THE INSTITUTE OF CHEMISTRY
OF THE ACADEMY OF SCIENCES OF MOLDOVA

With manuscript title

UDC: 546.7:546.5:546.4(043.2)+541.13(043.2)+544.174.2(043.2)

SiRBU DUMITRU

SYNTHESIS, STUDY OF FERROCENE AND PORPHYRIN
DERIVATIVES AND THEIR COMPLEXES WITH TRANSITION
METALS (Fe, Co, Ni, Cu, Zn, Ru and Pd)

141.01. INORGANIC CHEMISTRY

Summary of the doctoral thesis in chemical sciences

CHISINAU - 2015



The thesis was done in the Laboratory of Bioinorganic Chemistry and Nanocomposites of
the Institute of Chemistry of the Academy of Sciences of Moldova and the Molecular Photonics
Laboratory of the University of Newcastle upon Tyne.

Scientific supervisor:

Turta Constantin| Doctor Hab. in chemistry, Professor, Academician, Inorganic Chemistry

Scientific co-supervisor:

Benniston Andrew, PhD in chemistry, Professor, Photonic Energy Sciences

Official reviewers:

Arion Vladimir, Doctor Hab. in chemistry, University Professor, Inorganic Chemistry, Institute
of Inorganic Chemistry — University of Vienna, Austria.

Bulimestru lon, Doctor in chemistry, University Lecturer, Inorganic Chemistry, Moldova State

University.

The membership of the Specialized Scientific Council:

BULHAC lon — Dr. Hab. in chemistry, associate researcher — president;
LAZARESCU Ana — Dr. in chemistry, associate researcher — scientific secretary;
GULEA Aurelian — Dr. Hab. in chemistry, univ. Professor, Academician — member;
VEREJAN Ana — Dr. in chemistry, univ. lecturer — member;

BIRCA Maria — Dr. in chemistry, univ. lecturer — member.

oo

The thesis viva will take place on September 4, 2015 at 14:00,
at the meeting of Specialized Scientific Council (D06.141.03-01) of the Institute of Chemistry of

the Academy of Sciences of Moldova, Chisinau, str. Academiei, 3.
The PhD thesis and its summary may be consulted at the scientific library of the Academy of

Sciences of Moldova and at N.C.A.A. Web page (www.cnaa.md).

The thesis summary has been sent on 24.07.2015.

Scientific Secretary of the Specialized Scientific Council,

Doctor in chemistry / W« Lazarescu Ana

Scientific supervisor,

Doctor Habilitatus in chemistry, Univ. Professor, Academician Turta Constantin|

Scientific co-supervisor,

f: 7
Doctor in chemistry, Professor W Benniston Andrew

Author:

A Sirbu Dumitru

(© Sirbu Dumitru, 2015)
2


http://www.cnaa.md/

CONCEPTUAL MILESTONES OF RESEARCH

Keywords: ferrocene, porphyrin, transition metal complexes, solar cell, protons reduction, UV-Vis.

The increasingly high demand of power is constantly motivating the research of new
energy resources. The ecological issues generated by the greenhouse emissions have attracted
much attention during the last years and either removal of the formed gases from atmosphere or
the shift from fossil fuels to carbon neutral renewable energy sources are required. Solar energy is
so far the largest accessible renewable energy resource, providing in one hour to the earth more
energy than the humans could consume in a year. Still, for a major contribution to the global
energy production, the solar energy must be harvested, converted into a useful form (chemical or
electrical energy) and stored in an efficient and low cost process.

Porphyrins and comparable derivatives are ubiquitous in nature and constitute the
molecular cornerstone of several light-driven processes which help maintain life on Earth.
Transition metal porphyrins are well known for their applications in electrocatalysis including
many industrially imperative reactions [1]. Particular attention has been paid to electrocatalytic
reduction of carbon dioxide by metal (e.g., Ag, Pd, Co, Fe) porphyrin derivatives [2]. Examples of
electrochemical proton reduction catalysed by metal (e.g., Co, Fe) porphyrin derivatives are also
well known [3]. The good cross section capture of visible photons for the chromophores, coupled
to their excellent redox excited-state behaviour are motivating the continued interest in porphyrin
derivatives. Mimicry systems for artificial photosynthesis applications is certainly one major
research area in which porphyrin derivatives have a special place. Coupled to fundamental studies
is the application of porphyrin derivatives in areas such as sensors, photodynamic therapy
sensitisers and dye sensitised solar cells (DSSC). Various light harvesting systems were
constructed and studied in the past decades, including porphyrin and ferrocene containing
architectures, still many challenges have to be faced in order to reach Nature photosynthetic
machinery efficiency and construct economically sustainable artificial analogues.

The aim of this work was to design, synthesize and study molecules based on porphyrin
and ferrocene, and to reveal structure-property relationships that would allow a better
understanding of the mechanisms governing the photophysical and electrochemical processes in
the designed systems. The main objectives aiming to achieve the purpose of this work were: the
design and synthesis of molecular systems based on ferrocene and porphyrin; composition
determination and structural characterization of the obtained compounds by using physico-
chemical methods (IR, NMR, Atomic Absorption, Mass Spectrometries, Elemental Analysis and

X-ray crystallography); study of the photophysical and electrochemical properties of the materials



by various methods (Mdssbauer, UV-Vis absorption and Ultrafast Transient Absorption Pump-
Probe spectrometries, cyclic voltammetry, UV-Vis spectroelectrochemistry); revealing the
structure-property relationships determining physico-chemical properties by using the
information obtained from previous objectives; study of the applicative potential for the
examined materials.

The thesis consists of an introduction, four chapters, overall conclusions and
recommendations, bibliography of 223 references and 14 annexes comprising of 24 figures. 128
pages of main text contain 90 figures, 11 tables and two equations. The thesis is devoted to a
number of research topics which are followed within its sections. Following the aspiration to
enrich the understanding of processes chosen and refined by the genius of Nature, this work is
giving some answers and conclusions that are expected to be useful for further research both in
our and any other teams working in similar or related area. In Chapter 1 a review is given on the
work done by various research groups worldwide on study of molecular systems based on
ferrocene and porphyrin. The achievement of thesis objectives is fully described in the Chapters 2
— 4, that comprise the experimental work done on the synthesis and thorough study of 1,1'-
ferrocene disubstituted products and ferrocene-porphyrin conjugates. A new simple route for
desymmetrizing ferrocene was found based on selective oxidation of only one aldehyde unit in
1,1'-ferrocenedicarboxaldehyde to give 1'-formyl-ferrocenecarboxylic acid. As it was shown by
engaging the both oxidation products of 1,1'-ferrocenedicarboxaldehyde into classical organic
reactions and further complexation (Fe(ll), Ru(ll)), the simple chromatography-free method
elaborated for desymmetrizing ferrocene molecule is an alternative route to 1,1'-asymmetrical
ferrocenes that could find practical applications in industrial catalytic processes [4]. The 1'-(3,5-
dihydroxy-2-picolinoyl-3,5-di(pyridin-2-yl)cyclohexyl)-ferrocene-carboxilic acid is a promising
candidate in the exploration of host-guest interactions in aqueous media with small molecules like
aminoacids. The new, rarely isolated halfway product in the BODIPY synthesis, namely 1,1'-
ferrocene—bis[2-(4-ethyl-3,5-dimethylpyrro)methanone], was found to be stable and reacted with
BF3;-Et,O to produce the bis(difluoropyrrolo-oxaborole) compound, which is only the third
example of ketopyrrole-BF;, adduct described in the literature. Beside the fundamental interest, it
was found that the reactivity of electrochemically generated ferrocenium ion could be used for
nucleophiles redox sensing by the 2-ketopyrrole intermediate, while its bis-BF, complex may
potentially be applied as a dark-state energy transfer quencher for fluorophores which emit
between 500 and 600 nm. The ferrocene-porphyrin dye obtained within this work was employed
as sensitizer for TiO; surface in a Gritzel solar cell and the key processes governing the system

were described using cyclic voltammetry and UV-Vis transient absorption spectroscopy. The



conclusions made in this work could be helpful to guide further design of porphyrin-sensitised
solar cells. A tentative mechanism of electrochemical hydrogen production, catalysed by Pd(Il)
and Cu(ll) meso-tetraferrocenyl porphyrin complexes, was proposed consisting of phlorin
mediated pathway and a feasible explanation of ferrocene units role was suggested. These results
are giving some valuable information for the construction of alternative materials for
electrocatalysis of proton reduction reaction, based on non-metal redox processes.

