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When the spirits are low, when the day appears dark, when work becomes monotonous,

when hope hardly seems worth having, just mount a bicycle and go out for a spin down

the road, without thought on anything but the ride you are taking.

Arthur Conan Doyle





Abstract

Considering the importance of electron-transfer reactions in chemistry and nature, es-

pecially regarding light-to-energy conversion by (dye-sensitized) solar-cells and the

production of solar-fuels, a fundamental understanding of their mechanisms is nec-

essary for the design of efficient systems. This thesis has its focus on the through-space

interaction of donor-acceptor pairs, which was investigated in two fundamentally dif-

ferent ways – photoinduced electron-transfer and organic mixed-valency.

A short perspective is outlined in Chapter I and brief overviews over the relevant as-

pects of electron-transfer reactions and mixed-valence systems are presented in Chap-

ters II and IV, respectively.

In Chapter III, the synthesis and spectroscopic measurements of a right-angled and lin-

ear series of homologous complexes, bearing a [Ru(bpy)3]2+ photosensitizer and a tri-

arylamine electron-donor connected by fluorene bridges with different lengths, are de-

scribed. Their behavior upon photoexcitaion, with and without an external quencher,

was investigated in terms of intramolecular electron-transfer. Electron-transfer rate

constants were determined and an unexpectedly weak distance-dependence was ob-

served for the right-angled series. Molecular mechanics calculations indicate that this

is caused by the flexibility of the fluorene bridge leading to small through-space donor-

acceptor separations. The very weak distance-dependence suggests a mainly through-

space pathway for the electron-transfer. For the linear complexes, electron-transfer was

too fast to be detected with the employed method.

In Chapter V, the synthesis of compounds with a "triple-decker" geometry, based on

phenothiazine and carbazole as redox-active moieties, is presented. Analysis of electro-

chemical and spectroscopic data, obtained for the compounds in their singly-oxidized

mixed-valence state, revealed weak interaction for the phenothiazine-based compounds.

The through-space charge-transfer pathway may be explained by an n−π−n- or π−π-

interaction. The carbazole-based mixed-valence compounds suffered from inconclu-

sive data that were obtained from the spectroscopic measurements.
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I. Perspective

I Perspective

Electron transfer can be considered as one of the most important reactions in chem-

istry and nature. [1] All three traditional branches of chemistry (organic, inorganic and

physical chemistry) are equally interested in electron-transfer, due to its ubiquitous na-

ture. The possibility of using visible light to trigger electron-transfer processes keeps

this research field highly topical. [2,3] Efficient light-to-chemical-energy conversion is a

major goal in photochemistry. This is either targeted in a direct manner by generat-

ing a photo-current with dye-sensitized solar cells, or in an indirect manner through

the production of solar fuels. [3,4] The reverse phenomenon to a photo-current is called

electroluminescence. The production of light from electric energy with light-emitting

diodes (LEDs) or their organic counterpart (OLEDs) has already made it into our every-

day life in the form of mobile phones and TV screens. [2] In solar fuel production, the

creation of an artificial photosynthetic system is the primary objective. The two pri-

mary reactions of interest are photochemical water splitting and CO2 reduction. In

recent years, photoinduced electron-transfer reactions have further attracted a lot of

attention in organic synthesis, especially the field of photoredox catalysis. [5] The major

advantage of photoredox catalysts is that they act as powerful single electron oxidiz-

ing/reducing agents in their excited states. [6] In their ground states, the photocatalysts

have only limited oxidizing/reducing capabilities, making them relatively stable.

Exploring the electron-transfer properties of molecular bridges has set the stage for the

field of molecular electronics. Using single-molecule devices in electronics would be

the next step, considering the current top-down approach for metal- and silicon-based

components. [7]

A profound understanding of the factors governing electron-transfer processes, and

their respective influences, is mandatory for a purpose-tailored system. These factors

can be roughly divided into two groups; factors inherent in the system, and factors

determined by the environment. Examples for the latter would be the temperature or

the medium, which surrounds the electron-transfer system. The system itself bears a

variety of possibilities to influence the electron-transfer, mainly based on the choice of

the donor-acceptor couple and their connection. One further distinguishes between a

through-bond interaction of donor and acceptor, determined by the bridge connecting

them, and a through-space interaction, whereby the latter is far less understood.

The aim of this thesis is to give new insights in the role of through-space interac-

tions in intramolecular electron-transfer reactions. Two fundamentally different ap-

proaches were applied in this matter: a) photoinduced electron-transfer; b) organic

mixed-valency.
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I. Perspective

D

A

B

D

A
+

a) b)

Figure I.1. Schematic depiction of the two systems employed to target through-
space interaction (red arrows) in electron-transfer reactions; a) a right-angled system
for photoinduced electron-transfer; b) an organic mixed-valent system with a "triple-
decker" geometry.

The first approach has its focus on the distance-dependence of the through-space path-

way in photoinduced electron-transfer. A right-angled series of homologous complexes

with varied bridge lengths is compared to its linear counterpart. The second approach

deals with the extension of through-space orbital interactions, beyond the widely stud-

ied π−π-interactions. In organic mixed-valent systems with a "triple-decker" geometry,

the possibility of a n − π − n-interaction between two amines and a central aryl-unit is

investigated.
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II. Electron-Transfer Theory

II Electron-Transfer Theory

II.1 Outer-Sphere vs Inner-Sphere Electron-Transfer

Electron-transfer (ET) is fundamentally the most basic chemical reaction possible – an

electron is transferred from a donor, D, to an acceptor, A, creating a charge-separated

state.

Initially, the theory of ET rates was based on studies of intermolecular self-exchange

reactions of metal complexes. [8] Within this framework, one can distinguish between

two fundamentally different mechanisms. In the "outer-sphere" ET mechanism, charge

is transferred, without breaking or forming any chemical bonds, between two redox-

centers with weak interaction between the relevant electronic orbitals. [9] If the two

reactants share a common ligand or atom after approaching each other, the resulting

ET is called "inner-sphere".

