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Abstract 

As the largest usable energy source for life on earth, the sun supplies an impressive amount of 

energy of about 1.5 × 1018 kWh per year. The largest proportion of this so-called solar energy is 

attributed to global warming which guarantees the biological existence in the near-surface area. 

This is followed by the photosynthesis process, the conversion of solar energy into chemical 

energy, of algae and plants. Most of the higher life forms (including humans) are directly de-

pendent on this unique energy conversion process, since algae and plants are located at the 

beginning of the food chain. The elucidation of the underlying chemical reaction, namely the 

photoinduced electron transfer (PET) inside the reaction centres (RC) of plants, is therefore of 

great scientific and economical interest. Over the past years, a promising approach to illuminate 

the first steps of photosynthesis was achieved by the design and preparation of artificial photo-

synthetic RCs, composed of donor-acceptor model compounds, mimicking the energy conver-

sion process. 

In this context, this work aims to elucidate the role of gold(III) porphyrins as a potent cationic 

electron acceptor in such artificial photosynthetic systems. Particularly, the site of gold(III) por-

phyrin reduction is discussed controversially in the literature, since it could be ligand centred or 

metal centred. The approach chosen here was the preparation and characterisation of a meso-

tetraarylporphyrinato gold(III) cation reference system, bearing functional groups at the aryl 

substituents with variable electron-donating and electron-withdrawing behaviour (COOMe, 

COOH, NO2, NH2, NHAc, H, OnBu, CF3) to examine their influence on the site of gold(III) porphyrin 

reduction. The obtained gold(III) porphyrins were treated with the reducing agent cobaltocene 

and probed by electron paramagnetic resonance (EPR) spectroscopy to determine the preferred 

location of the spin density (AuII: 5d9 metallo radical; (P●−): organic -radical anion). Gratifyingly, 

the chemical one-electron reduction of the gold(III) porphyrins yielded the corresponding 

gold(II) porphyrin complexes with a characteristic EPR pattern revealing hyperfine coupling to 

197Au and 14N and is therefore clearly preferred over the porphyrin -radical anion. However, 

the broad AuII resonances were superimposed by a sharp resonance, which has been assigned 

to the porphyrin -radical anion. During the one-electron reduction of a nitro derivative, an ad-

ditional radical species was observed and could be assigned to a nitro -radical anion. 

Encouraged by the unexpected high stability of the aforementioned gold(II) porphyrin com-

plexes and to further investigate this usually elusive species, a mononuclear gold(II) porphyrin 
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was successfully synthesized. This has been achieved via chemical reduction of a gold(III) por-

phyrin with stoichiometric amounts of KC8 or cobaltocene and by an excess of 1-benzyl-1,4-di-

hydronicotinamide (BNAH) in the presence of a base. The latter was employed as an NADH 

model compound to illustrate the potential mode-of-action of gold(III) porphyrins inside tumor 

cells, since they are used as potent anti-cancer drugs. Furthermore, it was possible to isolate and 

purify this mononuclear gold(II) complex by means of recrystallization or sublimation. This ena-

bled the first thorough investigation of a thermodynamically stable mononuclear gold(II) species 

by using a combination of spectroscopic and theoretical methods. These indicate that the por-

phyrin macrocycle provides unprecedented stability to the gold(II) core by blocking the usual 

reaction pathways (dimerization and disproportionation) of other labile gold(II) species. In addi-

tion, reactivity studies towards water, acids, oxygen and nitrosobenzene could be realised. 

Further, the knowledge obtained from the aforementioned studies has been exploited for the 

synthesis and examination of three novel amide-bridged donor-acceptor dyads designed to un-

dergo ultrafast PET. For this purpose, zinc(II) porphyrin amino acid derivatives were utilised as 

chromophores and electron donors and gold(III) porphyrin amino acid derivatives as electron 

acceptors [Zn(P)-AuIII(P)][PF6]. The individual building blocks were equipped with electron-do-

nating and electron-withdrawing meso-aryl groups (4-C6H4OnBu, 4-C6H4CF3) with the intent to 

influence the driving force of the forward PET and the backward electron transfer (BET). The 

dyads were synthesized via coupling of free-base amine-substituted porphyrins with cationic 

gold(III) porphyrin acids by means of the potent coupling agent HATU (2-(7-aza-1H-benzotria-

zole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate). The intended zinc(II)-gold(III) dy-

ads were obtained via subsequent metalation with zinc(II) acetate dihydrate. The PET processes 

were successfully investigated via time-resolved spectroscopic techniques and they revealed a 

charge-shifted (CSh) state [Zn(P●+)-AuII(P)]+ featuring a gold(II) core for all the dyads. Since the 

transferred electron is located in a -type orbital of gold (5dx2-y2) relative to the porphyrine 

plane, the direct back-electron transfer to the a2u SOMO of the zinc(II) porphyrin is hindered, 

resulting in a relatively long lifetime of the CSh state. As a consequence, the CSh states have 

been successfully exploited for bimolecular reactions with amines as sacrificial electron donors 

yielding a stable gold(II) species Zn(P)-AuII(P) as confirmed by using a combination of spectro-

scopic and  theoretical methods. Furthermore, this stable gold(II) species was competent to re-

duce aromatic azides to amines during a photoredox experiment, whereby the initial gold(III) 

dyad was restored and thus a catalytic cycle was closed.  
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Zusammenfassung 

Die Sonne ist die größte und wichtigste Energiequelle für das Leben auf der Erde und liefert mit 

ca. 1.5 × 1018 kWh pro Jahr eine beeindruckende Energiemenge. Der größte Teil dieser Sonnen-

energie wird der globalen Erwärmung zugeschrieben, welche die biologische Existenz im ober-

flächennahen Bereich ermöglicht. Darauf folgt der Photosynthese-Prozess, der die Umwandlung 

von Sonnenenergie in chemische Energie innerhalb von Algen und Pflanzen ermöglicht. Die 

meisten höheren Lebensformen (einschließlich des Menschen) sind von diesem einzigartigen 

Prozess der Energieumwandlung abhängig, da sich Algen und Pflanzen am Anfang der Nahrungs-

kette befinden. Die Aufklärung der zugrundeliegenden chemischen Reaktion, des photoinduzier-

ten Elektronentransfers (PET) innerhalb der Reaktionszentren (RC) von Pflanzen, ist daher von 

großem wissenschaftlichen und ökonomischen Interesse. Ein vielversprechender Ansatz zur Auf-

klärung der ersten Schritte des photosynthetischen Prozesses wurde in den vergangenen Jahren 

mit Hilfe von künstlichen RCs ermöglicht. Diese bestehen aus Donor-Akzeptor-Modellverbindun-

gen und können den Energieumwandlungsprozess nachahmen. 

In diesem Zusammenhang soll in dieser Arbeit die Rolle von Gold(III)-Porphyrinen als potenter 

kationischer Elektronenakzeptor in solchen künstlichen Photosynthese-Systemen untersucht 

werden. Insbesondere wird der Charakter der Gold(III)-Porphyrin-Reduktion in der Fachliteratur 

bisher kontrovers diskutiert, da diese liganden- oder metallzentriert ablaufen kann. Der hier ge-

wählte Ansatz basiert auf der Darstellung und Charakterisierung eines meso-Tetraarylporphyri-

nato-Gold(III)-Kation Bezugssystems. Dieses besitzt funktionelle Gruppen mit unterschiedlichen 

elektronenziehenden und -schiebenden Eigenschaften an den Aryl-Substituenten (COOMe, 

COOH, NO2, NH2, NHAc, H, OnBu, CF3), um deren Einfluss auf den Ort der Gold(III)-Porphyrin 

Reduktion untersuchen zu können. Die so erhaltenen Gold(III)-Porphyrine wurden mit dem Re-

duktionsmittel Cobaltocen versetzt und mittels elektronenparamagnetischer Resonanzspektro-

skopie (EPR) untersucht, um die bevorzugte Lage der Spindichte zu bestimmen (AuII: 5d9-Metall-

radikal; (P●−):  organisches -Radikalanion). Erfreulicherweise ergab die chemische Einelektro-

nen-Reduktion der Gold(III)-Porphyrine die entsprechenden Gold(II)-Porphyrin-Komplexe mit ei-

nem charakteristischen EPR-Muster, sowie Hyperfeinkopplungen zu 197Au und 14N und ist somit 

gegenüber einem Porphyrin--Radikalanion klar bevorzugt. Allerdings wurden die breiten AuII-

Resonanzen von einer scharfen Resonanz überlagert, die dem Porphyrin--Radikalanion zuge-

ordnet wurde. Während der Einelektronen-Reduktion des Nitro-Derivates wurde eine zusätzli-

che Radikalspezies beobachtet, welche einem Nitro--Radikalanion zugeordnet werden konnte. 
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Ermutigt durch die unerwartet hohe Stabilität der zuvor genannten Gold(II)-Porphyrin-Kom-

plexe, und zur weiteren Untersuchung dieser normalerweise schwer fassbaren Spezies, wurde 

ein mononuklearer Gold(II)-Porphyrin Komplex synthetisiert. Dies gelang mittels chemischer Re-

duktion eines Gold(III)-Porphyrins mit stöchiometrischen Mengen an KC8, Cobaltocen oder 

durch einen Überschuss an 1-Benzyl-1,4-dihydronicotinamid in Gegenwart einer Base. Letzteres 

wurde als NADH-Modellverbindung eingesetzt, um die mögliche Wirkungsweise von Gold(III)-

Porphyrinen in Tumorzellen zu veranschaulichen, da diese als wirksame Krebsmedikamente ein-

gesetzt werden. Außerdem konnte dieser einkernige Gold(II)-Komplex mittels Sublimation oder 

Rekristallisation isoliert und gereinigt werden. Dies ermöglichte die erste tiefgehende Untersu-

chung einer thermodynamisch stabilen mononuklearen Gold(II)-Spezies mittels spektroskopi-

scher und theoretischer Methoden. Diese deuten darauf hin, dass der Porphyrin-Makrozyklus 

dem Gold(II)-Kern eine beispiellose Stabilität verleiht, indem die üblichen Reaktionspfade ande-

rer labiler Gold(II)-Spezies (Dimerisierung und Disproportionierung) blockiert werden. Darüber 

hinaus konnten Reaktivitätsuntersuchungen gegenüber Wasser, Säuren, Sauerstoff und Nitroso- 

benzol durchgeführt werden. 