The thesis is based on four research papers in journals with impact factor 2.379 - 4.197
(RSC Advances, European Journal of Inorganic Chemistry, Tetrahedron Letters, Dalton
Transactions) [5,6,7] and one without co-authors in journal of B grade (UIF 0.135) - Chemistry
Journal of Moldova. General, Industrial and Ecological Chemistry [8]. Additionally, a review
material related and partially used in this thesis was published in the Chapter 3 of book
Management of Water Quality in Moldova [9]. The research results were presented in poster
(seven abstracts) and one oral sessions at national and international scientific conferences,
symposiums, summer schools. Some aspects of the research process were disseminated at
scientific TV show: “Stiina si inovare”, TeleRadioMoldova, 28" December 2013 and 11" of
January 2014. The very quick citation of our work is encouraging our fair attempts.

The solved scientific problem consists of elucidating the structure-property relationship in
the molecular systems based on ferrocene and porphyrin, contributing to a deeper understanding
of the physical and chemical processes in the materials studied, for further optimization of their

practical efficiency.

The main scientific results submitted for approval are:

e New pathway for desymmetrisation of ferrocene via oxidation of 1,1'-ferrocene dicarboxalde-
hyde was developed, offering an alternative approach to potentially useful asymmetrical products;

e 1,1’-Ferrocene bis(2-(4-ethyl-3,5-dimethylpyrro)methanone) obtained within this thesis was
proved to be a useful material for redox sensing of nucleophiles, while its bis-BF, chelate is
only the third published example of ketopyrrole-BF, complexes.

e For the first time a ferrocene-porphyrin dye was employed as sensitiser for TiO, surface in a
Gritzel cell and the key processes governing the system efficiency were analysed.

o New alternative, metal tetraferrocenylporphyrin based, electrocatalysts for protons reduction to

molecular hydrogen were obtained and a feasible catalysis mechanism was proposed.



THESIS CONTENT
The Introduction is giving information on the actuality and importance of the addressed
issue within the research area, the aim and main objectives, the originality of results, fundamental
and applicative aspects of results, dissemination and publication of the research findings, thesis

overview and the keywords.

1. DERIVATIVES OF FERROCENE AND PORPHYRIN - A LITERATURE REVIEW

ON THE STRUCTURE, PHYSICO-CHEMICAL PROPERTIES AND APPLICATIONS
In this chapter a review is given on the work done by various research groups worldwide
on the synthesis, study and applications of molecular systems based on ferrocene and porphyrin,
highlighting the processes associated and inspired by natural photosynthesis. A brief introduction
to the porphyrins structure and general properties is followed by the summary on the main
synthetic routes to construct the porphyrin molecule. The next section is giving a short analysis of
the modified chlorophyll and synthetic porphyrin dyes for sensitisation of TiO, surface in DSSCs,
aiming to illustrate the structure-property relationships determining the device efficiency. The last
section is reviewing the ferrocene containing molecular systems, including ferrocene-porphyrin

conjugates, focusing on the light induced processes and the role of ferrocene unit.

2. DERIVATIVES OF 1,1'-DISUBSTITUTED FERROCENE
In the first section, a new simple chromatography-free method for desymmetrizing
ferrocene is described and the use of two products obtained by partial oxidation of 1,1'-dicarbox-
aldehyde to obtain five new asymmetrical derivatives. The second part comprises the synthesis and
thorough description of ferrocene-based difluoropyrrolo-oxaborole derivative, obtained from the
halfway product in the boron-dipyrromethene synthesis. A potential application as a dark-state
energy transfer quencher, or redox reporter for the non-chelated intermediate, is proposed.

2.1. New pathway to asymmetrical ferrocenes via oxidation of 1,1'-ferrocene dicarboxaldehyde [5, 8]

The oxidation of ferrocenecarboxaldehyde using aqueous KMnO, in acetone is well
documented to produce the corresponding carboxylic acid [10]. Repeating the literature method
afforded ferrocenecarboxylic acid in reasonable yield. However, we found that the same
procedure applied to I1.1 in acetone or acetonitrile did not produce the corresponding
dicarboxylic acid (Figure 1). The combined evidence from NMR, IR and mass spectroscopies
verified the product, from reaction performed in acetonitrile, to be 1'-formyl-ferrocenecarboxylic
acid 11.2, in which one aldehyde was oxidized but the other remained untouched. Hence, under
these conditions the ferrocene is desymmetrized since it contains two different functional groups.
The overall yield for 11.2 is 49 % after a fast and chromatography-free work up, providing
material pure enough for further synthetic reactions.
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Fig. 1. Reagents and conditions: (i) KMnO,4, CH3CN/H,0, 0 °C; (ii)) KMnOy, acetone/H,0, 0 °C.

A similar reaction performed using an acetone / H,O mixture did not afford a product with
NMR spectra consistent with compound I1.2. The NMR, IR and mass spectroscopic data are fully
consistent with 1'-((E)-3-oxo-but-1-enyl)-ferrocenecarboxylic acid 11.3. We speculate that
oxidation of one aldehyde to the carboxylic acid activates the other carbonyl in to condensation
reaction with the acetone present in solution. Presumably for ferrocene dicarboxaldehyde the
reaction of the aldehyde with acetone is too slow to compete with oxidation. Rather surprisingly,

compounds 1.2 and 11.3 could not be found in the literature (SciFinder, Reaxys).

Ferrocene — terpyridine complexes

Having established the simple procedure for desymmetrizing the ferrocene, we were interested
to see if useful chemical transformations could be carried out on compounds 11.2, 11.3. Reaction of
11.2 with 2-acetylpyridine in agueous NaOH / NH4OH, in a two-step one-pot Krohnke reaction,
gave after an easy column-free purification the terpy-type ligand 11.4 in 62 % yield (Figure 2).

—cho (i)

Fe —> Fe
R = 62% MOt~
1.2 1.4

Fig. 2. Reagents and conditions: (i) 2-acetylpyridine, ag. NaOH / NH,OH, dark.

The material is stable in the solid state, but when in a solution of methanol, DMSO or
water, air-equilibrated or N,-purged, the compound 11.4 is extremely light-sensitive. *H NMR
spectroscopy for 11.4 as the light-driven reaction proceeded showed that resonances for the
starting material decreased and new peaks appeared with a pattern very similar to authentic
[Fe(Fc-tpy),]**. Both UV-vis an mass spectroscopies showed the formation of [Fe(Fc-tpy),]*,
hence, the source of the iron(Il) must be ferrocene for the light-activated reaction to produce
FTF?*. It is speculated that a terpy ligand from one molecule of ground-state 11.4 bites onto the
ferrocene iron(Il) centre of another ‘activated’ molecule, leading to degradation of the compound.
The reaction must proceed via the triplet state and the presence of the carboxylic acid unit appears
to promote compound degradation. This idea was tested by reacting under the same conditions a
1:1 mixture of 1,1'-ferrocenedicarboxylic acid and terpyridine in methanol. When exposed to

ambient light the solution became dark purple, with a very distinct absorption pattern suggesting
7



a similar degradation of the ferrocene unit and formation of the [Fe(tpy).]** complex. Non-
substituted ferrocene was indefinitely stable in methanol solution in the presence of terpyridine.

Performing all steps, starting from 1,1’-ferrocenedicarboxaldehyde, under ambient light
illumination gave after purification by column chromatography (silica gel, methanol) a deep
purple product in 11 % vyield. Suitable crystals for X-ray crystallographic analysis of the iron
complex were grown, and the obtained structure confirms the identity of FTF(PFg). complex.
The structure of the cation is illustrated in figure 3, highlighting the six-coordinate iron(ll) centre
and the two Fc-tpy ligands of compound 11.4. The Fel — N1 (1.876 A) and Fel — N4 (1.875 A)
bond lengths are typically shorter than the remaining Fe — N bond lengths (Fel — N2 1.974, Fel —
N3 1.968, Fel — N5 1.972, Fel — N6 1.971 A). A point to note is that each ferrocene group is in
its carboxylic acid form and so hexafluorophosphates are present as counter-ions.

Fig. 3. X-ray diffraction molecular structure of the dication FTF**. Counter-ions, solvent
molecules, and hydrogen atoms are omitted for clarity.