II.1.1 Adiabatic vs Non-Adiabatic Electron-Transfer

The energy profiles of a donor-bridge-acceptor system are presented in Figure II.1.

For the intersection of these potential energy surfaces, two different possibilities ex-

ist, depending on the electronic coupling between donor and acceptor (HDA). [10] In the

strong-coupling regime, a large splitting of the potential energy surfaces is present.

ET occurs only on the potential energy surface connecting the reactant and product

state and is called "adiabatic", requiring no external energy. The electron-transfer rate,

kET, for adiabatic ET is independent of HDA. [11] In the weak-coupling regime the ET

process requires external energy and is labelled "non-adiabatic". This is reflected by a

temperature-dependence of kET for non-adiabatic ET.

D-B-A D -B-A
+ -

non-adiabatic adiabatic

2H
DA 2H

DA

D-B-A D -B-A
+ -

E

Q

E

Q

Figure II.1. Potential energy surfaces for adiabatic and non-adiabatic ET.

The systems discussed in this work are usually in the weak-coupling regime, therefore
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II. Electron-Transfer Theory

the focus will be on non-adiabatic ET. kET can now be described by the Fermi Golden

Rule (eq. II.1), with the reduced Planck constant, ~, and the Franck-Condon-weighted

density of states, FCWD.

kET =
2π
~

|HDA|2(FCWD) (II.1)

The FCWD describes the thermally averaged overlap between the reactant and product

vibrational wave functions. [12] The most prominent way to calculate FCWD is by the

Marcus semi-classical treatment (eq. II.2), including the Boltzmann-constant, kB, and

temperature, T.

FCWD = (4πλkBT )−
1
2 exp

−
(
∆G0 +λ

)2

4λkBT

 (II.2)

The main parameters are the reorganization energy, λ, and the reaction free energy,

∆G0. These parameters are also reflected in the potential energy surface picture (Fig-

ure II.2). In addition, the energy difference from the potential well of the reactant to

the crossing point of the reactant and product potentials is the activation barrier, ∆G‡.

D-B-A

D -B-A
+ -

DG
0

l

DG
‡

E

Q

Figure II.2. Potential energy surfaces for non-adiabatic ET.

λ represents the required energy for the D-B-A potential well to adopt to the D+-B-

A− equilibrium geometry, and pays tribute to the fact that an electron-transfer process

involves an adjustment of bond-lengths and -angles in the compound (λi) and that the

solvent shell has to adapt to the new environment (λo) (eq. II.3). [9]

λ = λi +λo (II.3)
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II. Electron-Transfer Theory

∆G0 is determined by the relative energy-difference between the reactant and prod-

uct potential energy surface minima. Three different regions, regarding ∆G‡, exist

by varying ∆G0 (Figure II.3): (1) the Marcus-normal region, where increasing ∆G0

leads to a lower ∆G‡; (2) the activation-less point (∆G‡ = 0), where the intersection of

the potential energy surface is located at the reactant potential well minimum; (3) the

Marcus-inverted region, where increasing ∆G0 leads to a higher ∆G‡.

M -ARCUS normal M -ARCUS invertedDG
‡
=0

E

Q

E

Q

E

Q

D-B-A D -B-A
+ -

D-B-A D -B-A
+ -

D -B-A
+ -

D-B-A

DG
‡

DG
‡

DG
0

kET

M -ARCUS normal M -ARCUS inverted

DG
‡
=0

Figure II.3. Potential energy surfaces for non-adiabatic ET in the Marcus regimes and
kET as a function of ∆G0.

HDA can be divided into two terms, a term taking account of the direct coupling of

donor and acceptor orbitals (VDA) and a so-called superexchange term (VS). VS de-

scribes the perturbation of donor and acceptor orbitals, resulting from mixing with

orbitals from the bridge. VDA is the relevant term for the through-space pathway and is

very small for long-range through-bond ET. [13] Having a closer look at the mechanism

for the coherent superexchange, one can write (eq. II.4):

HDA = VDA +VS ' VS (II.4)

5



II. Electron-Transfer Theory

In the following, HDA will be used equivalently to VS.

McConnell’s relation is another way to describeHDA, if the donor, D, and the acceptor,

A, are connected by a bridge, B, consisting of n repeating units. HDA is written as a

relation of the coupling strengths hij of each donor and acceptor with the bridge states

and the adjacent bridge states among each other, and the energy gap (∆ε) between

the virtual ionic states of the bridge and the initial/final states of the ET process (eq.

II.5). [12,14]

HDA =
hDB

∆ε

(
hBB

∆ε

)n−1

hBA (II.5)

This relationship can be written as an exponential dependence-dependence of HDA on

n with the decay constant βn (eq. II.6). [10]

βn = 2ln
(
hBB

∆ε

)
(II.6)

From equations II.1 and II.5, an exponential dependence-dependence of kET can be

formulated as eq. II.7 with the distance between donor and acceptor, r.

kET ∝ exp(−βr) (II.7)

Therefore, β can be expressed as a function of ∆ε, the length of a single bridge unit rB
and the inter-bridge interaction (hBB) (eq. II.8). [14]

β =
2
rB

ln
(
hBB

∆ε

)
(II.8)

Hence, a low LUMO or a high HOMO energy of the bridge will increase kET. A β-

value determined for a bridge with a certain donor-acceptor pair can not necessarily be

transferred to different donors or acceptors, as ∆ε depends on their respective potential

energies. β-values generally range between nearly 0 Å−1, for conducting materials like

metals, and 3.5 Å−1, for vacuum. [15]

II.1.2 Electron-Transfer vs Hole-Transfer

One further distinguishes between an electron- and a hole-transfer mechanism. A

schematic depiction of charge-separation is presented in Scheme II.1. [14] The nature

of charge-transfer is decided by the lowest ∆ε.