Die Erkenntnisse aus den oben genannten Studien wurden für die Synthese und Untersuchung 

von drei neuartigen Amid-verbrückten Donor-Akzeptor Dyaden genutzt, um einen sehr schnel-

len PET zu ermöglichen. Zu diesem Zweck wurden Zink(II)-Porphyrin-Aminosäurederivate als 

Chromophore und Elektronendonatoren und Gold(III)-Porphyrin-Aminosäurederivate als Elekt-

ronenakzeptoren verwendet [Zn(P)-AuIII(P)][PF6]. Die einzelnen Bausteine wurden mit elektro-

nenschiebenden und -ziehenden meso-Aryl-Gruppen (4-C6H4OnBu, 4-C6H4CF3) ausgestattet, um 

die Triebkraft des vorwärts gerichteten PETs und des rückwärts gerichteten Elektronentransfers 

(BET) beeinflussen zu können. Die Dyaden wurden mittels Kupplung von „free-base“-aminsub-

stituierten Porphyrinen mit kationischen Gold(III)-Porphyrin-Säuren unter Zuhilfenahme des po-

tenten Kupplungsreagenzes HATU (O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium-

hexafluorphosphat) synthetisiert. Die gewünschten Zink(II)-Gold(III)-Dyaden wurden durch an-

schließende Metallierung mit Zink(II)-Acetat Dihydrat erhalten. Die PET-Prozesse wurden erfolg-

reich mittels zeitaufgelösten spektroskopischen Methoden verfolgt und offenbarten für alle 

Dyaden einen ladungsverschobenen (CSh) Zustand [Zn(P●+)-AuII(P)]+ mit einem Gold(II)-Kern. Da 

sich das transferierte Elektron in einem -artigen Orbital (5dx2-y2) von Gold (relativ zur Porphy-

rin-Ebene) befindet, ist der direkte Elektronen-Rücktransport zum a2u SOMO des Zink(II)-Porphy-

rins gehemmt, was zu einer relativ langen Lebensdauer des CSh-Zustands führt. Infolgedessen 
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wurden die CSh-Zustände erfolgreich für bimolekulare Reaktionen mit Aminen als Opferelektro-

nendonatoren eingesetzt, was in einer stabilen Gold(II)-Spezies Zn(P)-AuII(P) resultierte. Darüber 

hinaus konnte diese Gold(II)-Dyade erfolgreich für die Reduktion von aromatischen Aziden wäh-

rend eines Photoredox-Experimentes verwendet werden, wobei die anfängliche Gold(III)-Dyade 

regeneriert und somit ein katalytischer Zyklus geschlossen wurde. 
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Abbreviations 

G*  activation energy 

Go  Gibbs free energy 

δ  chemical shift (NMR) [ppm] 

ε  molar extinction coefficient [M–1 cm–1] 

λ  wavelength or reorganisation energy depending on the context 

  quantum yield 

  fluorescence lifetime 

A  acceptor or relative amplitude depending on the context 

Ac  acetyl 

Ar  aryl substituent 

a.u.  arbitrary units 

B  bridge 

BNAH  1-benzyl-1,4-dihydronicotinamide 

Bu  butyl 

cald.  calculated 

°C  degree Celsius 

CDCl3  deuterated chloroform 

Cp  cyclopentadienyl 

COSY  correlated spectroscopy 

CR  charge recombination 

CS  charge separation 

CSh  charge shift 

CV  cyclic voltammetry 

D  donator 

DDQ  2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

DFT  Density Functional Theory 

DMF  dimethylformamide 

E½  halfwave potential 

e.g.  exempli gratia (for example) 

EnT  energy transfer 

eq.  equivalent 
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V  electronic coupling matrix element 

EPR  electron paramagnetic resonance 

ESI  electrospray ionization (mass spectrometry) 

ET  electron transfer 

eV  electron volt 

Fc  ferrocenyl (C5H4FeC5H5) 

FD  field desorption (mass spectrometry) 

g  gram 

G  Gauss 

g  g-value (EPR) 

h  hour 

HATU 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-

phate 

HOMO  highest occupied molecular orbital 

HMBC  heteronuclear multiple bond correlation (NMR) 

HSQC  heteronuclear single quantum coherence (NMR) 

HR  high resolution (mass spectrometry) 

IC  internal conversion 

IR  infrared 

IVCT  intervalence charge transfer 

ISC  intersystem crossing 

nJ  coupling constant (NMR) 

k  rate constant 

K  Kelvin 

kB  Boltzmann constant = 1.381×10−23 [J/K] 

L  liter 

LHC   light-harvesting antenna complex  

LUMO  lowest unoccupied molecular orbital 

m  milli 

M  molarity or metal depending on the context 

M+  metal cation or base peak depending on the context 

Me  methyl 

MS  mass spectrometry 

m/z  mass-to-charge ratio 
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NADH  nicotinamide adenine dinucleotide 

NADP+  nicotinamide adenine dinucleotide phosphate 

NADPH  reduced form of NADP+ 

NIR  near infrared 

nm  nanometer 

NMR  nuclear magnetic resonance spectroscopy 

ns  nanosecond 

P  porphyrin or product depending on the context 

PET  photoinduced electron transfer 

Ph  phenyl 

ppm  parts per million 

q  reaction coordinate 

R  reactant 

RC  reaction centre 

ROS  reactive oxygen species 

S  singlet state 

SP  “special pair” 

SWV  squarewave voltammetry 

T  temperature or triplet state depending on context 

TEA  triethylamine 

TFA  trifluoroacetic acid 

TPP  tetraphenylporphyrinato(2-) 

UV  ultra-violet (light) 

Vis  visible (light) 

𝑣̃  wavenumber    

XANES  X-ray absortion near edge structure 

XRD  X-ray diffraction 
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1 Introduction 

The elegantly constructed porphyrinoid ligand has been selected in the course of evolution as 

the key functional pigment without which life itself could not be maintained.[1] For instance, the 

iron-porphyrin complexes hemoglobin and myoglobin are involved in dioxygen uptake inside the 

lungs, transport in the blood stream and subsequent storage in the muscle tissue.[2–4] Its role in 

photosynthesis, the probably most important biochemical process on earth for life, is even more 

essential and unique. Chlorophylls and bacteriochlorophylls, which possess a porphyrinoid back-

bone, are involved in light harvesting, energy transfer, charge separation and electron 

transport.[5–8] These complexes (see Figure 1.1) belong to the most prominent bioinorganic com-

pounds and their organic syntheses as well as their structural and functional examinations were 

therefore rewarded with Nobel Prizes in Chemistry. For instance, J. Deisenhofer, R. Huber and 

H. Michel in 1988 for their X-ray structure examinations of a heme- and bacteriochlorophyll-

containing photosynthetic reaction centre from purple bacteria.[2,8] 

A large part of the enhanced endeavours to understand the molecular mechanisms of photo-

synthesis and to make that knowledge utilizable for mankind results from our dependence on 

unsustainable and potentially dangerous energy sources, such as fossil fuels or nuclear power.[2] 

The rational design of porphyrin-based artificial photosynthesis systems is directly linked with a 

profound understanding of the photophysical properties and the molecular structure of the por-

phyrin macrocycle. Hence, this will be further discussed in the following section.  

Figure 1.1 Heme b, chlorophyll a and bacteriochlorophyll a.  
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1.1 Porphyrins 

The simplest porphyrin is porphine, which follows the general IUPAC nomenclature of 

tetrapyrroles[9] (see Figure 1.2) and represents the skeleton of naturally occurring and synthetic 

porphyrin macrocycles. The first synthesis was reported by Fischer in 1936, who prepared por-

phine by adding pyrrole--aldehyde to boiling formic acid.[10,11] 

The core structure consists of four pyrrole units joined together via methine bridges and con-

tains a particularly stabilized cyclic heteroaromatic -system, including 18 delocalized -elec-

trons in the inner 16-membered ring. Therefore, it fulfills the (4n+2) Hückel rule for aromaticity 

and can be described as diaza[18]annulene.[12] As a consequence, the nearly planar ring system 

possesses a significant thermal stability, as indicated by the presence of porphyrin complexes in 

sediments or crude mineral oil.[2,13,14]  

Porphyrin is a prototypical amphoteric compound. The basic character is most obvious by the 

formation of the stable and doubly protonated [H4P]2+ form.[15] The acidic nature of the porphy-

rin is given by the loss of the inner NH protons to form the dianion [P]2– and subsequent com-

plexation of even substitutionally labile divalent metal ions like Mg2+ or Ca2+.[16] The stability of 

the resulting tetradentate chelate complexes can be readily justified, since dissociation is only 

possible if the M-L bonds are broken simultaneously, which is not probable.[2] 

The conjugated -system leads to a narrowing of the  frontier orbital gap, which facilitates the 

uptake and release of electrons and consequently, porphyrins can behave “non-innoncently”, 

resulting in quite stable anion or cation radical complexes. This redox behavior is essential re-

garding the most important biological processes, such as photosynthesis or the cytochrome-

P450 monooxygenase reactions of xenobiotic substances.[2,17,18]  

Figure 1.2 Porphine structure, IUPAC nomenclature and illustration of the aromatic 

diaza[18]annulene system (indicated in blue). 
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1.1.1 Photophysical Properties of Porphyrins 

Porphyrins are very rich coloured, bioactive compounds, which led to their description as “pig-

ments of life”.[2] They show a characteristic absorption pattern, dominated by -* transitions, 

namely the very intense B band (or so-called Soret band) in the near UV region and multiple 

relatively weak Q bands in the visible part of the spectrum. The UV/vis absorption spectra of the 

free-base porphyrin meso-tetraphenylporphyrin (H2(TPP)) and the metalloporphyrin zinc(II) 

meso-tetraphenylporphyrin (Zn(TPP)) are exemplarily illustrated in Figure 1.3. 

The significant absorption features can be successfully described via -* transitions between 

the porphyrins’ two highest occupied (HOMO and HOMO-1) and two lowest unoccupied (LUMO 

and LUMO+1) frontier orbitals as demonstrated in Figure 1.4, according to  Gouterman’s four-

orbital model.[19–21] In D4h-symmetric metalloporphyrin chromophores, the two HOMOs possess 

a2u and a1u symmetry with accidently similar energies (a2u having a slightly higher energy), while 

the two LUMOs are degenerate and can be labelled eg,x and eg,y to distinguish their orientation. 

Additionally, Gouterman introduced the more general notations b1/b2 for the HOMOs and c1/c2 

for the LUMOs to consider lower symmetric systems, such as D2h free-base porphyrin 

chromophores (see Figure 1.5a).[20] 

The four possible electronic transitions between the frontier orbitals result in two degenerate  

excited states with x-polarisation, namely 1(a1u,eg,y) and 1(a2u,eg,x) and two degenerate excited 

states with y-polarisation, 1(a1u,eg,x) and 1(a2u,eg,y). Due to similar symmetry and energy levels, 

the excited states are capable of mixing, which results in two degenerate high energy  

  

Figure 1.3 UV/vis absorption spectra of a) H2(TPP) and b) Zn(TPP) in THF at room 

temperature. 

a) b) 
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transitions (1Eu,a) with parallel transition dipoles leading to the intense Soret or rather Bx/By 

absorption and two degenerate low energy transitions (1Eu,b) which possess anti-parallel transi-

tion dipoles leading to the low intensity Qx/Qy absorption, as shown in Figure 1.5b. A further Q-

band transition, assigned to a vibrational overtone, often increases the number of Q bands de-

tected.[22]  

Regarding the free-base porphyrins absorption spectra, it has to be considered that they possess 

lower D2h symmetry, due to the two protons, which are connected to the two nitrogen atoms  

Figure 1.4 The frontier orbitals relevant to the Gouterman’s four orbital model. 