Using Ru(tpy)Cls as intermediate, the heteroleptic complex [(11.4)Ru(tpy)]** = RTF* was
easily obtained, as depicted in figure 4. The combined evidence from IR, NMR and accurate mass
spectroscopies corroborated the structure of RTF(PF)..

Fig. 4. Reagents and conditions: (i) N-ethylmorpholine, methanol.

A NiO based DSSC was assembled having the semiconductor surface modified with the
dye RTF(PFg)2, and using solution of Lil (1.0 M) and I, (0.1 M) in acetonitrile as electrolyte.
The short circuit current density was found to be Isc = 0.352 mA cm2, and the open circuit
voltage Voc = —27 mV. The limited sensitising performance could be explained by either low
absorption coefficient of the Ru(tpy), derivative or poor adsorption on the NiO surface.
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Michael addition products
The reaction of 11.3 with diethylmalonate in ethanol, catalysed by sodium ethoxide
(Figure 5), gave after quenching with water, acidification, and purification by column

chromatography (silica gel, dichloromethane / methanol 9:1) a yeIIow product in 35 % yield.
CO,Et OH COzEt

CH,(COOEt), =\ _ NaCH(COOEt OEt \ O—
E / Y NaOEt, Ethanol F¢ — Fc o
c -
COOEt COZEt Aldol CO Et Intramolecular 0 t

.3 Michael Addition EtO,C COOEt deprotonation cOOEt
O

35 % /Dleckmann
1. HO® HO
CO,H 2. H+ CO,Et
CO,H -— CO,Et
) U H Hydrolysis 2
colH O Decarboxylation COoH 00 yaroy COOEt O

Fig. 5. Proposed mechanism to explain the formation of compound I1.5 from 11.3. Fc =
ferrocenecarboxylic acid.

The 'H, ®C{*H}, DEPT-135° and 2D homo- (*H/*H COSY-45°), heteronuclear (*H/**C
HMQC and HMBC) NMR and accurate mass spectra are consistent with 1'-(5-methylcyclohex-4-
en-3-one)ferrocenecarboxylic acid (11.5). Crystals of the compound, suitable for synchrotron X-
ray analysis, were obtained. The molecular structure is shown in figure 6, and confirms
unequivocally the identity of the product 11.5. The C15 — C16 bond length of 1.354 A is
consistent with the expected double bond, and other C — C bond lengths in the cyclohexenone
ring are typical for C — C single bonds. C12 is a chiral centre and both the R and S enantiomers of

11.5 are present in the crystal.

Fig. 6. X-ray diffraction molecular structure of the racemic compound I1.5 showing here the
S form (left) and the centrosymmetric dimer (right).

A tentative mechanism is suggested from the initially formed Michael addition product,
followed by aldol addition of the second diethyl malonate molecule and cyclohexanone ring
closure through a Dieckmann condensation reaction [11]. Hydrolysis of the esters and
acidification is followed by dehydration of the aldol intermediate and a series of decarboxylations
to end up eventually with the identified product 11.5. The alternative ring closure product is from
a lactonization of the ketodiester intermediate.



An unexpected product was obtained in the attempt to isolate the intermediate to 11.4. Using
the identical conditions used to access 11.4, but lacking ammonia source resulted in formation of a
compound containing three pyridine rings, as suggested by elemental analysis. The NMR and
ASAP/APCI-FTMS accurate mass spectra suggested a domino reaction [12] consisting of initial
Claisen-Schmidt condensation and Michael addition to form the intermediate diketone, followed
by double aldole reaction with the third 2-acetyl pyridine (Figure 7).

78\
=N
aq NaOH
Fc—CHO —» Fc O —» ¢

1.2 Claisen- Schmldt Michael Aldgl
condensation addition N reaction

Aldol

\_/
Fig. 7. The domino condensation mechanism of cyclohexyl ring formation in compound 11.6

showing the relative conformation of substituents. Fc = ferrocenecarboxylic acid.

It results in stereo- and regioselective formation of a six-membered carbocycle with four
chiral centres — sodium 1'-[3,5-dihydroxy-2-picolinoyl-3,5-di(pyridin-2-yl)cyclohexyl] ferrocene
carboxylate Nall.6, with a moderate yield 38 %. Single crystal X-ray crystallographic analysis
for 11.6 showed the compound to be a racemic mixture crystallised in the triclinic space group P-1
(Figure 8). All aromatic substituents are arranged in the optimal equatorial positions, so that the
four chiral atoms C12, C13, C14, C16 generate 12RS, 13SR, 14RS, 16RS configurations (S —
counter clockwise rotation, R — clockwise rotation). The enantiomers of 11.5 are connected in a
centrosymmetric dimer formed by typical hydrogen bonding at the carboxylic acid site (O — O
distance 2.638 A, O — H — O angle 176.2°).

Fig. 8. The crystal structure of 11.6 showing here the RSRR form (left) and the space fill
showing the internal “pocket” with N3O, bonding sites (right).

The two hydroxyl groups have different arrangement for RSRR and SRSS configurations,
due to four types of hydrogen bonding present in the crystal structure. An intermolecular bond of
2.904 A (O3 — Hps — 03' 170.5°) is generating a racemic dimer by connecting the two

10



enantiomers. The three pyridine rings and ferrocene carboxylic acid form a “pocket” (Figure 8),
suitable for hosting small molecules with groups able to interact through hydrogen or ionic
bonding with pyridine-N atoms and carboxylic acid-O atoms. Keeping this in mind we studied
the host-guest interactions of 11.6 with a series of a-amino acids. In order to make the
intermolecular interactions more pronounced, the pyridine groups were protonated, by addition of
hydrochloric acid, to form the tricharged cation Hsl1.6>*. Further addition of aminoacids resulted
in a general decrease of the absorption profile as result of the precipitation process. We speculate
that the less soluble host-guest complex of the general formula HAA" -+ H3l1.6>* (where HAA"
is the protonated aminoacid molecule) formed in solution would precipitate as the concentration
of aminoacid is increased. Identical results were obtained for glycine, alanine and valine.

Temperature dependence of >'Fe-Massbauer spectra for ferrocene-terpyridine systems
The Mossbauer Spectra for 11.4 and FTFCI, are shown in figure 9. The room temperature
spectrum for 11.4 is typical for a ferrocene derivative and consists of a large and clear doublet.
The IS value of 0.43 mm/s is similar (within the error limits) to the parent ferrocene, while the
QS decreased by 0.22 mm/s (QS = 2.17 mm/s). This is a result of the electron withdrawing effect
of the carboxylic substituent which increases the symmetry of the electron environment on the
iron nucleus, by removing electron density from the cyclopentadiene ring and consequently from
Fe dz, dy, dy, orbitals. The QS is even lower than for ferrocene-carboxylic acid [13], which
suggests an additional effect of the terpyridine group. The spectrum of FTFCI, comprises two
partially overlapped doublets attributed to the two carboxyferrocenes (IS = 0.44 mm/s, QS = 2.21
mm/s) and [Fe(tpy).]** component (IS = 0.21 mm/s, QS = 1.05 mm/s). All iron nuclei are low-
spin (S=0) iron (d°), but a more symmetrical pseudo-octahedral Ng coordination results in a lower
quadrupole splitting for [Fe(tpy).]** compared to ferrocene.
293K ~293 K
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Fig. 9. The Mossbauer spectra for 11.4 (left) and FTFCI, (right) over 7-293 K temperature range.
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The temperature dependence of the Debye-Waller factor of the Mdssbauer spectra gives
information on the vibration of atom in the molecule and of molecule in the crystal. The Debye
temperature (6p) can be determined and used for comparison of forces that bind an atom in the
molecule and crystal lattice [14]. With decreasing the temperature a strong increase of the
absorption for the Fc was observed, less pronounced for the [Fe(tpy).]** nucleus, as result of
vibration diminution for the examined atom in the crystal lattice. Plots of Inf’ versus T allow us
to calculate the Debye temperature from the slope of the line A(Inf")/AT [15]. The plot of
Infy/f7, versus T for 11.4 is linear over the temperature range 80 - 200 K and has a slope of
(4.0£0.3) x 10 which corresponds to 8,= (184+14) K. This value is somehow higher compared
to that of parent ferrocene 8,= (173+10) K. For the FTFCI;, two linear regressions were obtained
for Fc and [Fe(tpy).]** nuclei, which gave 6,= (180+17) K and 6,= (218+15) K. The higher
Debye temperature for the latter is suggesting a more rigid Ng bonding of Fe atom by the two

terpyridine molecules compared to the ferrocene ’sandwich” structure.