6



II. Electron-Transfer Theory

electron transfer

hole transfer

D-B-A D -B-A
+ -

Scheme II.1. Schematic depiction of (red) the electron- and (green) hole-transfer path-
ways.

II.1.3 Superexchange vs Hopping

A key requirement for McConnell’s theory is that the expression |hBB|
∆ε is significantly

smaller than unity. This assumption fails if the relevant bridge states are close to the

donor/acceptor energy levels. If for example, the bridge LUMO becomes lower in en-

ergy than the initial excited state, the previously virtual ionic bridge states become real

intermediate states in the ET process. The mechanism changes from the coherent su-

perexchange to an incoherent charge-transport called hopping. [12]

D-B-A D-B -A
+ -

D-B -A
+ -

D -B-A
+ -

a) b) c)

Scheme II.2. Schematic depiction of the hopping mechanism.

The hopping mechanism can be divided into three steps (Scheme II.2): a) charge in-

jection into the bridge; b) random reversible charge migration through the bridge; c)

7



II. Electron-Transfer Theory

charge trapping. The ET rates are faster compared to those for the superexchange

mechanism at the same distance. The distance dependence of the hopping mechanism

is related to the number of repeating bridge units, n, with the coefficient η (eq. II.9). [12]

kET ∝ n−η with 1 ≤ η ≤ 2 (II.9)

II.2 Photoinduced Electron-Transfer

After excitation of a chromophore, there are four possible pathways to the ground-state

(Scheme II.3). [16]

ground state

hn

excited state

relaxation

reductive quenching

oxidative quenching

energy transfer

ET

ET

EnT

CR

CR

relaxation

relaxation

Scheme II.3. Reaction pathways of an excited chromophore back to its ground-state;
all examples are depicted within a singlet manifold.

The simplest one is the unproductive relaxation of the excited state to ground state, that

can occur either non-radiatively or via emission of a photon (radiatively). Electron-

transfer can occur either in an oxidative or reductive fashion with respect to the ex-

cited chromophore, dependent on suitable orbitals of the quencher. After charge-

recombination, both chromophore and quencher reach their ground-states again. If

8



II. Electron-Transfer Theory

not only the HOMO or LUMO of the quencher is accessible but both, energy-transfer is

possible as competing reaction. The intermediate state is the excited quencher, which

finally relaxes back to its ground-state.

II.3 Through-Space/Solvent Electron-Transfer Studies

Through-space and through-solvent ET are both basically electron-tunneling processes,

in which the electronic coupling is not provided by covalently-bound direct neighbor-

ing groups. If the void between the groups participating in ET is large enough to allow

solvent molecules to fill in the void, one speaks of through-solvent ET. The tunneling-

barrier height will be affected by the solvent. [17] Different approaches to investigate the

non-bridge mediated ET will be presented in the following.

II.3.1 C- and U-Shaped Molecular Systems

An obvious approach to decrease the through-space donor-acceptor distance with re-

spect to a through-bond pathway is to create systems with a bent C- or U-shaped struc-

ture (Figure II.4). The research groups of Paddon-Row, Zimmt and Waldeck have dom-

inated this strategy. [17–25]

In general, the studied systems consist of an organic donor/acceptor-pair connected by

a rigid saturated hydrocarbon spacer. ET occurs from the excited state of the aromatic

donor moiety. The spacer should hold the donor-acceptor pair at a relatively fixed dis-

tance, while preferably allowing only weak through-bond electronic coupling.

D AS

ET

Figure II.4. Schematic depiction of a U-shaped system with a solvent molecule, S,
between donor and acceptor.

One of the first examples of this kind was presented by Zimmt and Waldeck (Fig-

ure II.5). [18] In the nearly linear compound A1, the donor-acceptor (D-A) separation

is identical for the through-space and through-bond pathway at approximately 12 Å,

while for the C-shaped compound A2 the through-space distance is significantly smaller

at 7 Å. HDA only showed a distinct solvent dependence for C-shaped A2 (15–64 cm−1),

whilst being constant and generally weaker for A1 (∼ 14 cm−1). The solvent-dependence

of HDA was accounted for by the presence of solvent molecules in the gap between

9



II. Electron-Transfer Theory

donor and acceptor. Direct through-space coupling was ruled out by molecular me-

chanics calculations, revealing that only a negligible fraction of molecules can access

conformations with D-A-distances allowing through-space HDA. Benzonitrile, as the

only aromatic solvent tested, was found to show the strongest HDA.

CO2Me

CO2Me

Me

Me
OMe

OMe

OMe

OMe

CO2Me

CO2Me

OMe

OMe

MeO
MeO

A1 A2

Figure II.5. D-A-compounds A1 and A2, for the determination of HDA in solvent-
mediated ET.

The solvent-dependence of A2 was further studied in more detail. [26] Alkyl-substituted

aromatic solvents with varying steric bulk were tested for their effect on HDA. For ben-

zene, toluene and cumene, HDA was approximately constant, but it decreased strongly

for more sterically demanding solvents. Molecular mechanics energy optimizations re-

vealed that within the tested series, solvents bulkier than cumene cannot diffuse far

enough into the cleft to enable sufficient orbital overlap with the donor and acceptor

π-orbitals.

The distance-dependence of through-solvent ET was investigated by C-shaped com-

pounds B1–B3, with decreasing respective bite-sizes (Figure II.6). [17] Every compound

has D-A-separation of 10 σ -bonds, but their through-space distance decreases with the

stronger curvature from 13.4 for B1, to 9.5 for B2, to 7.5 Å for B3. For B1, the sol-

vent dependence is low, indicating only little through-solvent contribution to the ET.

The through-bond coupling is caused by an all-trans configuration of the σ -bonds. By

disrupting this configuration in B2 and B3, the through-bond interaction is weakened

and the curvature increased at the same time. For B2, the D-A-distance is still too great

to enable significant through-solvent HDA, evidenced by much slower ET compared to

B1. This changes for B3, where ET rate constants are highly solvent dependent, and

their values outweigh those of B1 by factors of up to 10.