Figure 1.5 a) Schematic orbital description of possible electronic transitions for D4h 

symmetric metalloporphyrins, such as Zn(TPP); b) molecular energy levels involved in the 

electron transitions, which generate the prototypical absorption pattern of metalloporphyrins. 
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and subsequently break the LUMO c1/c2 degeneracy. The c2 level is stabilized as compared to c1, 

resulting in the separation of the Qx/Qy and Bx/By bands, respectively. In conjunction with the 

vibronic progression one can detect four Q bands as shown in Figure 1.3a, whereas the Bx/By 

energy splitting is usually too small to be observed.[23] 

Additionally, metalloporphyrins can be divided in three classes of electronic spectra: normal, 

hypso and hyper. The hyper spectra can be further divided into d-type and p-type depending on 

occupation and energy levels of the d-orbitals of the particular metal inside the porphyrin lig-

and.[24–26] 

Normal spectra are observed for metalloporphyrins with metals having d0 or d10 configuration 

(for instance Mg2+ or Zn2+). Due to the weak interaction of the metal with the a2u and eg orbitals, 

only small shifts of the B and Q band positions are observed. Furthermore, the a1u orbital has 

nodes at the coordinating nitrogen atoms (see Figure 1.4) and consequently there is no interac-

tion with the metal orbitals. As a result, the absorbances arise primarily from coupling of the  

* electron transitions between the HOMOs and LUMOs, as mentioned before.[24] 

Hypso spectra resemble normal porphyrin spectra but the Q-bands are blue shifted to wave-

lengths of less than 570 nm for transition metals with d6 to d9 configuration having eg(dxz, dyz) 

orbitals partially filled. Popular examples are Rh2+, Pd2+, Pt2+, Cu2+ and Au3+.[24,25,27] One can ex-

plain the hypsochromic shift via mixing of the eg(*) LUMOs of the porphyrin ligand with the 

filled eg(dxz, dyz) metal orbitals as exemplarily shown for Cu2+ (d9) in Figure 1.6 . This interaction 

Figure 1.6 Schematic illustration of important orbitals for hypso metalloporphyrins showing 

the interaction between TPP2- and Cu2+ (d9). 
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raises the energy of the porphyrin LUMOs resulting in a larger * energy gap (red arrows) and 

may be characterized as metal-to-ligand -backbonding. The largest blue shifts are observed for 

4d and 5d metals, due to a better orbital overlap.[24] 

The optical spectra of hyper porphyrins show another intense charge transfer absorption in the 

near UV region, in addition to Soret and Q bands. D-type hyper spectra are common for d1 to d6 

transition metal ions, e.g. Cr3+, Mn3+, Fe3+, with vacancies in the eg(dxz, dyz) orbitals and low re-

duction potentials concerning the change of metal oxidation state. Here, one can observe extra 

bands via a ligand-to-metal charge transfer (LMCT) with a1u(), a2u() → eg(dxz, dyz) character. On 

the contrary, p-type hyper spectra are observed for metalloporphyrins with main group ele-

ments, e.g. Sn2+, Pb2+, As2+, Sb3+, in low oxidation states. The extra bands are of a2u(npz) → eg(*)  

character and can be described as metal-to-ligand charge transfer (MLCT).[24,25]

1.1.2 Synthetic Routes to Artifical Porphyrins 

Three main types of porphyrins can be distinguished, concerning the substitution pattern: -

substituted, meso-substituted and dodeca-substituted porphyrins as illustrated in Figure 1.7. 

From a historical point of view, the primary studies by Küster, Stoll, Willstätter and Fischer en-

tirely focused on naturally occurring chlorophylls, hemes and their structural elucidation. This 

was followed by Fischer’s total syntheses of chlorophyll and vitamin B12 derivates as well as re-

lated -substituted porphyrins.[28,29] The -substituents need to be introduced via the respective 

pyrrole derivatives, which often requires vast synthetic effort. Therefore, most practical appli-

cations apply meso-substituted porphyrins, since functionalization can be achieved in a straight-

forward way by the use of distinct aldehydes whose chemistry is more accessible.[28,30]  

Figure 1.7 Distinct substitution patterns of porphyrins. 



Section 1.1  7 

   

 

 
 

The first example of a symmetric, meso-substituted A4 porphyrin is meso-tetraphenylporphyrin 

and was published by Rothemund in 1936.[31] The synthetic approach is based on the condensa-

tion of pyrrole with specific aldehydes at high temperatures (see Figure 1.8a). However, various 

current research areas mandate the use of unsymmetric meso-substituted porphyrins, e.g. do-

noracceptor systems for solar energy conversion or amphiphilic systems for the use as photo-

sensitizers.[32–35] Hence, ingenious synthetic routes to trans-A2B2 and trans-AB2C porphyrins (see 

Figure 1.8b and 1.8c) have been developed via prefunctionalized dipyrromethanes, significantly 

so by the groups of McDonald and Lindsey.[36,37]  

The so-called McDonald condensation towards trans-A2B2-porphyrins requires the selective 

preparation of dipyrromethanes bearing one of the meso-substituents (B) which are subse-

quently connected with aldehydes bearing the other meso-substituent (A).[37] Lindsey optimized 

this synthetic approach by applying an AB2-substituted dipyrromethane-dicarbinol together with 

a dipyrromethane bearing the C-substituent and consequently lowering the symmetry to trans-

AB2C-porpyhrins.[36] 

Figure 1.8 Retrosynthetic analysis for the synthesis of a) A4 b) trans-A2B2 and c) trans-AB2C 

porphyrins. 

a) 

b) 

c) 
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Porphyrin amino acids, bearing the aforementioned trans-AB2C substitution pattern, are espe-

cially suitable as key building blocks for the synthesis of artificial photosynthetic reaction cen-

tres. These building blocks are easily connected via amide bridges and hence resembling the 

structure of natural peptide chains. The amide linker guarantees a rigid and stable multiporphy-

rin system as well as an inherent asymmetry regarding electronic communication and en-

ergy/electron transfer directions.[38] 

However, the synthesis of distinct trans-AB2C porphyrins with satisfactory yields is still very chal-

lenging. Heinze and co-workers established a Lindsey-based route to prepare ester protected 

trans-AB2C porphyrin amino acid derivatives in comparatively good yields, as illustrated in  

Figure 1.9.[38,39] 

Figure 1.9 Synthesis of trans-AB2C porphyrin amino acid ester building blocks. 
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The diacylation under Vilsmeier conditions turned out to be the key step for the selective syn-

thesis of trans-AB2C porphyrin amino acid derivatives, since there is no disturbing formation of 

the monoacylated dipyrromethane as in the Grignard-based approach of Lindsey.[36] Subsequent 

reduction with NaBH4 yielded the corresponding dipyrromethanedicarbinol. After acid catalysed 

condensation with the ester functionalised dipyrromethane followed by oxidation with DDQ and 

successive reduction of the NO2-function with SnCl2/HCl, the trans-AB2C porphyrin amino acid 

ester was formed.[39] 

By using this route, a large series of porphyrin amino acid esters bearing different electron do-

nating and withdrawing substituents at the B position is accessible. The shifts observed so far 

for porphyrin oxidation and reduction amount to 0.34 V for the first oxidation and 0.25 V for the 

first reduction.[34,38] This allows the fine-tuning of the redox potentials regarding each individual 

building block of artificial photosynthetic systems. 
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1.2 Mononuclear Gold(II) Complexes 

Since the early years of humanity, gold has been of particular importance. Due to the scarcity, 

stability and fascinating golden shine, it has been used for jewellery, coinage and several other 

arts throughout the recorded history. Many properties of gold and gold compounds, such as the 

unique colour, aurophilicity, luminescence or the coordination geometry can be attributed to 

strong relativistic effects.[40–45] The heavy gold core induces a strong acceleration of the inner 

electrons close to the speed of light. This leads to a relativistic increase in mass along with a 

subsequent contraction and energetic stabilisation of s- and p-shells. Since these contracted or-

bitals shield the nuclear charge more effectivly, the d- and f-shells destabilise and therefore ex-

pand, as illustrated in Figure 1.10.[43] 

The resulting smaller energy gap between the 5d and 6s orbitals facilitates the formation of the 

most common linear (5d10, oxidation state +I) and square-planar (5d8, oxidation state +III) gold 

complexes.[46] This relativistic effect together with the lanthanide contraction provides a possi-

ble explanation for aurophilicity, the interatomic atraction between two gold(I) centres. The 

strength of gold(I)gold(I) attractive interactions has been estimated via NMR experiments to 

be in the same order of magnitude such as typical hydrogen bonds (29-33 kJ mol1).[47] The au-

rophilicity plays a decisive role in the formation of di- and trinuclear gold complexes as well as 

gold clusters.[48] 

Gold provides a wide area of application such as potent drugs based on gold(I) or gold(III) com-

plexes. Auranofin, an effective drug for the treatment of rheumatoid arthritis, consists of a thi-  

  

Figure 1.10 Comparison of non-relativistic and relativistic valence orbital energies (calculated 

for AuH).[43] 
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olato phosphane gold(I) complex and is used successfully since the 1980s. Furthermore, gold(III) 

complexes ([AuIII(TPP)][X]) have been developed as anti-cancer drugs, inspired by the great suc-

cess of cisplatin (cis-[PtCl2(NH3)2]) in the treatment of tumors.[41,49–52] 

In contrast, gold complexes with the formal oxidation state +II and particularly mononuclear 

gold(II) complexes 5d9) are a very elusive species. Due to relativistic effects (see Figure 1.10), 

the half-filled 5dx2-y2 orbital is relatively high in energy, which probably explains the great insta-

bility of the latter, as compared to copper(II) and silver(II) complexes. Indeed, disproportionation 

to mixed-valence compounds comprising of AuI and AuIII ions is highly preferred. Particularly 

pseudo-gold(II) halides “AuX2” (Figure 1.11 left) and the halido aurates M2Au2X6 are mixed- 

valence compounds.[41,53,54]  

Favoured by the aforementioned aurophilicity, gold(II) can be stabilised by dimerization, form-

ing a AuIIAuII bond. A good example for the latter was realised by Bochmann and co-workers 

and is given by the dinuclear gold(II) pincer complex [Au(C^N^C)]2 together with a comparatively 

short AuIIAuII bond length of 2.4941(4) Å (Figure 1.11 right).[55] The homolytic bond cleavage of 

the AuIIAuII bond requires an energy of 198 ± 1 kJ mol1 and has been determined experimen-

tally by electrochemical methods. Therefore, the AuIIAuII bond is remarkably stable (even in the 

presence of O2) and thermal disproportionation into AuI and AuIII is not detected.[56] Unfortu-

nately, the AuIIAuII dimer disproportionates on irradiation to give an AuI
4AuIII

4 mixed-valence 

macrocyclic structure and thus no mononuclear gold(II) complex was obtained.[41,57] 

 

Figure 1.11   Pseudo-gold(II) halide “AuCl2” (left) and dinuclear gold(II) pincer complex 

[Au(C^N^C)]2 (right).[53,55] 
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It appears, that mononuclear open-shell gold(II) complexes are very difficult to capture. How-

ever, a thorough understanding of this elusive species would be of great importance, since 

gold(II) has been proposed as key intermediate in photoinduced gold-catalysed reactions as well 

as in artificial photosynthetic reaction centres bearing gold(III) complexes as electron accep-

tors.[41,58–69] 

For instance, Hashmi and co-workers proposed a highly speculative mechanism that accounts 

for the visible-light-mediated gold-catalysed synthesis of -aryl ketones via 1,2-difunctionaliza-

tion of alkynes (see Figure 1.12).[58] The reaction is initiated by gold-induced single electron 

transfer (SET) to the aryl diazonium salt, yielding a gold(II) species and an aryl diazo radical. In 

the next step, the gold(II) intermediate recombines with the phenyldiazonium radical, yielding 

a cationic gold(III) complex. After several further steps, reductive elimination provides an ary-

lated enol ether, which delivers the final product via hydrolysis.[58] However, gold(II) species have 

not yet been observed spectroscopically in reactions of this type. 