2.2. Synthesis, molecular structure and properties of a ferrocene-based difluoropyrrolo-
oxaborole derivative [6]

In attempts to prepare a bis(BODIPY)ferrocene derivative we found that the
bis(ketopyrrole) derivative FKP was produced instead and could be converted readily to the BF;
adduct, FBF. At first our interest was to see if the bis(BODIPY)ferrocene derivative can be
obtained by using 1,1'-ferrocenedicarbaldehyde. The dipyrromethane derivative 11.9 is known
[16] and was prepared without much problem in 70 % yield (Figure 10). All attempts in our hands
to oxidise 11.9 and chelate two BF; units to the dipyrromethene groups failed.

Fig. 10. Reagents and conditions: (i) pyrrole, TFA; (ii) DDQ or p-chloranyl or activated MnOy;
(iii) 3-ethyl-2,4-dimethylpyrrole, EtsN, BF3-OEty; POCls3, 3-ethyl-2,4-dimethylpyrrole, EtsN,
BF;-OEty; (iv) 3-ethyl-2,4-dimethylpyrrole; (v) EtsN, BF;-OEt,.

Reaction of 1,1'-ferrocenedicarbonyl chloride with 3-ethyl-2,4-dimethylpyrrole in

dichloromethane produced the half-way product - the ferrocene bis(2-ketopyrrole) derivative
12



FKP, and not the expected bis(dipyrromethene) compound. The 2-ketopyrrole compound reacted
with BF3-Et,O to produce the bis(difluoropyrrolo-oxaborole) compound, FBF, as a red / brown
solid which was characterised by X-ray crystallography. The compounds were characterised by
ASAP/APCI-FTMS and NMR spectroscopy including *H, *C{*H}, "'B and *°F nuclei.

As part of characterisation of the final compound and precursors, single crystals were
grown for compounds 11.9, FKP and FBF, and were subjected to X-ray diffraction analysis. The
structures of FKP and FBF confirmed their identity and are shown in figure 11.

Fig. 11. Crystallographically determined molecular structures for FBF (left) and FKP with

chloroform incorporated molecule (right).

Intramolecular hydrogen bond, N — H --- O, between a pyrrole and ketone on the two
cylopentadienyl (Cp) rings in FKP (N — O distance 2.783 A, N — H — O angle 160.3 °) twists the
pyromethanone groups out of conjugation with their Cp rings by different amounts (dihedral
angles 48.5° and 30.3°). The other N — H ‘- O hydrogen bond is intermolecular linking the
molecules in chains. The second point to note is the incorporation of a chloroform solvent molecule.

The compound FBF crystallises in the orthorhombic space group Pbcn. The asymmetric
unit comprises half the molecular structure, the iron atom lying on a crystallographic twofold
rotation axis. The geometry at the boron centre is close to tetrahedral. The two difluoropyrrolo-
oxaborole groups are arranged tail-to-tail and are partially eclipsed. The torsion angle C1 — C5 —

C6 — O is only 8.0° meaning the Cp ring and the pyrroloxaborole group are almost coplanar.

Temperature dependence of >’Fe-Massbauer spectra

The isomer shift and large quadrupole splitting for the clear doublet of FKP and FBF are
typical for low-spin iron (d°) ferrocene derivatives. The relatively low quadrupole splitting for the
diketones compared with that of Fc are typical for conjugated electron-withdrawing substituents
which increase the symmetry of the electron environment on the iron nucleus by removing
electron density from the cyclopentadienyl rings [17]. The lower value for FBF compared with
that of FKP is explained by the higher coplanarity of the electron-withdrawing substituents with

the cyclopentadienyl rings, which ensures better overlap of m orbitals and an additional
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withdrawing effect of the BF;, group. Plots of In(f'1/f'7«) vs. T are linear over the temperature
range 80 K to 200 K and the 6p value for ferrocene was estimated at 173 K. As the relative
absorption of FBF at room temperature has only a minor decrease compared with the parent
ferrocene it was taken as being a very close value. The slope for the relative absorption of FKP is
greater than that of the parent ferrocene. The calculated 5 value is about 139 K. The lower
Debye temperature for FKP compared with ferrocene and FBF suggests there are weaker
intermolecular interactions or weaker Fe-Cp bonding.

DFT molecular modelling

Mulliken charges were calculated for the X-ray structures of FBF and FKP using DFT
(B3PW91) and the 6-31G (3df) basis set. The first point to note is the increase in positive charge
at the iron centre for FBF (+0.677) compared with that in FKP (+0.647). Because FBF is C,
symmetric, the summation of Mulliken charges for carbon atoms at each Cp ring is identical
(-0.739) and less than values for the Cp rings in compound FKP (—0.850, —0.874). There appears
to be a slight extra build-up of negative charge (—0.024) on the one Cp ring for compound FKP.
It is clear from the structure that this Cp ring and the difluoropyrrolo-oxaborole are more
conjugated since the dihedral angle is only 11.9° compared with 40.9° at the other Cp site. The
corresponding dihedral angle for FBF is only 8.0° meaning any conjugation is maximised for this
system but it also contains the electron-withdrawing BF, unit.

Electrochemistry and absorption spectroscopy

The cyclic voltammogram of FKP (Figure 12) revealed a reversible wave at +0.31 V vs.
Fc*/Fc, and an irreversible wave at —2.38 V vs. Fc*/Fc. Complexation of FKP with BF, causes a
series of changes to the redox behaviour of FBF. The redox potential for the ferrocene is
anodically shifted to +0.66 V vs. Fc*/Fc and two quasi-reversible waves can be observed at —1.54
and —1.84 V vs. Fc'/Fc.
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Fig. 12. Left: Cyclic voltammogram recorded for FKP in acetonitrile vs. Fc*/Fc. Insert shows the
changes induced by addition of NaBr. Right: Room-temperature UV-Vis absorption spectra for
FKP (solid line) and FBF (dotted line) in acetonitrile.

It was noted that the ferrocene redox behaviour is irreversible in FBF, implying that a
decomposition pathway is introduced for the ferrocenium ion. Considering that an electrophilic
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centre is created in close proximity to a polarised B — F bond, nucleophilic attack of a fluorine
atom at the ferrocenium is one possible breakdown mechanism. To support this idea, NaBr was
added to a solution of FKP in MeCN, which resulted in complete loss of reversibility of the
ferrocene couple. Additionally, the irreversible anodic wave shifts to a lower potential, affording
a very similar voltammogram to that of FBF alone.

The room-temperature electronic absorption spectrum for FKP (Figure 12) consists of a
band in the near-UV region at Amax = 271 nm (emax = 1.7 x 10* M em™) and a moderately strong
narrow band at Amax = 337 nm (max = 3.4 x 10* M cm™). A much less intense broad band can also
be observed in the visible region at Amax = 462 nm (gmax = 1.3 x 10> Mt cm™). Chelation with BF,
changes the absorption profile entirely (Figure 12), resulting in a considerably broader, but weaker
band in the visible region at Ayax = 407 nm (gmax = 1.4 X 10°m? Cm_l) with a shoulder at 339 nm.
The intensity of the band at Amax = 272 nm (gmax = 7.5 X 10 M7 Cmfl) is considerably less.

3. FERROCENE-PORPHYRIN CONJUGATES

Numerous reports are available discussing the different processes in DSSC and trying to
identify the “bottle-neck” which is limiting the efficiency of manufactured devices [18]. There is
one argument that charge must be shifted away from the semiconductor surface rapidly to
generate long-lived charge-separated species [19] and avoid the charge recombination which was
estimated to occur in the range of 100 pus — 1 ms [20].
3.1. Synthesis, properties of a meso-tris-ferrocene appended Zinc(ll) porphyrin and
evaluation of its dye sensitised solar cell performance [7]
The most basic porphyrin based molecular system incorporating meso-ferrocene units is
exemplified in figure 13. The cartoon represents the basic working of the system following
excitation of the porphyrin moiety, where process 1 is oxidation of a ferrocene by the excited
state and process 2 is the charge recombination. It could be argued that if charge injection from
the porphyrin excited state (process 3) competed with process 1 then the system would operate.