10



II. Electron-Transfer Theory

NC
CN

OMe

MeO

OMe

MeO

CN

CN

OMe

MeO

CN

CN

B1 B2 B3

Figure II.6. C-shaped D-A-compounds with different bite-sizes.

In order to further study the effect of different residues within the gap between donor

and acceptor in U-shaped compounds, Paddon-Row and Waldeck developed a system

in which different residues for this purpose can be covalently bound to the bridge as a

quasi-solvent (Figure II.7). [20,21,25] The residues are decoupled from the through-bond

pathway, but are directly positioned in the through-space pathway. With this strategy,

all compounds could be studied in the same solvent, minimizing changes in λi and ∆G0

that could result from the use of a different solvent. Effects from the different residues

can therefore be directly associated with a change in through-solvent HDA.

O O
OMe

OMe

N
O

O R

NC CN

MeO
MeO

OMeMeO

Ph Ph

R:

OMe

C1 C2 C3 C4 C5

Figure II.7. U-shaped D-A-system with a variable residue in the cleft.

The aromatic residues exhibited stronger HDA compared to the aliphatic one, due to

the overlap of the respective π-systems.

At room temperature, the ET behavior of C1 and C5 could be explained by the non-

adiabatic superexchange mechanism. However, this approach failed for low-temperature

11



II. Electron-Transfer Theory

measurements in high polarity solvents – a transition to solvent-controlled ET was ob-

served. [24,27] Where, at high temperatures, electron-tunneling is the rate-limiting step,

this changes for low temperatures. Nuclear motion through the region of the crossing

point of the reactant and product potentials (Figure II.2), the transition state region, is

slowed down by frictional coupling to the solvent, thereby making it rate-limiting. [27]

II.3.2 π-π-Interactions

π-π-Interactions between the donor and acceptor moieties are an effective way to fa-

cilitate through-space HDA. [28]
Therien and co-workers observed an unusual distance-

dependence of photo-induced ET for a series of D-A-compounds (D1–D3), where the

π-systems of porphyrin-donors, quinone-acceptors and bridge aryl-units are cofacially

orientated (Figure II.8). The determined β-values for charge-separation (CS) and charge-

recombination (CR) are both around 0.4 Å−1 and therefore in the region of through-

bond systems with conjugated bridges. This behavior was accounted for by the sub-van

der Waals distance between the aromatic planes of 2.98 Å.

N
N N

N
Zn

Ph

O

O

N
N N

N
Zn

Ph

O

O

N
N N

N
Zn

Ph

O

O

D1 D2 D3

Figure II.8. Series of D-A-compounds with a stacked arrangement of donor, acceptor
and bridge π-systems.

Porphyrins and fullerenes are known to display strong van derWaals attractions. Gen-

erally, small D-A-distances in flexible dyads containing a porphyrin-C60 pair are at-

tributed to this attraction. [29] The importance of this π-π-interaction in ET was demon-

strated by Hirsch and Guldi by a comparison of two porphyrin-C60 dyads with differ-

ent orientations of the porphyrin-moiety (Figure II.9). Only the face-to-face orientation

of E1 allows close contact, resulting in rate constants for photoinduced ET after excita-

tion of the porphyrin that are greater by an order of magnitude for E1 compared to the

face-to-edge oriented E2. The effect is even more pronounced for CR, enhancing it by

four orders of magnitude.
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Figure II.9. Porphyrin-C60 dyads with face-to-face (E1) and face-to-edge (E2) orienta-
tion.

Strong π-π-interactions between phorphyrins and C60 are also demonstrated in the

parachute-shaped dyad F (Figure II.10). [29] In the lowest energy conformation, the por-

phyrin is strongly bent towards the fullerene, resulting in an edge-to-edge D-A-distance

of 4.2 Å. In this configuration, through-space interactions of the π-systems play a sig-

nificant role in the ET process.

N

N N

N

O O

Zn

O O

OO

F

Figure II.10. Porphyrin-C60 dyad F with a parachute-shaped geometry.
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II. Electron-Transfer Theory

II.3.3 Supramolecular Systems

An elegant way to enable efficient through-space ET is the use of supramolecular sys-

tems for intermolecular ET. The lack of covalent connection between the D-A-pair pre-

vents through-bond HDA.

By comparing rotaxane-based D-A-compounds to a related covalently bound dyad (Fig-

ure II.11), it was found that the energy of the charge-separated state was decreased for

the rotaxanes. [30] As a consequence, CS in G1 and G2 occurs via the triplet excited

state of the C60-acceptor, whereas in the dyad G3, CS takes place via the singlet state.

The resulting charge-separated state was only long-living for the rotaxane compounds

(τ ≈ 300 ns for both compounds). CS and CR in the dyad G3 took place within the laser

pulse of 6 ns. The center-to-center D-A-distances were estimated by MM2 force-field

calculations. The charged compound G1 showed a longer D-A-distance compared to

G2 (21 vs 17 Å). This calculated difference had no effect on the measured kET-values

though.

O

O O

O

O

OO

OEtO2C

O

N

O

NH

N

O

t-Bu

t-Bu

O

O O

O

O

OO

OEtO2C

NH2

O

NH

O

N

t-Bu

t-Bu

N
N

G1

G3

PF6

G2

Figure II.11. Rotaxane D-A-compounds G1 and G2, and a related covalently connected
D-A-dyad G3.

Ultrafast photoinduced ET was observed in a supramolecular assembly of C70 encap-
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II. Electron-Transfer Theory

sulated in H after excitation of the porphyrin cage (Figure II.12). [31] The rigidity of

the cage results in a relatively fixed edge-to-edge D-A-distance of 2.8 Å and, as a

consequence, an unusually strong HDA for supramolecular porphyrine-fullerene com-

pounds. CS occurs on the sub-picosecond time-scale and the rate could not be deter-

mined. The lifetime for CR could be determined to be approximately 650 ps in toluene.

