidized (cation) SubPc
was necessary to confirm the locus of the second observed SubPc ring-based oxidation.

The oxidation potential of Fe of the axial ferrocenyl moiety was affected by the
subphthalocyanine, shifting Fel' oxidation potentials with 0.03 — 0.06 V to a lower oxidation
potential compared to Fel'! oxidation potentials of the free ferrocenyl acids. The oxidized axial
electron withdrawing ferrocenium moiety, withdraws charge from the alkyl chains bonded to it, and
consequently the first ring-based oxidation of all ferrocenylsubphthalocyanine dyads Y-BSubPc(H)r
is only influenced by the electron withdrawing carboxyl group in the axial position, shifting the first
ring-based oxidation for all ferrocenylsubphthalocyanine dyads with exactly the same value of 0.042
V more positive compared to the first ring-based oxidation of CI-BSubPc(H):2. Both the carboxyl and
alkyl groups in the axial position influenced the ring electron density of the neutral SubPc, leading to
a systematic decrease in the two observed ring-based reductions of the ferrocenylsubphthalocyanine
dyads as the number of alkyl groups n in the different axially bonded ferrocenyl carboxylic acid

moieties (Fc-(CH2)n-CO2) increases. Fo(CHz2):BSubPc(H)1z, SubPc 10, has the lowest first ring-based
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reduction potential reported to date, due to the strong electron withdrawing effect of the axial

carboxyl-alkyl group (OOC(CHz)3), being isolated from the ferrocenium moiety.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, synthesis and
characterisation, additional graphs, tables, and optimised coordinates are provided in the Supporting

information.
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