Fig. 13. Left: Simple cartoon showing potential electron transfer pathways following excitation of the
zinc(I1) porphyrin. Brown cylinders represent Fc units, blue star represents porphyrin macrocycle,
arrows represent electron transfer pathways: 1. charge separation; 2. charge recombination; 3. electron
injection from zinc-porphyrin excited state; 4. electron injection from porphyrin radical anion.
Right: Tris-ferrocene zinc(l1) porphyrin F3P containing the carboxylic acid anchoring unit.
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Alternatively, if electron injection from the porphyrin anion (process 4) was fast and
efficient then the energy wasting recombination process 2 would become less significant. We are,
of course, not considering the recombination process involving back electron transfer from the
conduction band of the TiO,.

Two strategies were involved in order to obtain I11.4: condensation of methyl 4-
formylbenzoate and three equivalents of ferrocenecarboxaldehyde with pyrrole in the presence of
trace acid to give target compound in 14 % vyield as a purple solid; the use of the preformed 5-
ferrocenyldipyrromethane 111.3 [21] and its condensation with 111.2 and ferrocenecarboxaldehyde
with a slightly improved yield of 18 %. *"H NMR spectra recorded for samples of 111.4 prepared
by both methods were identical. A cis isomer of bisferrocenyl porphyrin was isolated as well,
namely 5,10-bisferrocenyl-15,20-bis(4-methyl benzoate)porphyrin 111.5 according to *H NMR
spectrum. The final two reactions of incorporation of zinc(ll) into the porphyrin ring to obtain
intermediate 111.6 and ester group hydrolysis worked in high yields to afford the desired
compound Zn(l1l) 5,10,15-trisferrocenyl-20-(4-carboxyphenyl) porphyrin F3P.

Full characterisation of F3P by IR, MALDI mass (m/z = 1044) and ‘H, *C{*H} and
DEPT-135° NMR spectra, as well as two-dimensional homo-(*H/*H COSY-45°) and
heteronuclear (*H/~*C HSQC and HMBC) correlation spectra corroborated the expected structure.

DFT molecular orbital calculations

The MO picture from the B3PW91 6-31G(d) calculation is shown in figure 14. It can be
seen that HOMO is predominantly localised on the three ferrocene moieties, whereas the
HOMO-1 is exclusively porphyrin based. The MOs HOMO-2 to HOMO-6 are entirely ferrocene
centred. The LUMO and LUMO+1 are degenerate and porphyrin-based n* orbitals in agreement
with Gouterman's four orbital model [22]. Both orbitals are well separated in energy from the
LUMO+2 which resides on the meso-benzoic acid group. Very crudely the HOMO-LUMO gap
represents ferrocene-to-porphyrin charge transfer, the energy difference being 2.59 eV (479 nm).
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Fig. 14. Selected molecular orbitals pictures and their corresponding energy for F3P, calculated
by DFT (B3PW91) and using a 6-31G(d) basis set.
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Electrochemistry, electronic absorption and °’Fe Méssbauer spectroscopy

The cyclic voltammogram for F3P in dry THF (Figure 15) showed a clear quasi-reversible
wave at +0.04 V vs. Fc'/Fc, which is associated with redox at the ferrocene sites. At a more
positive potential an irreversible wave is observed at +1.1 V vs. Fc*/Fc which is porphyrin-based
oxidation. Upon scanning to negative potentials two quasi-reversible one-electron waves are seen
at—1.87 V and —2.20 V vs. Fc'/Fc and are again associated with redox at the porphyrin site.

The room temperature electronic absorption spectrum for F3P in chloroform is shown in
figure 15. The spectrum comprises a strong Soret B-band at 431 nm (1.6 x 10° M cm™) and a
much weaker Q-band at 661 nm (1.7 x 10* M™* cm™), typical of a divalent metalloporphyrin. The
weak band at 310 nm (2.1 x 10* M* cm™) may be assigned to the lesser discussed porphyrin N-
band. The Soret band also contains a ferrocene-to-porphyrin charge transfer band in the region of

~490 nm which improves the light harvesting in the visible spectrum.
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Fig. 15. Left: Cyclic voltammogram for F3P in THF (0.2 M TBABF,) at a glassy carbon working

electrode. Right: Room temperature UV-Vis absorption spectrum for F3P in chloroform.

The room temperature Mossbauer spectrum for F3P showed IS and large QS for the clear
doublet typical for low-spin iron (d°) ferrocene derivatives. The comparison of F3P and parent
ferrocene shows that the porphyrin core has no major influence on the electron density at the iron

nucleus, despite the close proximity of the ferrocene and porphyrin groups.

Evaluation of excited state deactivation for DSSC application

The plot of photocurrent density versus voltage (under standard AM 1.5 global sunlight at
1000 W m ™2 and a temperature of 298 K) for F3P showed the short circuit current density (Jsc) to
be 0.068 mA cm, the open circuit voltage (Voc) of 283 mV, the fill factor (FF) of 0.42 and the
power conversion efficiency was evaluated to be 0.0081 %. The experiment was repeated in
darkness and proved the photovoltaic nature of the effect.

The excited-state property for F3P was elucidated using femtosecond pump-probe

spectroscopy in THF (Figure 16).
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Fig. 16. Selected transient absorption spectra recorded after excitation of F3P in THF with a 70
fs laser pulse delivered at 480 nm (left). Transient absorption decay profiles of F3P in THF at
selected wavelengths (right). Symbols are measured data and lines are fit curves.

The excitation with a 70 fs laser pulse at 480 nm resulted is an almost instantaneous
bleach in the region around 660 nm corresponding to the Q-bands of the porphyrin and a broad
profile to the low energy side of this bleach assigned to the zinc-porphyrin radical anion [23].
The charge separation time constant was estimated at 190 fs, while the charge recombination
process though slower by comparison is still extremely rapid and reforms the ground state in t =
24 ps. The behaviour for F3P attached to TiO, was also measured and compared to a control
compound containing phenyl groups instead of the ferrocene moieties (ZnTPP). The excited state
spectroscopic data for F3P attached to TiO, shows unequivocally that the dye is rather poor at
injecting electrons into the conduction band of the semiconductor TiO,. Generally electron
injection into TiO, is extremely fast and in the order of 300 fs [24]. For the control compound
the excited state porphyrin injects electrons in around 130 fs. Assuming this latter value is the
same for F3P the maximum yield of electrons into the TiO, conduction band is only 60 %.
Another significant finding is electron injection from the porphyrin anion to the TiO, does not
take place in the lifetime of the CS state (29 ps). These results suggest that direct coupling of
donors and porphyrin should be avoided in the design of DSSC sensitisers as the injection from
the rapidly generated porphyrin anion onto the TiO, surface does not occur. There is the
additional argument that ferrocenium / ferrocene may not be conducive for coupling to the
Co""" electrolyte redox relay because of slow electron exchange kinetics [25].

3.2. Electrocatalytic hydrogen production using Palladium(Il) and Copper(Il) meso-
tetraferrocenyl porphyrin complexes

Cu(ll) and Pd(Il) meso-tetraferrocenylporphyrines (CuTFP & PdTFP) shown in figure
17 were employed as catalysts for electrochemical proton reduction in DMF using trifluoroacetic
acid (TFA) or triethylamine hydrochloride (TEAHCI) as acids. CuTFP [26] and PATFP were
obtained by complexation of H,TFP with Pd(Il) acetate or Cu(ll) acetate in moderate yields. All

our attempts to obtain crystals suitable for X-ray analysis failed for complexes [26], but the
structure of H, TFP was repeatedly [27] obtained (Figure 17), and confirmed its identity.
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M = Cu CuTFP 4

Fig. 17. Left: The structure of ferrocene-porphyrin compounds discussed in the text.
Right: Crystallographically determined molecular structure for H, TFP

Electrochemistry, electronic absorption and UV-Vis spectroelectrochemistry

The cyclic voltammogram for PATFP in DMF consists of redox patterns for a porphyrin
and ferrocene moieties (Figure 18). Upon scanning to positive potentials a quasi-reversible wave
at +0.08 V vs. Fc'/Fc is seen, associated with ferrocene couple, and an irreversible wave of
porphyrin-based oxidation is observed at +0.93 V vs. Fc'/Fc. The reduction side of the
voltammogram shows two quasi-reversible one-electron waves at -1.72 V and -2.21 V vs. F¢*/Fc
and are again associated with redox at the porphyrin site. The room temperature electronic
absorption spectra for H,TFP, CuTFP and PdTFP in THF comprise a strong Soret B-band and
one weaker Q-band for metalated porphyrins, while two Q-band were found for H, TFP.
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Fig. 18. Left: Cyclic voltammogram recorded for PATFP in DMF vs Fct/Fe. Right: UV-Vis absorption
spectra for PATFP in THF: at the start (solid), after reduction at -1.3 V (dotted) and -1.7 V (dashed).