Minimizing the structural flexibility was found to be the key factor for the observed

high τCR/τCS ratio. [31]

N

N

R

R

N

N

N

N
N

NH N

HN

N

NH N

HN

N

N
R

R

R

R R

R

R: C16H38

H

Figure II.12. Molecular structure of the porphyrine-based cage H.

The so-called Exbox4+ (I; Figure II.13) is a boxlike cyclophane, consistent of two vio-

logens liked by p-phenylene linkers. Stoddart and Wasielewski presented a system

where a perylene is incorporated into Exbox4+, which undergoes ultrafast ET and CR

after excitation of the perylene chromophore. [32] CS occurs within the instrument re-

sponse of approximately 200 fs; the lifetime of the charge-separated state was deter-

mined to be 42 ps. The observed short lifetimes were accounted for by a small D-A-

separation, strong electronic coupling and a high ∆G0 .

NN

N N

I

Figure II.13. Molecular structure of Exbox4+ I.
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III. Probing Through-Solvent Electron-Transfer With A Molecular Corner

III Probing Through-Solvent Electron-Transfer With A

Molecular Corner

Electron-transfer through conjugated or aliphatic bridges has been widely studied. [12,33]

Comparably less is known about the through-solvent pathway, especially with respect

to its distance dependence. This is mainly due to the fact that deconvoluting different

possible intramolecular electron-transfer pathways is a challenging task. Variation of

the donor-acceptor distance is achieved by modification of the bridge. However, chang-

ing the bridging unit always has an influence on the through-bond pathway, [18] making

it difficult to identify the isolated contribution for an increase of the through-solvent

distance.

The spirobifluorene geometry allows two doubly substituted isomers, linear and right-

angled. By attaching a donor and an acceptor side-arm with different bridge lengths,

one obtains two homologous series of donor-acceptor compounds (Figure III.1).

Et EtEt Et
AD

through-bond pathwayEt Et
A

Et

Et

D

vs.
n n

n

n

through -
bond

pathway

Linear IsomersRight-Angled Isomers

through-
    solvent
        pathway

Figure III.1. Right-angled and linear series of donor-acceptor compounds (n = 1-3) and
their possible electron-transfer pathways.

In the linear reference series, electron-transfer can only occur via the through-bond

pathway. The right-angled structure enables the through-solvent pathway as a second

possibility. Through-bond electron-transfer can still occur through the π-system of the

fluorene bridge.
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rDA

ln( )kET

linear isomer

angled isomer (without through-solvent)

angled isomer (with through-solvent)

Figure III.2. Hypothesized distance-dependence of kET for the linear and angled series
of complexes.

A comparison of the distance-dependence of electron-transfer rate constants for the

two series can either result in the same or a different value (Figure III.2). The same

value would point towards a negligible contribution of the through-solvent pathway.

The overall values of the electron-transfer rate constants will be lower for the right-

angled series, as the orthogonal orientation of the donor and acceptor side-arm π-

systems leads to a significant decrease in electronic coupling. The disruption of the

π-conjugation by the central carbon atom in the spirobifluorene should emphasize this

effect. But this effect would be a constant factor, and hence not be an influence on the

overall distance dependence. Any effect of the through-solvent pathway would lead

to different β-values for the two series. This difference can then be accounted as the

through-solvent distance dependence.

Dianisylphenylamine was chosen as a donor moiety, due to its characteristic radical

cation absorption. The combination of triarylamine donors with a [Ru(bpy)3]2+ photo-

sensitizer is well established in our group. [34–36] The redox-properties of [Ru(bpy)3]2+

in the ground- and 3MLCT excited state are presented in Figure III.3, illustrating the

more pronounced capabilities of 3MLCT excited [Ru(bpy)3]2+ to act as electron donor

or acceptor. [37]

[Ru(bpy) ]3

2+

*[Ru(bpy) ]3

2+

[Ru(bpy) ]3

3+[Ru(bpy) ]3

+

2.1 eV

-0.8 V

-1.3 V

0.8 V

1.3 V

Figure III.3. Latimer diagram of [Ru(bpy)3]2+; redox-potentials are reported as V vs SCE
in acetonitrile.
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III. Probing Through-Solvent Electron-Transfer With A Molecular Corner

III.1 Synthesis

The synthesis of the ligand is based on a building block strategy. Two isomeric twofold

bromo-substituted spirobifluorenes, Br-spiro(A)-Br (Scheme III.2 and III.3) for the an-

gled series, and Br-spiro(L)-Br (Scheme III.1) for the linear series, are the central build-

ing blocks. The synthesis of dibromo-substituted spirobifluorenes from 9H-fluorene

has been previously reported in the literature. [38,39]

Br-spiro(L)-Br was synthesized according to literature procedures (Scheme III.1). [38]

The reaction sequence starts with the bromination of 9H-fluorene, followed by oxi-

dation to the corresponding fluorenone, Br-FlO-Br, and the nuclephilic addition of a

Grignard-reagent prepared from the bromo-substituted biphenyl biph-Br. An acid-

catalyzed cyclisation of the non-isolated intermediate formed Br-spiro(L)-Br.

Following a similar sequence to Scheme III.1, the unsubstituted spirobifluorene spiro-

Fl was obtained (Scheme III.2). As the purification of its bromination product, Br-

spiro(A)-Br, was time-consuming, a second synthetic route, also previously reported

in the literature, was explored. [39] An adaptation of this synthetic route was achieved

by splitting up the synthesis of TMS-biph-CO from TMS-biph-Br in two separate re-

actions, to provide reasonable yields (Scheme III.3).