1.2.1 Mononuclear Open-Shell Gold(II) Complexes 

Among the few literature-known examples of true mononuclear open-shell gold(II) complexes 

are the prominent ionic gold(II) xenon complexes [AuXen]2+ such as [AuIIXe4][Sb2F11]2 or [trans-

AuXe2][SbF6]2, synthesized by Seppelt and co-workers.[70–72] However, these xenon complexes 

could only be stabilised in HF/SbF5 mixtures at low temperatures and under xenon atmosphere 

to prevent decomposition. Consequently, their reactivity could not be examined. Nevertheless, 

it was possible to structurally characterise these mononuclear gold(II) compounds.[41,70–72]   

Figure 1.12   Proposed mechanism involving an intermediate gold(II) species.[58] 
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Furthermore, the groups of Seppelt and Bartlett succeeded to isolate and structurally character-

ise the ionic compounds [Au(HF)2][SbF6]2 and Au[SbF6]2, which exhibit a [AuF4]n coordination 

mode. As before, stabilisation of these complexes could be achieved in HF/SbF5 mixtures at low 

temperatures, but in the absence of xenon.[41,73,74] Another gold(II) complex with the [AuF4]n mo-

tive is given by the mixed-valence compound AuII[AuIIIF4]2, isolated by Müller and co-workers 

during examinations of Ce4+/AuF3 systems.[75] Representative structurally characterized mono-

nuclear gold(II) compounds with AuXe and AuF bonds are shown in Figure 1.13 (left).[72] 

The first structurally characterised mononuclear gold(II) complex was realized by the group of 

Schröder in 1990. They utilised the chelating thioether ligand 1,4,7-trithiacyclononane [9]aneS3, 

which entirely encapsulates the gold(II) ion (see Figure 1.13 right). This six-coordinate thioether 

environment efficiently impedes the usual dimerization and disproportionation pathways of the 

otherwise highly reactive gold(II) species.[41,76] The crystal structure of the [AuII([9]aneS3)2]2+ cat-

ion revealed an elongated octahedral complex geometry, which can be explained by the first-

order Jahn-Teller effect of the open-shell 5d9  electronic configuration.[77] Furthermore, they ob-

served an intense signal in the EPR spectrum at gav
 = 2.010 (at 77 K) together with a hyperfine 

Figure 1.13   Selection of struturally characterised mononuclear gold(II) complexes.[72,74,76,79] 
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coupling to 197Au (I = 3/2; 100 %) of Aav(197Au) = 57.3 G, affirming the gold(II) description. Note-

worthy is the rather low g anisotropy due to a relatively weak spin-orbit coupling (gzz = 2.032; 

gyy = 1.980; gxx = 1.999), assuming that gzz is perpendicular to the equatorial AuS4 plane.[41,78]  

A similar outcome was obtained by modifying the ligand [9]aneS3 to [9]aneS2O via incorporation 

of an ether O-donor, yielding the analogous complex [Au([9]aneS2O)2][BF4]2 as illustrated in  

Figure 1.13 (right).[41,79] Once more the EPR spectroscopic measurements indicated a  

mononuclear gold(II) species with giso = 2.0182 and Aav(197Au) = 47.0 G,  along with a rather low  

g anisotropy (gzz = 2.037; gyy = 2.006; gxx = 2.010).[41,79]  

1.2.2 Suggested Mononuclear Gold(II) Complexes 

Recently, mononuclear gold(II) trihalide complexes [AuCl3] and [AuBr3]  have been detected 

via mass spectrometry during gas-phase experiments with monoalkyl gold(III) complexes 

[PPh4][Au(CF3)X3] (see Figure 1.14a). DFT calculations revealed a T-shaped structure as energy 

minima for the [AuX3] anions.[80] However, neither further structural nor spectroscopic evidence 

for such elusive low-coordinate gold(II) complexes has been provided thus far. 

Furthermore, three-coordinate mononuclear gold(II) species have been repetitively proposed as 

intermediates in gold-catalysed photoredox experiments involving radical reaction steps, such 

as Au(PPh3)(Ph)(Cl) in the course of a gold-catalysed ring expansionarylation reaction, con-

ducted by the group of Toste (see Figure 1.14b)[41,58–63,66]. But up until now, the participation of 

gold(II) species in photocatalytic cycles lacks any spectroscopic or structural evidence and an 

explicit assignment of oxidation states is challenging. 

Roduner and co-workers stabilised the bis(ethylenediamine) gold(II) complex [Au(en)2]2+ inside 

a zeolite Y supercage (see Figure 1.14c), since the confinement in the zeolite pores effectively 

prevents the gold(II) species from undergoing disproportionation.[81] The oxidation state +II  

could be verified via EPR spectroscopy with gzz = 2.239, gxx,yy = 2.051, Azz (197Au) = 188 G and Axx,yy 

(197Au) = 22 G, indicating a clear axial characteristics and thus a square planar coordination ge-

ometry. Noteworthy is the large g-anisotropy revealing a considerable spin-orbit coupling. But 

again, further spectroscopic, structural or reactivity data is missing.[41,81] 

The group of Koski published a paper about the synthesis of a gold(II) phthalocyanine complex 

Au(Pc) in 1965, which has been regarded as a rare example of a paramagnetic gold(II) complex 

(see Figure 1.14d). However, the reported data was limited to UV/vis measurements and an 

incomplete EPR spectrum showing only the perpendicular part (g = 1.996), probably due to the 
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bad solubility of such unsubstituted phthalocyaninato metal compounds.[82] Shimizu, Kobayashi, 

Leznoff and co-workers tried to verify the aforementioned assumptions. Their synthetic ap-

proach was based on the route of Kashi by using 1,3-diiminoisoindoline and a gold salt (AuCl or 

KAuCl) in 1-chloronaphthalene at 200°C. But except of a triphyrin-like species with a square-

planar gold(III) center, gold(III) phthalocyanine and several oligomers of phthalonitril, no gold(II) 

phthalocyanine could be observed.[83] Indeed, DFT calculations revealed, that AuII(Pc) can be 

better interpreted as AuIII(Pc3) with the spin density located in the -system of the radical anion 

ligand.[41,84] 

Spectroelectrochemical EPR experiments (295 K) of an in situ generated one-electron reduced 

gold(III) corrole complex (see Figure 1.14e), which has been synthesized by Sarkar, Kar and co-

workers, revealed the formation of a gold(III) corrole -anion radical with  giso = 1.995. This was 

further supported by spin density calculations, demonstrating an almost entirely ligand centred 

spin density.[41,85] Contrary to this, earlier studies on one-electron reduction of the correspond-

ing copper(III) and silver(III) corrole complexes had clearly shown the generation of CuII and AgII, 

respectively. This can be probably explained via a large ligand field splitting of the gold(III) cor-

role complex, pushing the 5dx2-y2 orbital to such high energy, that it becomes unattainable for 

the one-electron reduction process.[85–87]  

Figure 1.14   Putative three- and four-coordinate mononuclear gold(II) species with AuC, 

AuP, AuCl and AuN coordination (Ph = phenyl group).[41,61,80,81,82,85] 



16  1 Introduction 

   

 

1.3 The Electron Transfer Process 

Electron transfer (ET) processes are fundamental for the chemistry of life, such as photosynthe-

sis or nitrogen fixation. Therefore, the knowledge about such an elementary process affected a 

variety of research fields and it has grown enormously since the late 1940s.[88] With respect to 

biological issues, it supported to clarify the nature of respiratory and photosynthetic electron 

transfer (ET) chains and other redox enzymes.[89] The first experiments regarding ET processes 

were on isotopic self-exchange reactions as illustrated in Equation 1.1.[88]  

Such self-exchange ET reactions have two key advantages: 1) reactants and reaction products 

are identical and thus the thermodynamic stability of the reactants and products is not influenc-

ing the rate of the ET reaction 2) during such simple ET reactions no bonds are broken or formed. 

Therefore, they are in contrast with the “transition state” theory, which describes chemical re-

actions in terms of the motion of the atoms of the reactants on a potential energy surface, 

whereby chemical bonds are broken and formed. Hence, to successfully describe the rates of ET 

reactions, a new type of theory was needed.[88] 

1.3.1 The Marcus Theory of Electron Transfer 

In 1956, Rudolph A. Marcus made the first approach to quantitatively describe ET reactions and 

was awarded with the Nobel Prize in chemistry (1992) for his scientific work in the field of ET 

reactions.[88,90,91]  

He made the assumption, that chemical reactions can be best described via so-called “fluctua-

tions” in the various nuclear coordinates on a potential energy surface as illustrated in Figure 

1.15. The atoms included in this fluctuations are the reactants as well as the associated sur-

rounding molecules.[88,90] 

The theory itself is based on two essential prerequisites: 1) while thermal electron transfer oc-

curs (diabatic), the coordinates of the nuclei do not change, such as for an optical ET and there-

fore the Franck-Condon principle is satisfied and 2) an ET can only occur, if energy conservation 

is obeyed. Due to this energy conservation principle, ET can only arise on the saddle point of the 

energy surface, which is implemented by the aforementioned fluctuations of all nuclear coordi-

nates.[88,90]  

(1.1) 
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Markus simplified this rather complex energy diagram (Figure 1.15),  depending on fluctuations 

of many nuclear coordinates X, by two ingenious approximations: 1) the potential energies U of 

reactants and products in the many-dimensional coordinate space are simple functions of the 

vibrational coordinates and hence can be described via a harmonic oscillator potential and 2) a 

“linear response approximation”, in which any hypothetical change in charge of the reactants 

produces a proportional change in the dielectric polarization of the solvent. This linear 

approximation results in simple quadratic functions regarding the free energy curves for the 

reactant GR and product Gp (see Figure 1.16; self-exchange ET reaction).[88] 

The resulting expression for the rate constant kET for the thermal ET is given by Equation 1.2. 

The term A depends on the nature of the ET reaction (e.g., bimolecular or intramolecular) 

whereas G* is the associated activation barrier and is represented with Equation 1.3.[88] 

kET = A exp (
∆G*

kBT
) 

 

∆G*= 


4
(1+ 

∆G0


)

2

 

  

(1.2) 

(1.3) 

Figure 1.15   Profile of potential energy surface for reactants plus solvent enviroment (R) and 

for products plus solvent enviroment (P). Solid curves (black): simplified potential energy 

surfaces and dashed curve (red): realistic potential energy surface. X = nuclear coordinates.[88] 
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G0 is the standard free energy of the reaction (equals zero for a self-exchange reaction), and 

is the reorganisation energy of the system, assembled of solvational (and vibrational  

(icomponents (i). Hence, it considers the reorganisation of the solvent molecules 

outside the reactants as well as the inner structural changes. The rate constant for activation-

free ET (G0 = is given by Equation 1.4.[88,89]

kET = 𝐴 = (
4π3

h2kB𝑇
)

1
2

VRP
2  

Equation 1.4 is considering Fermi’s golden rule. The rule states that the ET rate is proportional 

to the square of the weak coupling of the reactant and product electronic states, VRP. This is in 

turn proportional to the overlap of the donor and acceptor electronic wavefunctions across the 

space separating electron donor and acceptor molecules. Overall, this results in the semiclassical 

description for ET given by Equation 1.5.[88,89] 

kET = (
4π3

h2kBT
)

1
2

VRP
2  exp (

(∆G0+ )
2

4kBT
) 

  

(1.5) 

(1.4) 

Figure 1.16   Plot of the diabatic free energy surface of reactants plus environment vs. the 

reaction coordinate q (R), the free energy surface of products plus environment vs. reaction 

coordinate q (P) and possible pathways for electron transfer (thermal and optical).[88] 
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As illustrated in Figure 1.16, there are two possible ET pathways. The aforementioned thermal 

ET as well as the optical ET. For self-exchange reactions, G0 equals zero and therefore the op-

tical excitation energy is identical with the reorganisation energy. In this case, the reorganisation 

energy equals the energy that is released by internal conversion of the system after an optical 

ET, to yield the novel relaxed geometry.[92] 

The quadratic dependence of kET regarding the sum (+ G0) is directly correlated with the ac-

tivation energy G*, and results in three different outcomes, as illustrated in Figure 1.17. 