Application of a negative potential of -1.3 V to the working electrode in an OTTLE
produced a drastic decrease in the Soret band and the appearance of a red-shifted broad band
(Figure 18). The Q-band almost fully disappeared and three new weak and broad bands appeared
at 750, 875 and 1035 nm. The spectrum is typical for a porphyrin mono-anion MTFP" [28] so the
first reduction process is porphyrin centred. Further reduction at -1.7 V resulted in a narrowing
and slight decrease in the Soret band. In the low-energy side of the spectrum is witnessed a
substantial increase in the absorption at 880 nm. The formation of the porphyrin dianion MTFP?
would result in disappearance of the near-IR bands, but a similar strong band at 825 nm was
reported to correspond to the Zn(Il) tetraphenylphlorin monoanion obtained both by chemical

[28] and electrochemical reduction [29] of Zn(ll) tetraphenylporphyrin, and 830 nm for a metal
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free tetraphenylphlorin [30]. It means that the second reduction results in formation of MTFP*
followed by protonation to give the phlorin anion MTFPH".

Electrocatalytic proton reduction

The addition of trifluoroacetic acid to PATFP or CuTFP gave rise to a new catalytic wave
(Figure 19) in cyclic voltammetry experiment at -2.0 V vs Fc'/Fc, representative for a diffusion
limited process. Its amplitude constantly increases with addition of acid up to 200 eq of TFA for
PATFP and 500 eq of TFA for CUTFP, corresponding to a turnover frequency of 10* s order.
An overpotential of -1.0 V was estimated as described by Artero and coworkers [31].

The metal-free, Zn(I1) and Co(ll) TFP showed no catalytic activity in identical conditions,
while Ni(ll) TFP showed weak current response at a higher potential. The use of a weaker acid
TEAHCI as the proton source resulted in no catalytic activity for PATFP, while CuTFP showed
similar behaviour as for TFA (Figure 19).
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Fig. 19. Selected cyclic voltamograms of 1 mM of CuTFP at a glassy carbon electrode in DMF
in the presence of increasing quantities of TFA (left) and TEAHCI (right).

Copper(1l) complex of tetraphenylporphyrin (TPP) was reported to be a non-active
hydrogen evolving catalyst (with TEAHCI or CHF,COOH), [32] and we found that both CuTPP
and PATPP are far less active that their ferrocene analogue when using TFA as the acid source.
The overpotential is shifted to a more negative value by around 200 mV and the catalytic rate in
DMF/TFA is slower with an order of magnitute. The higher catalytic activity of ferrocene
substituted porphyrins could be attributed to stabilization of protonated intermediates by
increasing electron density on the porphyrin periphery, which is suggested from Madssbauer
spectroscopy data. Formation of meso-protonated porphyrin intermediate was seen in
spectroelectrochemical experiments so a catalysis mechanism based on initial phlorin formation
is highly probable. It was previously shown that phlorins can undergo dehydrogenation in the
presence of a proton source (HCI, methanol) so that the parent porphyrin is generated [33].
Another explanation of ferrocene role is the stabilization of phlorins by steric hindrance of parent
porphyrin, previously proposed for other porphyrin systems [34].

Continuous flow rig with in-line GC analysis [35] was used to detect the molecular hydrogen

produced during electrocatalytic proton reduction in DMF in the presence of TFA and TEAHCI,
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applying a potential of -1.5 V vs Saturated Calomel Electrode at Glassy Carbon working electrode.
Undoubtedly the presence of 0.1 mM of the catalyst greatly increased the amount of electroreduced
protons, as indicated by the GC analysis. Using 0.1 mM of CuTFP in DMF solution of 50 mM
TFA with 0.1 M TBABF, as supporting electrolyte resulted in electrocatalytic production of H,
with a 68 % Faradaic yield (Figure 20). A Faradaic efficiency of 70 % was obtained by the use of
PATFP catalyst, but less protons were reduced in the same period of time. As only CuTFP showed
electrocatalytic behaviour in CV experiments when TEAHCI was employed as proton source, it
was used to generate H, from this weaker acid (Figure 20). As expected, the catalysis process is
slower for this acid at the same concentration Cy = 50 mM and identical applied potential, as result
of higher pK; = 9.2 (pK; = 6 for TFA) [31, 36]. A Faradaic efficiency of about 73 % was obtained.
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Fig. 20. Electrocatalytic hydrogen production vs time, for solution of DMF containing:
left - 50 MM TFA and 0.1 mM CuTFP; right - 50 mM TEAHCI and 0.1 mM CuTFP. The
inserts are showing plots of charge vs time (left) and Faradaic yield vs time (right).

4. EXPERIMENTAL SECTION

In the first half of this chapter a detailed information on the instruments used to study the
materials obtained within this work is given, together with the software used to run the apparatus,
process data and perform quantum-chemical calculations. The second part is providing the reader
with details on the reaction conditions employed to obtain the compounds discussed in Chapters 2
and 3, and X-ray crystallographic data. Using the twenty seven synthesis procedures described in
the above chapter, twenty six products were synthesized, from which fourteen products are new
ferrocene and porphyrin based derivatives. Nine products are heteronuclear homo- and
heteroleptic coordination compounds of ferrocene based ligands with boron(lll), iron(ll),
cobalt(I1), nickel(1l), copper(ll), zinc(I), ruthenium(ll) and palladium(ll) atoms. The structure of
compounds was confirmed by IR, NMR, atomic absorption, mass spectrometries, elemental
analysis and X-ray crystallography. In order to study and explain the physico-chemical properties
of products a number of modern methods were used, namely: Mdssbauer, UV-Vis absorption
spectrometries, cyclic voltammetry, UV-Vis spectroelectrochemistry, ultrafast transient
absorption Pump-Probe spectrometry and computer assisted DFT calculations. Application
potential of the final products was studied in a number of systems, including Dye Sensitised Solar

Cells and electrocatalytic proton reduction cell.
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OVERALL CONCLUSIONS AND RECOMMENDATIONS

1. A new method for desymmetrization of the ferrocene was elaborated based on KMnO,
oxidation of 1,1'-ferrocenedicarboxaldehyde. The two resulting products were used to obtain
compounds 11.4 — 11.6. Interestingly, the product 11.4 showed to be light sensitive and more detailed
study showed a light induced degradation of ferrocene unit to form the [Fe(tpy).]** complexes. As result
the complex FTF?" was isolated and studied with various methods, including Mdssbauer spectrometry.
It was found that the Debye temperature has the values: (184+14) and (180+17) K for ferrocene
components of 11.4 and FTFCI, and 8,= (218+15) K for [(Fe(tpy)2)]** unit. The mechanism leading to
formation of derivative 11.5 is a fascinating example of the organic / organometallic chemistry comple-
xity. The cyclohexenone ring contains a chiral centre showing the potential of generating materials for
applications in asymmetric catalysis. At the same time, compound 11.6 could find application in visual
a-aminoacids recognition by precipitation of host-guest complexes in acidified aqueous solutions.

2. In the attempt to obtain 1,1’-ferrocene bis(BODIPY), the half way ketopyrrole product and its
BF, complex were obtained. UV-Vis absorption, Mdssbauer spectrometries, cyclic voltammetry and
spectroelectrochemistry, combined with DFT calculations, were used in order to characterize their
properties. Unfortunately the poor irreversible electrochemistry witnessed for the pyrroloxaborole
derivative FBF does preclude its use as a useful redox reporter. On the other hand, compound FKP may
be more suitable by using the chelating properties of the ketopyrrole group, and the binding of groups
with nucleophilic character. Noting that the absorption profile for FBF stretches well into the red
region, the compound may have more application as a dark-state energy transfer quencher for
fluorophores which emit between 500 and 600 nm.