TMS-Fl-BA (Scheme III.4) was the building block used to build up the triarylamine and

bipyridine side-arms. The amine side-arms containing one fluorene unit (TAA-Fl-BA

and TAA-Fl-BE) were synthesized over five steps with overall yields of 11% and 47%,

respectively (Scheme III.5). As the reaction forming the boronic acid (TAA-Fl-BA) only

afforded 19% yield, the boronic ester (TAA-Fl-BE), prepared by a Miyaura-coupling,

was chosen as an alternative. The bipyridine side-arm bpy-Fl-BE was synthesized us-

ing a similar route (Scheme III.6). The bromo-substituted bipyridine was coupled with

TMS-Fl-BA in a Suzuki-Miyaura coupling, followed by iodo-desilylation with iodine

monochloride, and a Miyaura-coupling with B(pin)2 to form bpy-Fl-BE with an overall

yield of 48% over four steps (Scheme III.6).
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BrBr BrBr

Br

Br Br

O

BrBr

i) ii)

iii)

iv)

62%

70% 81%

57%

Br-FlH-Br

Br-FlO-Br

biph-Br
Br-spiro(L)-Br

Scheme III.1. Synthesis of Br-spiro(L)-Br: i) Br2, CH2Cl2, 0 °C; ii) t-BuOOH, KI,
CH2Cl2/MeCN, r.t.; iii) phenylboronic acid, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; iv) a)
Mg, Et2O/THF, reflux b) acetic acid/hydrochloric acid, 125 °C.

O

i)

94%

ii)

44%

iii)

53% Br

Br

FlO
spiro-Fl Br-spiro(A)-Br

Scheme III.2. Synthesis of Br-spiro(a)-Br route 1: i) t-BuOOH, KI, MeCN, r.t.; ii) a) biph-
Br, Mg, Et2O/THF, reflux b) acetic acid/hydrochloric acid, 125 °C; iii) Br2, FeCl3, CHCl3,
0 °C.

Br

Br

ii)

51%
BrBr

i)

56%
B(OH)2TMS TMS

iii)

50%
TMS

O
OMe

TMS

O
OMe

iv)
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TMS

O
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Br

O

Br
Br

vi)

62%

TMS-Ph-BA
TMS-biph-Br

TMS-biph-MC

TMS-biph-MC
bis-TMS-biph-CO bis-Br-biph-CO Br-spiro(A)-Br

Scheme III.3. Synthesis of Br-spiro(a)-Br route 2: i) n-BuLi, Me3SiCl, B(i-PrO)3,
THF, -78 °C; ii) 1,2-dibromobenzene, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; iii) n-BuLi,
dimethylcarbonate, THF, -78 °C; iv) TMS-biph-Br, n-BuLi, THF, -78 °C; v) Br2, NaOAc,
THF, 0 °C; vi) methanesulfonic acid, 120 °C.
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BrBr
i) ii)

70% 81%
BrBr

EtEt

B(OH)2TMS

EtEt

Br-FlH-Br Br-Fl-Br TMS-Fl-BA

Scheme III.4. Synthesis of TMS-Fl-BA: i) ethylbromide, KOH, KI, DMSO, r.t.; ii) n-BuLi,
Me3SiCl, B(i-PrO)3, THF, -78 °C.
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O
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TAA-I
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TAA-Fl-TMS

TAA-Fl-I

TAA-Fl-BA TAA-Fl-BE

Scheme III.5. Synthesis of TAA-BA, TAA-Fl-BA and TAA-BE: i) bro-
mobenzene, [Pd(dba)2], NaOtBu, [HP(t-Bu)3]BF4, toluene, 80 °C; ii) I2,
bis(trifluoroacetoxy)iodobenzene, CH2Cl2, 45 °C; iii) TMS-Fl-BA, Na2CO3, [Pd(PPh3)4],
THF/H2O, 80 °C; iv) ICl, CH2Cl2, -78 °C; v) n-BuLi, B(i-PrO)3, THF, -78 °C; vi) B(pin)2,
KOAc, [Pd(PPh3)2Cl2], DMSO, 80 °C.
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Scheme III.6. Synthesis of bpy-Fl-BE: i) 2-pyridylzinc, [Pd(PPh3)4], THF, r.t.; ii) TMS-

Fl-BA, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; iii) ICl, CH2Cl2, -78 °C; iv) B(pin)2, KOAc,
[Pd(PPh3)2Cl2], DMSO, 80 °C.
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Scheme III.7. Synthesis of AC1: i) TAA-Fl-BA, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; ii)
bpy-Fl-BE, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; iii) [Ru(bpy)2Cl2]·2H2O, KPF6, ethylene
glycol/acetone/CH2Cl2, 65 °C.
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Successive Suzuki-Miyaura-couplings of TAA-Fl-BA and bpy-Fl-BE with the bromi-

nated spirobifluorenes yielded the right-angled (Scheme III.7) and linear (Scheme III.8)

ligands with single fluorene bridging units. The yields for the first coupling were low

due to the statistical nature of this reaction. Although the amine side-arm has a longer

reaction sequence, it was chosen for the first coupling as the bipyridine route was more

time-consuming in total. The complexes AC1 (Scheme III.7) and LC1 (Scheme III.8)

were obtained by complexation with [Ru(bpy)2Cl2]. The solvent mixtures were adapted

to the solubilities of ligand and precursor.

BrBr

i) 49%

Br

bpy

Et Et

Et Et

NAn2

ii) 96%

Et Et

NAn2

iii) 98%

Et Et Et Et

NAn2
N

N N

N
N

N

Ru

Br-spiro(L)-Br

Br-spiro(L)-Fl-TAA

bpy-Fl-spiro(L)-Fl-TAA

LC1

(PF6)2

Scheme III.8. Synthesis of LC1: i) TAA-Fl-BA, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; ii)
bpy-Fl-BE, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; iii) [Ru(bpy)2Cl2]·2H2O, KPF6, ethylene
glycol/acetone/CH2Cl2, 65 °C.