The activation barrier G* is at its maximum for G0 = 0 (self-exchange reaction). The increase 

of G0 together with the condition G0 <  leads to a reduction of G* and consequently to 

an increase of kET (Marcus normal region). This is true until G0 = where there is no activation 

barrier (G* = 0) and therefore kET reaches its maximum value. In the highly exergonic region 

G0 > the activation barrier rises again, together with a decrease of the ET transfer rate kET 

(Marcus inverted region).[88] 

1.3.2 The Marcus-Hush Theory of Electron Transfer 

The aforementioned Marcus theory is only suitable for systems with very weak electronic inter-

actions. Therefore, for systems with a significant electronic coupling, Hush extended the Marcus 

theory regarding strongly interacting systems (e.g. intramolecular ET reactions of bridged sys-

tems).[93,94]

Figure 1.17   a) Plot of the free energy G vs. the reaction coordinate q for reactants (R) and 

products (P), for three different values of G0, b) Plot of ln(kET) vs. G0.[88.89] 

a) b) 
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The Marcus-Hush theory is utilised when the electronic communication between two redox sites 

of a specific system is exceeding the thermal energy, which is given by kBT. Consequently, the 

nuclear motion is coupled to the electron motion and the system remains on one adiabatic free 

energy surface, as illustrated in Figure 1.18. This is in contrast to the aforementioned diabatic 

ET, since the nuclei do not move during the diabatic ET between two redox sites (Franck-Condon 

principle). The electronic communication in this adiabatic approach is expressed by the electron 

coupling matrix element HAB. Coupling of the two diabatic free energy curves for the reactants 

and products (which are known from the previously discussed Marcus theory) via HAB yields the 

adiabatic free energy surfaces as shown in Figure 1.18.[94] 

The adiabatic ground state shows a double minimum, the excited state a single minimum and 

they are separated by an energy gap of 2 HAB. One may now assume, that the barrier lowering 

as a consequence of the electronic interaction of the reactants can be neglected. However, as 

HAB increases, and the splitting between the ground state and excited state becomes larger and 

the reactants and products are stabilized. Altogether, this leads to a lowering of the reorganisa-

tion energy, which is expressed by a smaller activation barrier G*, and finally yields a fully deloc-

alized system (G* = 0). Consequently, in view of these energy changes, the activation barrier 

G* with appreciable coupling of the reactants is given by Equation 1.6.[94] 

∆G*= 
(  2HAB)2 

4
 (1.6) 

Figure 1.18   Plot of the adiabatic free energy surfaces (ground state, excited state) vs. the 

reaction coordinate q for reactants and products, possible pathways for electron transfer 

(thermal and optical) and the matrix element HAB for electronic coupling.[94] 
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Depending on the magnitude of the electronic coupling between donor and acceptor sites, three 

classes of mixed-valence systems can be distinguished, as suggested by Robin and Day in the 

late 1960s (vide infra).[95] In general, a mixed-valence system is based on two active redox sites 

in different oxidation states. One of the most remarkable compounds possessing this behaviour 

is the Creutz-Taube Ion, which is illustrated in Figure 1.19. It consists of two ruthenium redox 

centres bridged via a pyrazine unit and is fully saturated by five ammonia ligands per metal cen-

tre. Since the overall charge of the system is +5, one may assume either RuII and RuIII centres or 

an averaged oxidation state of 2.5.[96,97] 

The class I type of mixed-valence systems demonstrates no electronic coupling between the 

donor and acceptor sites, and therefore the matrix element for electronic coupling HAB equals 

zero, either because their interaction is spin or symmetry forbidden or because the sites are far 

apart. Indeed, the properties of class I type systems are essentially those of the separate reac-

tants.[94,95] 

For class II systems, the electronic coupling is smaller than the reorganisation energy with 

0 < 2 HAB <  and thermal or optical electron transfer is possible. They possess new electronic 

and optical properties in addition to those of the separate states. The optical transition is called 

intervalence charge transfer band (IVCT) and is often located in the near IR region regarding 

optical spectroscopy. The IVCT band allows the calculation of HAB via band shape analysis. For 

class II systems HAB is given by Equation 1.7.[94,95] 

HAB = 0.0206
(ṽ

max
ε

max
∆ṽ

max
)0.5 

RAB
 

The value 𝑣̃max is the energy of the maximum of the IVCT band in cm1, max is the extinction 

coefficient at the maximum, 𝑣̃max resembles the bandwidth at half height in cm1 and RAB is the 

charge transfer distance in Å.  

  

Figure 1.19   The mixed-valent Creutz-Taube Ion.[96,97] 

(1.7) 



22  1 Introduction 

   

 

In class III systems, the interaction of the donor and acceptor sites has become very large and 

HAB is at least as big as 2 HAB≥). Therefore, the two separate minima (Figure 1.18) are no 

longer noticeable and the ground state energy surface features a single well. This situation is 

describing the fully delocalised case, which readily results from the zero-activation barrier limit 

of Equation 1.6 (G* = 0).[94,98] However, optical transitions are still possible, but do not involve 

charge transfer, since the excited state is delocalized over both redox centers, leading to no net 

dipole-moment change. These optical transitions are commonly described as IVCT bands as well, 

since they appear in the same near IR region of the optical spectrum regarding class II systems, 

but is technically incorrect because no electron is transferred. In this connection, HAB for strongly 

coupled systems is given by half the energy of the maximum of the transition band (Equation 

1.8).[94,98] 

HAB = 
ṽ

max
 

2
 

 

1.4 Photosynthesis 

During Photosynthesis, solar energy is absorbed and utilised to convert the low-energy starting 

materials water and carbon dioxide into high-energy organic compounds and oxygen, as illus-

trated with Equation 1.9. Therefore, this highly endergonic solar energy-consuming conversion 

process is crucial for the existence of higher organisms, providing them with food and oxygen to 

breathe.[2]  

Consequently, it is not surprising that Nobel Prizes in Chemistry have been awarded for the in-

vestigation of primary steps of photosynthesis, such as the structural elucidation of an isolated 

and crystallised cyanobacterial photosynthetic reaction centre by Deisenhofer, Huber and 

Michel in 1988 as well as for the theoretical portrayal of the underlying ET processes by Marcus 

in 1992.[2,88,99] Besides the field of protein crystallisation, the design and preparation of artificial 

photosynthetic model compounds represents another possibility to gain a deeper understand-

ing of the photosynthetic key reactions (vide infra). 

 

(1.9) 

(1.8) 
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1.4.1 Primary Processes in Photosynthesis 

The primary processes start with the absorption of energy in form of photons via the so-called 

light harvesting complex (LHC) as exemplarily illustrated in Figure 1.20 regarding the P700 pho-

tosystem (PS I), which is located in the thylakoid membranes of chloroplasts and cyanobacte-

ria.[100] The LHC consists of various organic pigments (embedded in polypeptide chains), such as 

chlorophylls or carotenoids, so that a broad absorption range is covered (see Figure 1.20; pig-

ments indicated in green and orange).[100] The absorption of solar energy requires less than  

1015 seconds and yields “excitons”, short-lived electronically excited states that would be able 

to produce charge-separation. However, the photon density in diffuse sunlight is rather low and 

it is more convenient, to use the major part of the chlorophyll molecules in the light harvesting 

process (>98 %).[2] The collected energy is therefore effectively transferred by the Förster mech-

anism to the actual reaction centre (RC): the “special-pair” of photosynthesis (see Figure 1.20; 

RC indicated in magenta).[2,100–102] For this purpose, the chlorophyll chromophores are arranged 

in spatial proximity to each other and a well-defined orientation. As a consequence, they are 

able to “funnel” the solar energy to the RC within a very short time frame (10100 ps) and ap-

proximately 95 % efficiency.[2] 

Figure 1.20   Molecular structure image of P700 (PS I) based on crystallographic data. P700 is 

composed of polypeptide chains (grey), chlorophyll and carotenoid pigments (green + orange) 

and the reaction centre (magenta), adapted from Ref. [100]. 
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After excitation of the special pair to its first excited singlet state S1 via photoexcitation or energy 

transfer, an electron is transferred to a monomeric chlorophyll (Chl) at ~1 ps, as illustrated in 

Figure 1.21. The excited electron is relaxing via two intermediate phylloquinones in 20 ps and is 

subsequently transferred to three iron-sulphur clusters in 15150 ns. The final charge 

recombination (CR) requires 10 ms and is therefore significantly slower than the initial charge 

separation (CS) process.[100] The success of photosynthesis is based on the extremely rapid CS 

and ET steps over a great distance, yielding a long-lived CS state. This is of great importance, 

since subsequent chemical reactions, such as the reduction of NADP+ to NADPH, require a 

certain time.[2] 

In photosynthetic reaction centres, the special arrangment of ET components results in a sizable 

reduction or even disappearance of the activation energies G* for the forward reaction process, 

placing it in the Marcus normal region (G0 ≤ . The activation energy G* is small, if the 

reorganisation energy is small and indeed, the evolutionary process yielded a system with 

large reactants and a mainly unpolar immediate protein environment, both leading to a small  

However, the CR process is rather slow, since it is highly exergonic (G0 > and occurs in the 

Marcus inverted region of ET (vide supra).[2,88,90,91]  

Figure 1.21   The P700 reaction centre electron transfer chain, showing electron transfer and 

recombination times, adapted from Ref. [100]. 
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The photosynthetic process of oxygen-evolving organisms (plants and cyanobacteria) differs 

significantly from the more simple anaerobic purple bacteria. Instead of one, they  

feature two separately excitable photochemical systems, namely photosystem II (P680) and  

photosytem I (P700), since the production of the universal hydride carrier NADPH and oxygen 

requires more potential difference than provided by only one photosystem (considering further 

energy losses, e. g. heat or radiation).[2,103] 

These two photochemical systems can be arranged in a redox potential diagram, the Z scheme 

of photosynthesis (see Figure 1.22 for a simplified version), so that two sequentially captured 

photons drive electrons from the very weak reducing agent H2O to the very weak oxidizing agent 

NADP+. The Z scheme contains several unique ET components, such as the cytochrome b/f 

complex (Cyt b,f) or the flavoprotein (Fp), utilised in the NADP+ reductase, as exemplarily shown 

in Figure 1.22. The electrons provided for the photoinduced ET processes are gathered via the 

“water-splitting” reaction, given by Equation 1.10.[2,103] 

After photoexcitation of P680, an electron hole remains, representing a very positive potential 

that is powerful enough to oxidize water to dioxygen in an overall four-electron process. This 

mechanistically challenging oxidation of H2O to O2 takes place at the so-called oxygen-evolving 

complex (OEC, see Figure 1.22), a polynuclear manganese complex, containing a distorted  

Mn3CaO4 heterocubane.[2,103,104] The photoexcited P*
680 undergoes CS and ET to P700. Finally, 

after photoexitation of P700
●− to P*

700
●−, subsequent CS and ET to the flavoprotein, the electron-

rich NADPH ist formed via reduction of NADP+, which is utilised for the CO2 reduction during the 

“dark reaction” of photosynthesis (Calvin cycle).[2,103]  

(1.10) 

Figure 1.22   Simplified Z scheme of oxygenic photosynthesis (adapted from Ref. [103]). 
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1.4.2 From Natural to Artificial Photosynthesis 

The artificial representation of LHCs and RCs with comparable rates and time scales of CS and 

ET found in nature is one of the substantial challenges of actual photosynthesis research. Espe-

cially the imitation of the aforementioned long-lived CS state characteristics is of great im-

portance to successfully convert solar energy into chemical energy, since the exploitation of the 

latter during organic photoredox catalysis, e. g. for the production of solar fuels (hydrogen), re-

quires a certain time frame.[105,106]  