3. In the preparation of the trisubstituted ferrocene-based porphyrin derivative it would appear that
the “one-pot” stoichiometry-correct reaction works as well as the preorganised method starting from a
ferrocene-dipyrromethane precursor. The only advantage of the second method is the slightly easier
purification of the final product. Our results clearly show that only direct photoinjection from the porphy-
rin excited state is relevant for the outlined ferrocene—porphyrin derivatives. Hence in the design of por-
phyrin-based systems for DSSC applications strongly coupled donor-acceptor pairs should be avoided.

4. Cu(ll) and Pd(ll) tetraferroceneporphyrines were synthesized and used as catalysts for
electrochemical proton reduction. The cyclic voltammetry experiments showed that electrocatalysis
occurs when proton source is added (TFA or TEAHCI) at a moderate potential. The formation of
phlorin intermediate was proved by UV-Vis spectroelectrochemistry. Performing bulk electrolysis with
concomitant continuous flow rig with in-line GC analysis was used to detect qualitatively and
guantitatively the molecular hydrogen produced. Certainly the introduction of ferrocene enhanced the
electrocatalytic activity of porphyrin molecules, compared with tetraphenyl analogues. A cooperative
ferrocenyl and metal influence is suggested, resulting in increased electron density on the periphery of
porphyrin and steric hindrance effect. Hence, while most of the literature examples are based on the

metal redox chemistry, this is an example of carbon-centred electrocatalysis of proton reduction.
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ADNOTARE

Sirbu Dumitru, ,,Sinteza, studiul derivatilor ferocenului si porfirinei si a combinatiilor
coordinative ale acestora cu metalele de tranzitie (Fe, Co, Ni, Cu, Zn, Ru si Pd)”. Teza de doctor in
stiinte chimice, specialitatea 141.01 - chimia anorganica. Chisindu, 2015. Teza constd din
introducere, patru capitole, concluzii generale si recomandari, bibliografie din 223 referinte si 14
anexe care contin 24 figuri. 128 pagini text de baza contin 90 figuri, 11 tabele si 2 ecuatii. Rezultatele
descrise in teza au fost publicate in 13 lucrari stiintifice: patru articole in reviste cu factor de impact
si un articol in revista nationald de categoria B (fara coautori), un fragment al capitolului dintr-o
monografie internationala, o prezentare orala si sapte abstracte (trei fara coautori) la conferinte.
Cuvinte cheie: ferocen, porfirind, complecsi, metale, tranzitie, celuld solara, reducerea protonilor, UV-Vis.

Scopul acestei lucrari este studiul relatiilor structura-proprietate ce ar permite intelegerea mai
profunda a mecanismelor care determina procesele fotofizice si electrochimice, in sistemele in baza
porfirinei si ferocenului, pentru evidentierea potentialului aplicativ al materialelor obtinute. Pentru
indeplinirea obiectivelor propuse au fost utilizate diferite metode contemporane, inclusiv
spectroscopiile de masa, IR, RMN, absorbtia atomicd, analiza elementala si difractia razelor X —
pentru determinarea compozitiei §i caracterizarea structurald a compusilor. Studiul fotofizic,
electrochimic si al potentialului aplicativ a fost efectuat prin utilizarea unui sir de metode: absorbtie
electronica si spectroelectrochimie UV-Vis, absorbtie tranzientd ,,pump-probe”, spectroscopie
Mossbauer, voltametrie ciclica si modelare moleculara DFT.

Originalitatea stiintifica. Au fost obtinuti 27 compusi, inclusiv 14 derivati noi ai ferocenului si
porfirinei, utilizand procedeele sintetice elaborate si au fost propuse mecanismele reactiilor. Trebuie
subliniata sinteza produsului nou, derivat bis-cetopirolic al ferocenului si al complexului sdu cu BFj,
precum si procedeul nou pentru desimetrizarea oxidativd a moleculei de ferocen. Pentru prima data
un colorant ferocen-porfirinic a fost utilizat in calitate de sensibilizator al suprafetei de TiO; in celula
Gritzel si au fost analizate procesele-cheie ce determina eficacitatea sistemului. A fost propus meca-
nismul producerii electrochimice a hidrogenului in baza intermediarului florinic, catalizat de mezo-
tetraferocenil porfirinatul de Pd(II) si Cu(II), si a fost explicat rolul unitétilor ferocenice.

Aceasta lucrare oferd unele raspunsuri si concluzii cu semnificatie teoreticid §i o valoarea
aplicativa pentru procesul de cercetare atat in echipa noastra, cat si in alte grupe ce lucreaza in
domenii similare sau inrudite. Metoda simpla fara cromatografie, elaboratd pentru desimetrizarea
moleculei de ferocen oferd o cale alternativd de obtinere a derivatilor 1,1'-asimetric disubstituiti ai
ferocenului ce prezinta potential de aplicare in procesele catalitice industriale. Proprietatile redox ale
derivatului bis-cetopirolic al ferocenului permit aplicarea acestui material in calitate de sensibilizator
redox al prezentei nucleofililor. Studiul proceselor fotoinduse in colorantul ferocen-porfirinic
adsorbit pe suprafata TiO, prezinta o incercare de a gasi factorii limita ai DSSC, iar concluziile facute
in aceastd lucrare vor ghida optimizarea ulterioara a celulelor solare sensibilizate cu porfirine.
Complecsii mezo-tetra-ferocenil porfirinici au prezentat activitate cataliticda inaltd in obtinerea
electrochimica a hidrogenului, oferind informatie valoroasa pentru generarea materialelor alternative
in reducerea electrocatalitica a protonilor.

Problema stiintifica solutionatd constd in elucidarea relatiei structura-proprietate in sistemele
moleculare in baza ferocenului si porfirinei, contribuind la intelegerea mai profunda a proceselor
fizice si chimice in materialele studiate, intru optimizarea ulterioara a eficientei lor aplicative.
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AHHOTAIIUA

CripOy Jymutpy, "Cunates, HccieI0BaHNe MPOM3BOIHBIX (eppolieHa 1 Op(pUprHA 1 UX KOMIUICKCOB C
nepexonubivu Metastamu (Fe, Co, Ni, Cu, Zn, Ru u Pd)". Jluccepramus J0KTOpa XHMHYECKHX HAYK,
cneuuanbHocTh 141.01 - Heopranmueckass xumusi. Kummnay, 2015. Jlucceprauusi COCTOUT U3 BBEACHUS,
YeThIpex IJIaB, OOIIMX BBIBOJOB M peKOMeHnalmi, oubmmorpaduu uz 223 ccbuiok U 14 mpuiioxkeHuid,
cocrosmux u3 24 uryp. 128 ctpanuir ocHOBHOTO TekcTa coaepkaTt 90 pucynkos, 11 Tabmum u aBa
ypaBHeHMs. Pe3ynbTathl, onucaHHble B AUCCepTaliiy ObuIK OyOIMKoBaHbI B 13 Hay4yHbIX paborax: 4
CTaThbU B JKypHaJlaX ¢ MMIAKT-(aKTOpOM, OJHA B XypHasle b-kimacca (6e3 coaBTOPOB), OTPHIBOK B TJIaBe
MOHOTpaduu, OMH YCTHBIH TOKJIa] ¥ CEMb Te3UCOB (TpH O€3 COaBTOPOB) HA HAYYHBIX KOH(DEPEHIHSIX.
Knroueswvie cnosa: dhepporieH, moppuprH, KOMILIEKC, COJTHEUHAs sTdeiKa, BOCCTAHOBJICHHE MPOTOHOB, Y d-Bu,

Ilenvio nmaHHOW pPAOOTHI SIBISIETCS WCCICIOBAHWE COOTHOIICHHH CTPYKTYPa-CBOMCTBO KOTOPBIE
MO3BOJIWIM OBl JIy4llle TOHSATh MEXAaHM3MBbI, peryaupyrounme (oTopU3NUECKHEe U HIEKTPOXUMHYECKHE
IPOLIECCH], B CHCTEMAaX Ha OCHOBE NHOpGHpHHA U (eppoleHa, Ul BBIABICHUS HX MPAKTUYECKOrO
noTennuana. Pasnooopasue coBpemennbix Meto 0B (MK, SIMP, Macc CieKTpOCKOITHH, aTOMHast abCopOIus,
AIIEMEHTHBIH U PEHTTeHO-IN(GPAKIMOHHBIA aHa u3) OBUTH HCIOJB30BAaHBI ISl OMHCAHHS COCTaBa U
CTPYKTYpBI COSAMHEHHIA, B TO BpeMsi kak Y @-Bui noromnieHue 1 CreKTpoaieKTpoXuMusi, “pump-probe”
HECTallMOHAPHOE MOIJIOLIEHHE, MECCOAYy3POBCKasl CIIEKTPOCKOMHMSI, [IMKJINYECKas BOJIbTAMIEPOMETPHS U
MOJIeKyJIsipHOE MozenupoBanue MerogoM DT ObutM HCHOIB30BaHBI U U3YYEeHUS (HOTOPUINIECKUX,
NMEKTPOXUMUYECKUX CBOMCTB M MPHUKIAHOrO MOTEHIIMAJIA TOTYYEHHBIX MaTEPHUAJIOB.