For the synthesis of the ligands bearing two fluorene bridging units, the central spiro-
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bifuorenes were coupled with TMS-Fl-BA (Scheme III.9 and III.10), instead of the side-

arms, in order to reduce the overall number of reactions. A main point of concern in the

extension of the spirobifluorenes was the iodo-desilylation, due to possible unwanted

halogenation of the spiro-center. A concentrated solution of the substrate and a re-

duction of added equivalents of iodine monochloride, compared to the general iodo-

desilylation method, were found to yield suitable reaction conditions.

Stability issues of the product were revealed when the amine side-arm was coupled

first to the extended spirobifluorene in test-reactions. Therefore, the coupling-order

of the side-arms was switched in comparison to the the smallest ligands. The in-

creasing size of the ligands had a negative effect on their solubility. The linear com-

plex LC2 could still be obtained by using the [Ru(bpy)2Cl2] precursor in moderate

yields (Scheme III.9), but no complex could be isolated with the angled ligand. There-

fore, the precursor was changed to [Ru(bpy)2(MeCN)2](OTf)2, which has enhanced

solubility in low polarity solvents. CH2Cl2 was replaced by the higher-boiling 1,2-

dichloroethane in the solvent mixture, to increase the reaction temperature for the

complexation (Scheme III.10).
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Scheme III.9. Synthesis of LC2: i) TMS-Fl-BA, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C;
ii) ICl, CH2Cl2, -78 °C; iii) bpy-Fl-BE, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; iv) TAA-

Fl-BE, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; v) [Ru(bpy)2Cl2] · 2H2O, KPF6, ethylene
glycol/acetone/CH2Cl2, 65 °C.
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Scheme III.10. Synthesis of AC2: i) TMS-Fl-BA, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C;
ii) ICl, CH2Cl2, -78 °C; iii) bpy-Fl-BE, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; iv) TAA-Fl-
BE, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; v) [Ru(bpy)2(MeCN)2](OTf)2, KPF6, ethylene
glycol/acetone/1,2-dichloroethane, 85 °C.
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Scheme III.11. Synthesis of bpy-Fl-Fl-BE and TAA-Fl-Fl-BE: i) TMS-Fl-BA, Na2CO3,
[Pd(PPh3)4], THF/H2O, 80 °C; ii) B(pin)2, KOAc, [Pd(PPh3)2Cl2], DMSO, 80 °C; iii) bpy-
Br, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; iv) ICl, CH2Cl2, -78 °C; v) B(pin)2, KOAc,
[Pd(PPh3)2Cl2], DMSO, 80 °C; vi) TAA-BE, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; vii)
TMS-Fl-BA, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; viii) ICl, CH2Cl2, -78 °C; ix) B(pin)2,
KOAc, [Pd(PPh3)2Cl2], DMSO, 80 °C.

26



III. Probing Through-Solvent Electron-Transfer With A Molecular Corner

Instead of coupling to the central spirobifluorene, the side-arms were extended by one

additional fluorene unit (Scheme III.11) for the syntheses of the ligand bearing three

fluorene bridging units. This approach was hypothesized to lead to a better separabil-

ity of the coupling reaction products. In the first step, TMS-Fl-BA was coupled once

with Br-Fl-Br, using a large excess of the latter. The resulting Br-Fl-Fl-TMS could be

converted to the corresponding boronic ester and subsequently be coupled with bpy-

Br. TAA-Fl-Fl-TMS was synthesized in two different ways. Direct coupling of TAA-BE

with Br-Fl-Fl-TMS gave only a low yield of 19% (Scheme III.11 (vi)). Using TAA-Fl-I,

available from the previous routes, as the substrate improved the overall yield of TAA-

Fl-Fl-TMS (Scheme III.11). The side-arms were sequentially coupled, starting with the

bipyridine and followed by the triarylamine unit (Scheme III.12 and III.13). Only the

complex AC3 was stable enough for characterisation and measurements.
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Scheme III.12. Synthesis of bpy-Fl-Fl-Fl-spiro(L)-Fl-Fl-Fl-TAA: i) bpy-Fl-Fl-BE, Na2CO3,
[Pd(PPh3)4], THF/H2O, 80 °C; ii) TAA-Fl-Fl-BE, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C.

27



III. Probing Through-Solvent Electron-Transfer With A Molecular Corner

Et Et

Et Et

I

I

Et Et

Et Et

bpy

I
3

Et Et

Et Et

bpy

3

NAn2

3

Et Et

Et Et

3

NAn2

3

N

N N

N

N

N

Ru

i) 39%

ii) 50%

iii) 18%

I-Fl-spiro(A)-Fl-I

bpy-Fl-Fl-Fl-spiro(A)-Fl-I

bpy-Fl-Fl-Fl-spiro(A)-Fl-Fl-Fl-TAA

AC3

(PF6)2

Scheme III.13. Synthesis of AC3: i) bpy-Fl-Fl-BE, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C;
ii) TAA-Fl-Fl-BE, Na2CO3, [Pd(PPh3)4], THF/H2O, 80 °C; iii) [Ru(bpy)2(MeCN)2](OTf)2,
KPF6, ethylene glycol/acetone/1,2-dichloroethane, 85 °C.
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III.2 Measurements

III.2.1 Electrochemistry

Electrochemical measurements were performed on all complexes, so as to estimate the

driving forces for electron-transfer. Cyclic voltamograms are presented in Figure III.4,

and the relevant half-wave potentials are listed in Table III.1. The first oxidation wave

of all complexes, at approximately 0.65 V, is associated with the TAA oxidation and is

consistent with the unsubstituted TAA unit. [40] The extension of the bridge π-system

has no effect on its oxidation potential. The second oxidation at a constant value of

1.30 V, is assigned to the RuIII/RuII oxidation. [37]

10

20

30

0

-10

0.0 0.5 1.0 1.5-0.5-1.0-1.5

E / V vs SCE

I
/

A
m

AC1

10

20

30

0

I
/

A
m

0.0 0.5 1.0 1.5 2.0

E / V vs SCE

AC2

20

40

60

0

I
/

A
m

80

0.0 0.5 1.0 1.5-0.5-1.0-1.5

E / V vs SCE

2.0-2.0

AC3

0.0 0.5 1.0 1.5-0.5-1.0-1.5

10

20

0

-10

-20

E / V vs SCE

I
/

A
� 
m

LC1

0.0 0.5 1.0 1.5-0.5-1.0-1.5

E / V vs SCE

-2.0

10

20

0

-10

I
/

A
� 
m

LC2

Figure III.4. Cyclic voltammograms of the right-angled and linear series of complexes,
measured in deaerated MeCN with 0.1 M TBAPF6 as electrolyte; potential sweep rate
of 0.2 V/s.