The Marcus theory together with the insights gained so far regarding structure and orientation 

of the photosynthetic RC lead to the design of efficient synthetic photoinduced ET systems. Sig-

nificant advances in the understanding of photoinduced CS and ET have been obtained via ex-

amination of artificial RCs consisting of covalently bridged donoracceptor molecular 

units.[105,106] Indeed, such bridge-mediated ET can significantly enhance ET transfer rates at long 

distances. One can imagine that the bridge acts either as an intermediate donor and acceptor 

by a step-wise hopping mechanism, or as a mediator of ET by enhancing the electronic coupling 

through its valence orbitals in the so-called super-exchange mechanism.[107–110] 

Furthermore, the careful choice of electron donors and acceptors with small reorganization en-

ergies  is key to obtain a long-lived charge separation (vide supra). In these cases, the driving 

force of CR could be located in the Marcus inverted region, where the lifetime of the CS state 

increases, as the driving force of CR increases.[105] Typical electron donor entities are repre-

sented by zinc(II) porphyrins, carotenoid polyenes or ferrocene whereas quinones (natural ac-

ceptors) and fullerenes act as potent electron acceptors in artificial photosynthetic sys-

tems.[34,38,111–122] 

The covalently bridged motive was thoroughly investigated by Heinze and co-workers, regarding 

amides as mediating bridges of ET in photosynthetic model systems together with free-base or 

zinc(II) porphyrin amino acid esters derivatives as the key building blocks for artificial photosyn-

thesis.[34,38,120,123] In this course, several free-base and mono/doubly metallated bis(porphyrins) 

P-P’ with adjustable electron withdrawing power at each porphyrin were synthesised and char-

acterised.[38] Furthermore, linking of anthraquinone (Q) as electron acceptor and ferrocene (Fc) 

as suitable electron donor to free-base and metallated porphyrin amino acid esters derivatives 

yielded Q-P and Fc-P dyads, Fc-P-Q and P-Fc-P’ triads and Fc-P-P’-Q tetrads with tunable electron 

density at the porphyrin chromophores.[34,120] Recently, the cationic electron acceptor cobalto-

cenium (Cc+) was utilised in a Cc+-Zn(P) amide-bridged photosynthetic model dyad.[123]  
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The ferrocene-meso,meso-linked porphyrin trimer-fullerene pentad: Fc-(Zn(P))3-C60 

The Fc-(Zn(P))3-C60 pentad is one of the best performing molecules mimicking the multi-step ET 

processes in the photosynthetic reaction centre (see Figure 1.22).[105,118] Ferrocene and fullerene 

are tethered at opposite ends of the zinc(II) porphyrin meso-meso linked triad with a large edge-

to-edge distance of RAB = 46.9 Å.  The total efficiency of ET is ET = 83 % and the lifetime of the 

final CS state Fc●+-(Zn(P))3-C60
●− in frozen DMF  = 0.53 s is one of the longest ever reported for 

intramolecular ET in an artificial photosynthetic system. The lifetime is comparable with that  of 

the bacteriochlorophyll dimer radical cation ((BChl)2
●+)secondary quinone radical anion (QB

●−) 

ion pair (≈ 1 s) in natural bacterial photosynthetic reaction centres.[118] 

The organometallic ferrocene (Fc) is applied as a suitable electron donor for the imitation of 

photosynthetic reaction centres, due to well-defined Fc/Fc+ redox states and the ability to re-

duce the S1 excited state of the porphyrin mojety.[120]  

Furthermore, fullerene (C60) is utilized by Fukuzumi et al. as a potent 3D acceptor with small ET 

reorganization energy , since the uptake or release of electrons results in minimal structural 

(i) or solvational () changes. This derives from the large -electron system together with the 

rigid and confined structure composed only of aromatic rings.[105] 

Suitable building blocks for artifical photoinduced ET are porphyrin derivatives, due to their 

important role in photosynthetic reaction centers.[2,8,111,112,114,115,120,124,125] Herein, they are 

represented via a zinc(II) porphyrin triad acting as the chromophore/bridge unit. As outlined 

above, porphyrins have unique absorption features and highly delocalized -systems ideal for 

  

Figure 1.22   Structure of the Fc-(Zn(P))3-C60 pentad.[105,118] 
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efficient ET, since the uptake or release of electrons is associated with a small reorganization 

energy with minimal structural and solvational changes upon ET.[126] Therefore, porphyrins can 

serve as electron donators, acceptors, chromophores and bridges in photoinduced ET reactions. 

A simplified and generalized energy level diagram describing the possible ET pathways towards 

the final CS state Fc●+-(Zn(P))3-C60
●− is illustrated in Figure 1.23. Picosecond time-resolved tran-

sient absorption spectra in DMF after a 560 nm laser pulse revealed, that initial ET (kET1) occurs 

from Fc-1(Zn(P))3-C60 to the C60 moiety to generate Fc-(Zn(P))3
●+-C60

●− with a rate constant kET1 = 

3.0×109 s1 (determined from the fluorescence lifetime). The fluorescence lifetime measure-

ment for the Fc-(Zn(P)3 reference compound showed, that an initial ET (kET2) also takes place 

from the Fc to the 1(Zn(P))3 to produce Fc+-(Zn(P))3
●−. However, the rate constant kET2 = 1.8×108 

s1 for this ET is significant smaller compared to kET1 and therefore this deactivation pathway (via 

kET5) is negligible. EPR measurements were performed in frozen DMF under photoirradiation to 

determine the lifetime of the final CS state Fc●+-(Zn(P))3-C60
●−  via the slow decay of the charac-

teristic broad organic signal attributable to C60
●− (g = 2.0004), yielding kCR2 = 1.9 s1.[105,118]  

The excellent performance of this system can be rationalized by the efficient charge separation 

and retarded charge recombination through the zinc(II) porphyrin triade. Nevertheless, such an 

extremely long lifetime of a charge-separated state could only be determined in frozen media, 

Figure 1.23   Energy level diagram of the Fc-(Zn(P))3-C60 pentad, including triplet and charge-

separated states. Abbrevations: ET = electron transfer, CR = charge recombination, IC = internal 

conversion, ISC = intersystem crossing.[105,118] 
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since the dynamics of the intramolecular ET in model RCs in liquid media are dominated by the 

back ET. Furthermore,  although C60 is a very potent electron acceptor, the received electrons 

are fully delocalized over the whole molecule and subsequent utilization of this reductive power 

is therefore strongly hindered.[105,118] 

Gold(III) porphyrins as efficient cationic electron acceptors for artificial photosynthesis 

Porphyrin metalation with KAuCl4 leads to a significant increase of the first reduction potential 

(E[Au(TPP)]+
½(red1) = 0.97 V vs. Fc/Fc+)[127] compared with the corresponding zinc(II) porphyrins 

(E(Zn(TPP))½(red1) = 1.94 V vs. Fc/ Fc+)[128] and consequently to an increase of the ET driving 

force (G0). Therefore, cationic gold(III) porphyrins are potent electron acceptors in porphyrin 

arrays. Indeed, the groups of Sauvage[129–133], Crossley/Fukuzumi/Kadish[65,134–139] and 

Hamarström/Odobel[64,140–142] have shown that efficient and rapid ET (kET = 1012 s1) occurs in 

artificial photosynthetic systems with cationic gold(III) porphyrins acting as electron acceptors 

together with a rather low back-electron transfer rate (kCR = 109 s1) both resulting in relatively 

long-lived charge-shifted states.[64] Due to the -conjugated bridges between the chromophor 

and the electron acceptor, the ET process is simplified and thus explains the high forward rates. 

The large driving force of the CR reaction leads to a hindered back-ET, since it is located in the 

Marcus inverted region (G0 > . Additionally, the group of Kadish assigned the slow CR rate 

to the trapping of the electron in the 5dx2-y2 orbital of gold, which is inhibiting the back ET.[135,139] 

An example for gold(III) porphyrins acting as potent electron acceptors is given by the zinc(II) 

phthalocyanine-oligo(phenylene-ethylene)-gold(III) porphyrine “donor-bridge-acceptor” dyad 

[Zn(Pc)-AuIII(P)][PF6] as illustrated in Figure 1.24.[64]  

Figure 1.24   Structure of the zinc(II) phthalocyanine-oligo(phenylene-ethylene)-gold(III) 

porphyrine donor-bridge-acceptor dyad.[64] 
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The system was designed to undergo long-range photoinduced ET using zinc(II) phthalocyanine 

as the chromophore and electron donor. Furthermore, an oligo(phenylene-ethylene) bridge was 

utilized to link the donor/chromophore Zn(Pc) with the electron acceptor [AuIII(P)]+, since this 

type of bridging unit has been shown to mediate ET over long distances and at very high  

rates.[64] 

A simplified and generalized energy level diagram describing the possible ET pathways towards 

the final charge-shifted state [Zn(Pc●+)-AuII(P)]+ is illustrated in Figure 1.25 (triplet states ex-

cluded). Femtosecond time-resolved transient absorption spectra in benzonitrile after a 680 nm 

laser pulse revealed, that initial ET occurs from 1Zn(Pc)- to the [AuIII(P)]+ moiety  with a very high 

rate constant kET = 1.0×1012 s1, whereas the CR rate kET = 1.0×109 s1 is significantly lower.[64]  

Hammarström, Odobel and co-workers attributed this retarded CR behavior to the aforemen-

tioned trapping of the electron on the gold center. Hence, the initial charge-shifted state 

[Zn(Pc●+)-AuIII(P●−)]+ rapidly relaxes so that the gold ion is reduced instead of the porphyrin ring 

and therefore yielding the final charge-shifted state [Zn(Pc●+)-AuII(P)]+ with gold in the +II oxida-

tion state. This valence-isomerization process has a significant effect regarding the electronic 

coupling, since the electron is mainly situated in metal-based orbitals and subsequent interac-

tion with the bridge is far less compared to if it were situated on the porphyrin ring. However, 

no experimental proof was given that a gold(II) porphyrin species is involved during this pho-

toinduced ET transfer process.[64,139]  

Figure 1.25   Energy level diagram of the [Zn(Pc)-AuIII(P)][PF6] dyad after photoexcitation  with 

680 nm (triplet state excluded). Abbrevations: ET = electron transfer, CR = charge 

recombination.[64] 
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2 Aim of Work 

The objective of this work is to investigate the key steps of photosynthesis, namely light harvest-

ing, charge separation and electron transfer, via a biomimetic model compound. This artificial 

photosynthetic system should be composed of porphyrin derivatives, since they are similar to 

natural pigments within the light-harvesting complex and the photosynthetic reaction centre. 

The main focus of this work is on gold(III) porphyrins, which are suitable ingredients in photoin-

duced electron transfer chains with the gold(III) porphyrin acting as an electron acceptor.  

The effort to achieve this goal can be categorised into three consecutive steps. 

The first objective is the determination of the site of gold(III) porphyrin reduction, namely ligand 

or metal centred, which has been discussed controversially in literature and could not be unam-

biguously defined. For this purpose, a meso-tetraarylporphyrinato gold(III) cation reference sys-

tem bearing different functional groups at the aryl substituents (COOMe, COOH, NO2, NH2, 

NHAc, H, OnBu, CF3) should be prepared and characterised to examine the potential influence 

on the site of reduction. After selective one-electron reduction with cobaltocene, the preferred 

location of spin density may be probed by EPR spectroscopy (AuII: 5d9 metallo radical; (P●−): or-

ganic -radical anion).  

The second objective deals with the synthesis, isolation and characterisation of a stable neutral 

gold(II) complex of a porphyrin derivative to obtain a deeper grasp of gold in the oxidation state 

+II. In this context, the porphyrin macrocycle should be applied as a potent stabilizing ligand by 

blocking the typical reactivity patterns of other labile gold(II) species, namely dimerization and 

disproportionation. After successful isolation, purification and characterisation, the reactivity of 

the gold(II) complex towards water, acids, oxygen and nitrosobenzene should by probed. Finally, 

the mode-of-action of gold(III) porphyrins (potent anti-cancer drug) inside tumor cells should be 

simulated by using BNAH as the reducing agent in the presence of a base (NADH model com-

pound), since gold(II) porphyrin intermediates may play an important role in the induction of 

apoptosis. 