OpUruHAJILHOCTDH Pe3yJbTaToB. boutn nomy4yens! 14 HOBBIX MPOM3BOIHBIX MopduprHa U GepporieHa
U IPEUIOKEHbl MEXaHU3MbI peakuuil. CieyeT OTMETUTh CHHTE3 HOBOIO, TPYAHO BBIIEIISIEMOIO KETOIH-
POJIHOTO TPOM3BOHOTO (peporieHHa U ero BF, xenara, a Takke HOBBIN MPOCTOH MyTh VIS IECUMMETPHU-
3alMi  MOJIeKyJbl  (epporieHa. BrepBbie (epporeH-nophUpHHOBBI KpacuTellb ObLT HCIONB30BaH B
KayecTBE CEHCHOWIM3HMPYIOLIEro murMeHra noBepxHoctd 110, B sueiike ['pduens u ObUM HpoaHaIH-
3MPOBAHBI OCHOBHBIE IIPOLIECCHI ONPEIEISIOINE TPOU3BOIUTEILHOCT CUCTEMBL. [Ipe/utoxkeH MexaHu3m
ANIEKTPOXUMHYECKOTO TOJyYeHHs BOJOpOJa OCHOBAaHHBI Ha (DOPMUPOBAHMH Me30-TeTpa-(heppOoLeHIT
(IIOPUHOBOTO MPOMEKYTOUHOTO TMPOTYKTA M OBLIO PEIIOKEHO 00BSICHEHHE PO (heppolieHa.

Ota paboTa JaeT HEKOTOpbIE OTBETHI U BBIBOIBI C MeEOpemUYecKuUM U HPUKIAOHLIM 3HAYEHUeM,
KOTOpBIE, KaK OXKUIACTCS, OyIyT TOJIE3HBI JUTA TATFHEHININX MCCIIEOBAaHUN KaK B HAIIICH, TaK M B JPYTHX
rpymax, padoTaOIMX B aHAJOTMYHBIX MM CMEXKHBIX 00nacTsx. [TpocToil MeTo MCKITFOUatorii XxpoMaTo-
rpaduro, pa3pabOTaHHBIA JUIS JIECUMMETPU3ALMHM MOJICKYINIBI (eppolieHa, SBISIETCS ajJbTePHATUBHBIM
MapupyToM Juii noimydeHus 1,1'-acuMMeTpuuHbIX (DEppOIICHOB, IOTEHIMAIBHO IOJNE3HBIX B IIPO-
MBIIUICHHBIX KaTAIUTHYECKUX TMpoueccax. L[ikimnyeckas BonpTaMeTpusi OGUC-KETONMMPOIBHOTO (epporeHa
MOoKa3aja MOTEHIMAN JUIs PElOKC 30HAMpPOBaHUS HykseomioB. VccnemoBanue (OTOMHIYIMPOBAHHBIX
MPOIIECCOB B (heppOLICH-MOPPUPHHOBOM KpacuTese, 3aKperieHHOM Ha noBepxHocTH T10,, Oyzer monesHo
JUTSL  TaJbHEWIIe pa3paOOTKM  COJHEYHBIX Oarapeld CEHCHOWIM3MPOBAaHHBIX MOPQHUPHHAMHU. ME30-
Tetpadepporiernn noppupruHOBbIE KOMIUIEKCH! OBLIN HMCIOIB30BAHBI B ANIEKTPOXUMHYECKOM MOITYyYEHUH
MOJIEKYJISIPHOTO BOJIOPO/Ia, IPEIOCTABIISIS HEHHYHO MH(GOPMALHIO ISl pa3padOTKU HOBBIX aJIbTEPHATHUB-HBIX
MaTepUaJIoB JIIs 3JEKTPOKATATUTUYECKOTO BOCCTAHOBJICHHS IPOTOHOB.

Pewiennan mnayunaa npoodnema COCTOUT B BBISICHEHHM B3aHMMOCBS3U CTPYKTYpa-CBOWCTBO B
MOJIEKYJIIPHBIX CHCTEMax Ha OCHOBE (eppotieHa / mopdupuHa, CriocoocTByst 0os1ee rTy00KOMY ITOHUMAHUIO
($U3MYECKUX U XUMUUYECKUX MPOLIECCOB B UCCIIEI0BAHHBIX MaTepUaax, Uil JaIbHEHIIeH ONTUMH3aLIN UX

MpaKkTHYeCKon 3(h(HEeKTUBHOCTH.
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ANNOTATION

Sirbu Dumitru, ,,Synthesis, study of ferrocene and porphyrin derivatives and their complexes with
transition metals (Fe, Co, Ni, Cu, Zn, Ru and Pd)”. PhD thesis in chemistry, speciality 141.01 -
inorganic chemistry. Chisinau, 2015. Thesis consists of introduction, four chapters, overall
conclusions and recommendations, bibliography of 223 references and 14 annexes comprising of 24
figures. 128 pages of main text contain 90 figures, 11 tables and two equations. The results described
within this dissertation were published in 13 scientific papers: four articles in journals with impact
factor and one in journal of B grade (without co-authors), part of a chapter from international book,
one oral and seven poster presentations (three without co-authors) at scientific conferences.

Keywords: ferrocene, porphyrin, transition metal complexes, solar cell, protons reduction, UV-Vis.

The aim of this work is the study of structure-property relationships that would allow a better
understanding of the mechanisms governing the photophysical and electrochemical processes, in the
porphyrin and ferrocene based systems, in order to identify their practical potential. A variety of
contemporary methods, including IR, NMR and mass spectrometries, atomic absorption, elemental
and X-ray diffraction analyses, were used for molecular composition and structural characterisation of
the compounds, while UV-Vis absorption and spectroelectrochemistry, pump-probe transient
absorption, Madssbauer spectrometry, cyclic voltammetry and DFT molecular mode-lling were
employed in order to study the photophysical, electrochemical and applicative properties.

The originality of results. 14 new derivatives of ferrocene and porphyrin, were obtained using
elaborated synthetic protocols and the reaction mechanisms were proposed. It should be emphasized
the synthesis of the new, rarely isolated ketopyrrole halfway product in the BODIPY synthesis, and
its BF, chelate, as well as the novel simple route for oxidative desymmetrization of ferrocene
molecule. For the first time a ferrocene-porphyrin dye was employed as sensitizer for TiO; surface in
a Gritzel cell and the key processes governing the system efficiency were analysed. The mechanism
for Pd(I1) and Cu(ll) porphyrin ring centred electrochemical hydrogen production was proposed consi-
sting of a phlorin mediated pathway and a feasible explanation of ferrocene units role was suggested.

This work is giving some answers and conclusions with fundamental and applicative value, that
are expected to be useful in the further research both in our and other teams working in similar or
related area. The simple chromatography-free method elaborated for desymmetrizing ferrocene
molecule is an alternative route to 1,1'-asymmetrical ferrocenes that could find practical applications
in industrial catalytic processes. The cyclic voltammetry of bis-ketopyrrolic derivative of ferrocene
proved the material to be useful for nucleophiles redox sensing. The study of photoinduced processes
in ferrocene-porphyrin dye anchored on the TiO, surface is a trial to find the “bottleneck” of DSSCs
and the conclusions made within this work will guide further design of porphyrin-sensitized solar
cells. The meso-tetraferrocenyl porphyrin metal complexes showed catalytic activity in
electrochemical generation of molecular hydrogen, giving some valuable information for generation
of alternative materials for the electrocatalytic reduction of protons.

The solved scientific problem consists of elucidating the structure-property relationship in the
molecular systems based on ferrocene/porphyrin, contributing to a deeper understanding of the physical
and chemical processes in the materials studied for further optimisation of their practical efficiency.
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