The work is completed with the thorough analysis of three novel amide-bridged zinc(II)-gold(III) 

bis(porphyrin) dyads [ZnII(P)-AuIII(P)]+ regarding gold(II) porphyrins as key intermediates in PET 

reactions. These artificial photosynthetic systems should be designed to undergo ultrafast PET 

using zinc(II) porphyrin amino acid derivatives as chromophores and electron donors and 
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gold(III) porphyrin amino acid derivatives as electron acceptors, which are connected by a -

conjugated amide bridge to establish a very efficient and directed electron transfer. After pho-

toexcitation, the resulting charge-shifted states [Zn(P●+)-AuII(P)]+ are supposed to be probed by 

femtosecond transition absorption spectroscopy and should be employed in bimolecular reac-

tions with amines as sacrificial electron donors to yield stable gold(II) dyads Zn(P)-AuII(P). Thus, 

spectroscopic evidence for gold(II) intermediates during photoredox catalysis should be acces-

sible. The latter should be further confirmed by reducing aromatic azides with intermediary gen-

erated gold(II) species during a photoredox catalysis experiment. 
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3 Results and Discussion 

The outcome of this dissertation has been published/submitted as scientific articles in/to peer-

reviewed chemistry journals. These articles are reprinted here with the permission of the re-

spective publishers. 

The article in section 3.1 shows the successful synthesis and characterisation of meso-

tetraarylporphyrinato gold(III) cations bearing different functional groups at the aryl substitu-

ents (COOMe, COOH, NO2, NH2, NHAc, H, OnBu, CF3). Their reversible one-electron reductions 

were studied by EPR spectroscopy as well as by density functional theory (DFT) calculations to 

clarify the influence of the aryl substituents on the preferred location of the spin density, namely 

gold centred or porphyrin centred (AuII: 5d9 metallo radical; (P●−): organic -radical anion). 

In section 3.2, the synthesis, isolation, characterization and reactivity of a mononuclear gold(II) 

complex is presented. The unprecedentedly stable neutral gold(II) complex of a porphyrin deriv-

ative, which adopts a second-order Jahn-Teller distorted 2+2 coordination mode, is studied in 

detail by using a combination of  NMR, ultraviolet-visible (UV-vis), EPR and infrared (IR) absorp-

tion spectroscopy, as well as magnetic susceptibility, X-ray diffraction (XRD) analyses and theo-

retical methods. In addition, the role of gold(III) porphyrins in the induction of apoptosis is sim-

ulated by using BNAH (NADH model compound) as reducing agent in order to yield the presum-

ably active gold(II) species. Furthermore, the reactivity of the gold(II) porphyrin towards water, 

acids, oxygen and nitrosobenzene is discussed. 

The role of gold(II) porphyrins as key intermediates in PET reactions is discussed in section 3.3. 

Therefore, the synthesis, characterization, electrochemical properties and photoinduced pro-

cesses of three novel zinc(II)-gold(III) bis(porphyrin) dyads are presented in the context of solar 

to chemical energy transformation. The long-lived photoinduced CSh states [Zn(P)●+-AuII(P)]+ are 

examined via femtosecond transient absorption spectroscopy. Additionally, an attempt at un-

derstanding the electronic nature of the reduced (amine as sacrificial electron donor) and there-

fore stabilised CSh states Zn(P)-AuII(P) is undertaken based on UV-Vis, EPR, gold L3-edge X-ray 

absortion near edge structure (XANES) and paramagnetic 1H NMR spectroscopy as well as by 

DFT calculations. Furthermore, the potential role of gold(II) intermediates during photoredox 

catalysis is investigated by the reduction of aromatic azides to anilines, since the gold(II) site in 

Zn(P)-AuII(P) dyads is thermodynamically and kinetically competent to reduce azides. 
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Section 3.4 presents the intrinsic superoxide dismutase activity (SOD) of manganese oxide 

(MnO) nanoparticles. Gratifyingly, the magnetic resonance imaging contrast is simultaneously 

enhanced due to this SOD reaction. Therefore, MnO nanoparticles can be used for both, the 

imaging of tumor tissue and simultaneously for treating oxidative-stress-promoted tumor pro-

gression. The synthetic and spectroscopic work shown in this publication has been carried out 

by Ruben Ragg (group of Prof. Dr. W. Tremel, Johannes Gutenberg University Mainz), Sebastian 

Preiß assisted in the setup and evaluation of the EPR experiments regarding the superoxide 

treatment of MnO nanoparticles. 
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3.1 Gold(III) tetraarylporphyrin amino acid 

derivatives: ligand or metal centred redox 

chemistry? 

Sebastian Preiß, Jasha Melomedov, Anica Wünsche von Leupoldt and Katja Heinze  

Chem. Sci. 2016, 7, 596610. 

 

Chemical reduction of the gold(III) porphyrins 

via cobaltocence results in broad and charac-

teristic EPR resonances in accordance with a 

gold centred radical displaying hyperfine cou-

pling to 197Au und 14N. The reduction of the ni-

tro derivative shows a further nitro -radical 

anion valence isomeric species. 

 

Author Contributions 

The synthesis and characterisation of the gold(III) porphyrins as well as the spectroelectrochem-

ical and EPR experiments were performed by Sebastian Preiß.  contributed 

to the experimental design and  helped with the EPR simulation. 

 performed the DFT calculations and wrote the manuscript. 

Supporting Information 

Supporting Information for this article (without Cartesian coordinates from DFT calculations) is 

found on pp. 91.  

For full supporting information, refer to: 

http://www.rsc.org/suppdata/c5/sc/c5sc03429a/c5sc03429a1.pdf 

Reprinted with permission from: 

S. Preiß, J. Melomedov, A. Wünsche von Leupoldt, K. Heinze, Chem. Sci. 2016, 7, 596610.  

Copyright 2016 the Royal Society of Chemistry.   
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3.2 Structure and reactivity of a mononuclear 

gold(II) complex 

Sebastian Preiß, Christoph Förster, Sven Otto, Matthias Bauer, Patrick Müller, Dariush Hinder-

berger, Haleh Hashemi Haeri, Luca Carella and Katja Heinze 

Nat. Chem.  2017, 9, 12491255. 

The porphyrin macrocycle confers excep-

tional stability towards the gold(II) core in the 

mononuclear gold(II) complex AuII(TPP). Typi-

cal reactivity patterns of other labile gold(II) 

species, namely dimerization and dispropor-

tionation, become high-energy pathways. The 

gold(II) core prefers a 2+2 coordination mode, in between that of gold(I) and gold(III) due to a 

second-order Jahn-Teller distortion due to the the relativistically lowered 6s orbital of gold. 

Author Contribution 

Sebastian Preiß synthesized and characterised [AuIII(TPP)][PF6] and AuII(TPP), measured the X-

band EPR, NMR, infrared, UV-vis and mass spectra and studied the reactivity behaviour of 

AuII(TPP).  performed the quantum chemical calculations.  

performed the single-crystal XRD analysis.  and -

 measured and interpreted the Q-band EPR spectra at the Martin Luther University 

Halle-Wittenberg, Germany.  and  measured and inter-

preted the X-ray absorption spectra at the University of Paderborn, Germany.  

performed the magnetic susceptibility measurements.  wrote the manu-

script and designed the experiments. 

Supporting Information 

Supporting Information for this article is found on pp. 107. For full S. I. refer to: 

https://media.nature.com/original/nature-assets/nchem/journal/v9/n12/extref/nchem.2836-
s1.pdf 
 
Reprinted with permission from: 
 
S. Preiß, C. Förster, S. Otto, M. Bauer, P. Müller, D. Hinderberger, H. H. Haeri, L. Carella, K. Heinze, 

Nat. Chem.  2017, 9, 12491255. Copyright 2017 Springer Nature.  

https://media.nature.com/original/nature-assets/nchem/journal/v9/n12/extref/nchem.2836-s1.pdf
https://media.nature.com/original/nature-assets/nchem/journal/v9/n12/extref/nchem.2836-s1.pdf
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The light irradiation of zinc(II)-gold(III) 

bis(porphyrin) dyads [Zn(P)-AuIII(P)]+ yields 

long-lived gold(II) intermediates. These 

gold(II) intermediates are confirmed by using 

a combination of spectroscopic and theoreti-

cal techniques. The dyads are competent 

enough to be utilised as photoredox catalysts. 
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4 Summary and Outlook 

In this work, the site of one-electron reduction could be mainly assigned to the gold centre re-

garding gold(III) porphyrin derivatives as the electron acceptors (section 3.1). Indeed, the chem-

ical reduction of the gold(III) porphyrins with cobaltocene gives broad EPR resonances in accord-

ance with a gold centred radical displaying hyperfine splitting due to the 197Au and 14N nuclei. 

This behaviour is independent of the nature of the meso-aryl group. The broad AuII resonances 

were superimposed by a sharp resonance, which could be assigned to a porphyrin π-radical an-

ion. Only in the case of the nitro derivative reduction an additional radical species is formed and 

has been assigned to a nitro- radical anion. These findings enable the application of meso-sub-

stituted gold(III) porphyrins as potent electron acceptors in artificial photosynthetic systems, 

almost unaffected of the substitution pattern. The substituents can thus be used to fine-tune 

the redox potential or to control other properties such as solubility. In addition, gold(III) porphy-

rins are excellently suited for photoinduced electron transfer processes with retarded BET, since 

the BET from the gold centred -radical (5dx2y2 orbital) is strongly hindered by the inappropriate 

orbital symmetry concerning the -system of the porphyrin macrocycle. 

Furthermore, an isolable and exceptionally stable mononuclear gold(II) porphyrin complex was 

synthesised and characterised (section 3.2). This was possible, since the porphyrin macrocycle 

blocks the typical reactivity pathways such as dimerisation (via the single occupied 5dx2y2 or-

bital) and disproportionation of other labile gold(II) species. Indeed, the unpaired electron is 

trapped in the -system of the metal centre. The EPR experiments together with XRD studies 

and supporting quantum chemical calculations revealed that the gold(II) ion adopts a [2+2] co-

ordination geometry with alternating Au-N bond distances. This is triggered by a second-order 

Jahn-Teller distortion due to the relativistically reduced energy gap between the 5dx2y2 orbital 

and the 6s orbital of Au. This second-order Jahn-Teller distortion of the porphyrin ligand is dy-

namic regarding the 1H NMR time scale at room temperature (one AuII(TPP) signal set) but is 

frozen in solid matrices as demonstrated via EPR spectroscopy at 77 K. It could be shown, that 

[AuIII(TPP)]+ is reduced to AuII(TPP) with an excess of BNAH (NADH model compound) in the pres-

ence of a base suggesting a significant role of the [AuIII(TPP)]+/0 redox couple during the reactive 

oxygen species formation in Au-based anticancer drugs. This was further underscored, since 

AuII(TPP) is able to reduce O2 yielding superoxide O2
●− as ROS species. In the absence from oxi-

dants, AuII(TPP) is remarkably stable, for example in water or even in the presence of acids. Since 
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the porphyrin macrocycle confers unmatched stability towards the AuII core, this will allow fu-

ture studies concerning the reactivity of AuII(TPP) towards other radicals or main-group ele-

ments. The data obtained so far, in combination with clever ligand design (four donor atoms in 

the xy plane) points to the possibility to isolate further compounds of this novel class of mono-

nuclear gold(II) complexes and hence will allow the exploration of the latter regarding visible-

light-mediated gold-catalysed reactions, photoinduced electron transfer processes or medicinal 

applications. 

Finally, three novel zinc(II)-gold(III) bis(porphyrin) dyads [ZnII(P)-AuIII(P)]+ to mimic solar to chem-

ical energy conversion were synthesised and characterised (section 3.3). Their suitability with 

respect to PET was successfully tested via time-resolved spectroscopic techniques revealing an 

ultrafast forward PET (kET = 8.3×1010 s for [ZnII(POnBu)-AuIII(PCF3)]+ ([2]+)) due to the -conjugated 

bridge between the zinc(II) porphyrin chromophore and the gold(III) porphyrin acceptor. A part 

of the resulting excited states decays to a rather long-lived CSh state [Zn(P●+)-AuII(P)]+ (lifetime 

≈ 3 ns) with gold in the oxidation state +II. This can be attributed to the trapping of the electron 

in the gold -system, which leads to unsuitable orbital overlap for the BET process. Furthermore, 

the recombination reaction possesses a large driving force and thus the BET occurs in the Marcus 

inverted region. Interestingly, the role of the meso-aryl substituents regarding the PET/BET rate 

constants is negligible, but they should still play an important role with respect to solubility and 

fine-tuning of the redox potentials as well as Soret- and Q bands. The latter is of great im-

portance, since it have been shown that at increasing conversion to gold(II) (during the photoin-

duced ET process in [ZnII(PH)-AuIII(PH)]+ ([1]+)) the inner filter effect of the gold(II) product cap-

tures most of the incident light and thus significantly retards the reaction (unfavourable batho-

chromic shift of the AuII(P) Soret band). Gratifyingly, it was possible to reductively quench the 

long-lived CSh state in a bimolecular reaction by using triethylamine as the sacrificial electron 

donor agent and yielded the neutral and stable zinc(II)-gold(II) species Zn(P)-AuII(P). This enabled 

the very rare opportunity to illustrate the photoinduced electron transfer process by means of 

classical methods such as NMR spectroscopy, since the [AuIII(TPP)]+/AuII(TPP) redox couple pos-

sesses unique paramagnetic NMR properties as shown in section 3.2. The formation of gold(II) 

was underscored by XANES spectra at the gold L3-edge, EPR measurements at 77 K and quantum 

chemical calculations. Furthermore, this bimolecular reaction is fully reversible as shown with 

the reoxidation of the gold(II) species by dioxygen regenerating the starting material. Encour-

aged by the reversible nature of the PET reactions and due to the long lifetime of the CSh states 

it was possible to employ the dyads as photoredox catalysts for the reduction of aromatic azides 
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to anilines during a visible-light-induced photoredox catalysis experiment. This first test reaction 

provided 50 % spectroscopic yield without any reaction optimisation. 

In summary, gold(III) porphyrins are excellently suited electron acceptors in mulitporphyrin ar-

rays. On one hand, they possess a low first reduction potential in comparison to other metal-

loporphyrins and on the other hand the lifetime of the final CSh states is long enough to be 

involved in bimolecular reactions. This will allow access to further studies of photoinduced gold-

catalysed reactions with gold(II) species as key transient intermediates.  

Merging the gold(III) porphyrin accepting properties with directional, amide bridged porphyrin 

chromophores and the highly suitable electron donating features of ferrocene derivatives one 

should be able to obtain a potent artificial photosynthetic reaction centre. Furthermore, it 

should be possible to extend the lifetime of the final CSh state by increasing the distance be-

tween electron acceptor and electron donator entities by means of additional porphyrin chro-

mophore units, as illustrated in Figure 4.1. 

To increase the future applicabilities of zinc(II)-gold(III) bis(porphyrin) dyads with respect to 

organic photoredox catalysis, a larger potential difference between the first oxidation 

(Zn(P)/Zn(P●+) and the first reduction ([AuIII(P)]+/AuII(P) of the system is desirable, leading to 

higher oxidative and reductive power, respectively. This should be achieved by means of amide-

bridged meso-A3B-type porphyrins, thus increasing the number of functional groups with major 

electron-donating and electron-withdrawing power, as shown in Figure 4.2. If compared to dyad 

[ZnII(PCF3)-AuIII(POnBu)]+ ([3]+, section 3.3) the functional group arrangement in Figure 4.2 should 

be also beneficial regarding the aforementioned undesired inner filter effect of the gold(II) spe-

cies, since the excitation wavelengths of Zn(P) and AuII(P) should be separated during the course 

of photoinduced ET. 

Figure 4.1 Structure of a proposed second generation artificial photosynthetic RC. 
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Another practical aim of artifical photosynthesis is to convert solar energy to chemical energy in 

the form of fuels, such as methanol or hydrogen. However, water oxidation, hydrogen 

production or reduction of carbon dioxide involves multi-electron catalysis at high reduction 

potentials (e. g. 1.90 V for CO2/CO2
●− vs. NHE).[143] Therefore, it is necessary to couple the single-

electron event of photoinduced ET with the multi-electron reactions of water splitting and fuel 

formation.[144] 

The gold(III) porphyrin acceptor unit is probably competent enough to achieve this goal, regard-

ing two photons → two electrons processes. The electrochemical investigations of the gold(III) 

porphyrin system revealed, that it should be capable to reversible accept two electrons, yielding 

the doubly reduced [AuII(P●−)] species. This could be achieved by increasing the number of elec-

tron donor/chromophore units Zn(P), which are arranged in a dendritic manner around the 

gold(III) porphyrin [(Zn(P))4-Au(P)][PF6] to simulate the light-harvesting environment of natural 

photosynthesis (see Figure 4.3). A proposed energy level diagram describing the second pho-

toinduced ET process of the dendritic artificial light-harvesting complex [(Zn(P))4-Au(P)][PF6] is 

illustrated in Figure 4.4. After photoexcitation of a Zn(P) unit, the AuII(P) site could be reduced 

via oxidative quenching (kET1) to yield the doubly reduced [AuII(P●−)] species, which may be ex-

ploited for the aforementioned multi-electron processes as a potent two-electron reducing 

agent. Certainly, it would be desirable that the kET1 route is faster than the reductive quenching 

via kET2 yielding a Zn(P●−) -radical anion. However, since the latter should have a very large 

driving force (G0
ET2 ≈ 1.25 eV) it is readily located in the Marcus-inverted region and thus ra-

ther slow. But even in the case of Zn(P●−) -radical anion formation, Zn(P●−) could be utilised as 

a potent one-electron reducing agent during photoredox catalysis (E½ Zn(P)/Zn(P●−) = 1.77 V). 

Figure 4.2 Structure of a proposed second generation artificial photosynthetic RC, designed 

for organic photoredox catalysis. 
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Figure 4.3 Proposed dendritic artificial light-harvesting system [(Zn(P))4-Au(P)][PF6] . 

Figure 4.4 Proposed energy level diagram regarding the second photoinduced ET process of 

the dendritic artifical light-harvesting system [(Zn(P))4-Au(P)][PF6]. 
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6 Appendix 

6.1 Supporting Information to 3.1: Gold(III) 

tetraarylporphyrin amino acid derivatives: 

ligand or metal centred redox chemistry? 

 
Fig. S01 1H NMR spectrum of [Au(TPP)](PF6) in CD2Cl2. 
 

 
 
 
 
Fig. S02 13C NMR spectrum of [Au(TPP)](PF6) in CD2Cl2. 
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Fig. S03 1H NMR spectrum of [1a](PF6) in CD2Cl2. 

 

 

 

 
 
Fig. S04 13C NMR spectrum of [1a](PF6) in CD2Cl2. 
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Fig. S05 1H NMR spectrum of [2a](PF6) in CD2Cl2. 

 

 

 
 

 
Fig. S06 13C NMR spectrum of [2a](PF6) in CD2Cl2. 
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Fig. S07 1H NMR spectrum of [3a](PF6) in CD2Cl2. 

 

 

 
 

 
Fig. S08 13C NMR spectrum of [3a](PF6) in CD2Cl2. 
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Fig. S09 1H NMR spectrum of [4a](PF6) in CD3OD. 
 

 

 
 
 
Fig. S10 13C NMR spectrum of [4a](PF6) in CD3OD. 
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Fig. S11 1H NMR spectrum of [4b](PF6) in d8-THF. 

 

 

 
 
 
Fig. S12 13C NMR spectrum of [4b](PF6) in d8-THF. 
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Fig. S13 1H NMR spectrum of [4c](PF6) in d8-THF. 

 

 

 
 
 
Fig. S14 13C NMR spectrum of [4c](PF6) in d8-THF. 
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Fig. S15 IR spectrum of [Au(TPP)](PF6) as KBr disk. 

 

 

 

 
Fig. S16 IR spectrum of [1a](PF6) as KBr disk. 
 

 

 

 
Fig. S17 IR spectrum of [2a](PF6) as KBr disk. 
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Fig. S18 IR spectrum of [3a](PF6) as KBr disk. 

 

 

 

 
Fig. S19 IR spectrum of [4a](PF6) as KBr disk. 
 

 

 

 
Fig. S20 IR spectrum of [4b](PF6) as KBr disk. 
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Fig. S21 IR spectrum of [4c](PF6) as KBr disk. 
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Fig. S22 UV/Vis spectral changes upon the first electroreduction of [Au(TPP)]+ 10–5 M in 0.1 M 

[nBu4N](PF6)/THF solution (isosbestic points indicated in blue). 
 

 
 

Fig. S23 UV/Vis spectral changes upon the first electroreduction of a) [4a]+ (in MeOH), b) [4b]+ 

and c) [4c]+ 10–5 M in 0.1 M [nBu4N](PF6) THF solution (isosbestic points indicated in blue). 
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Fig. S24 X-band EPR spectrum of 1a /1a’/1a’’ in frozen CH2Cl2 solution (77 K, 9.4 
GHz) and deconvolution in the respective component spectra. 
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Fig. S25 X-band EPR spectrum of 1a in frozen CH2Cl2 solution (77 K, 9.4 GHz) in the absence 
and in the presence of two equivalents [nBu4N]Cl. 

 

 
 
 
 
Fig. S26 X-band EPR spectrum of 1a in frozen CH2Cl2 solution (77 K, 9.4 GHz) in the pres-
ence of two equivalents [nBu4N]Cl and corresponding simulation. 
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Fig. S27 Spin densities of DFT optimized geometries of Au(TPP) and Cu(TPP) (isosurface 

value 0.01 a.u.; UB3LYP, LANL2DZ, IEFPCM CH2Cl2; Mulliken spin densities in italics). 

 

 

 
 
 
 
Fig. S28 Spin densities of DFT optimized geometries of 4a, 4b and 4c (isosurface value 

0.01 a.u.; UB3LYP, LANL2DZ, IEFPCM CH2Cl2; Mulliken spin densities in italics). 
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Fig. S29 X-band EPR spectrum of 2a / 2a’ in frozen CH2Cl2 (top) and THF (bottom) solution 
(77 K, 9.4 GHz). 

 

 

Fig. S30 X-band EPR spectrum of 3a / 3a’ in frozen CH2Cl2 (top) and THF (bottom) solution 
(77 K, 9.4 GHz). 
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6.2 Supporting Information to 3.2: Structure 

and reactivity of a mononuclear gold(II) 

complex 
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6.3 Supporting Information to 3.3: Gold(II) 

porphyrins in photoinduced electron 

transfer reactions 
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6.4 Supporting Information to 3.4: Intrinsic 

superoxide dismutase activity of MnO 

nanoparticles enhances magnetic 

resonance imaging contrast 
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