At higher potentials, further non-reversible oxidation waves were visible for most com-

plexes. A clear assignment to either bridge oxidation or the second TAA oxidation is not
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possible, as the oligofluorene oxidation occurs at a similar potential as the TAA2+/TAA+

oxidation. [41]

Table III.1: Electrochemical reduction and oxidation potentials of the angled and linear
series of complexes, measured in deaerated MeCN with 0.1 M TBAPF6 as electrolyte;
potential sweep rate of 0.2 V/s.

Compound E
(bpy/bpy−)
1/2 /V∗ E

(TAA+/T AA)
1/2 /V E

(RuIII /RuII )
1/2 /V∗

AC1 −1.27 0.65 1.30

AC2 - 0.63 1.30

AC3 −1.22 0.65 1.30

LC1 −1.24 0.66 1.34

LC2 −1.25 0.62 1.30

TAA [40] - 0.63 -

[Ru(bpy)3]2+ [37] −1.33 - 1.29

* measured vs SCE.

Data quality for the reductive scans was highly dependent on the bridge length. Whilst

for AC1 and LC1, two quasi-reversible bipyridine reduction waves were clearly visible,

reduction waves were less pronounced for the complexes with greater bridge lengths.

No reproducible reduction could be measured for AC2. The first reduction of all mea-

surable complexes was between −1.2 and −1.3 V vs SCE, hence negligible deviation

from unsubstituted [Ru(bpy)3]2+.

Assuming the reduction potential of AC2 does not fall out of alignment with the other

complexes, the driving force for photoinduced electron-transfer is constant over both

series of complexes at approximately 0.20 eV (Table III.2). A constant driving force is

also present for electron-transfer after oxidative quenching of the excited [Ru(bpy)3]2+

unit, as the reduction potential of the [Ru(bpy)3]3+ unit is constant at about 1.30 V for

all complexes.
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Table III.2: Calculated ∆G0 values for the intramolecular electron-transfer (1) without
and (2) with an oxidative quenching agent.

Compound ∆G0
1/eV ∆G0

2/eV

AC1 -0.18 -0.65

AC2 - -0.67

AC3 -0.23 -0.65

LC1 -0.20 -0.68

LC2 -0.23 -0.68

III.2.2 Spectroscopy

UVvis Spectroscopy

Optical absorption spectra of all complexes were recorded as MeCN solutions (Fig-

ure III.5). All spectra are dominated by an intense band between 350 and 410 nm,

which is assigned to the bridge π,π∗-absorption.
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Figure III.5. Optical absorption spectra of (left) the angled and (right) linear series of
complexes, measured in MeCN.

The extinction coefficient (ε) of this band increases with the number of bridging fluo-

rene units. For the linear complex LC2, the band undergoes a minor red-shift compared

to LC1. A direct comparison of the spectra of AC1 and LC1 (Figure III.6) shows that the

π,π∗-absorption band of the linear complexes is slightly red-shifted due to the higher

level of π-conjugation of the linear ligand. The band at 290 nm can be assigned to

either a bipyridine or a TAA absorption [40,42], as the extinction coefficient is approx-
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imately independent of the bridge length, and of a similar magnitude for both series

of complexes. Overlap of the low-energy part of the MLCT band with ligand based

absorptions, as a result of the red-shift, was not visible. In addition, the position of the

MLCT absorption does not change over the series and exhibits negligible deviations

to unsubstituted [Ru(bpy)3]2+. [42] UV-Vis spectra show that excitation at 532 nm in a

pump-probe experiment should result in an exclusive excitation of the [Ru(bpy)3]2+

chromophore, and not of potentially interfering ligand-based transitions. Band posi-

tions and extinction coefficients are listed in Table III.3.
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Figure III.6. Superimposed absorption spectra of AC1 (black trace) and LC1 (blue
trace) measured in MeCN.

Table III.3: Summary of the optical absorption spectral properties of the right-angled
and linear series of complexes measured in MeCN.

Compound π,π∗1/nm (ε∗) π,π∗2/nm (ε∗) MLCT/nm (ε∗)

AC1 289 (91.6) 370 (96.6) 463 (10.8)

AC2 288 (97.2) 372 (142) 460 (13.4)

AC3 289 (116) 373 (239) 465 (13.9)

LC1 287 (92.1) 383 (111) 462 (13.0)

LC2 288 (99.2) 384 (192) 461 (14.1)

* Extinction coefficient reported in 103 L mol−1 cm−1.
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Spectroelectrochemistry

UV-Vis-NIR-spectroelectrochemical measurements were performed to identify the po-

sition of the absorption bands associated with the oxidized TAA-moiety. Spectra of

AC1 and LC1 show the growth of a band in the red spectral range (Figure III.7), typical

for oxidized triarylamines. [40] No difference in the position of the band (725 nm) was

observed. The TAA+ band position seams to be independent on the size of the conju-

gated π-system, and was therefore be assumed as virtually constant for the remaining

complexes.
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Figure III.7. Spectroelectrochemical oxidation of AC1 and LC1 measured in MeCN, with
0.1 M Bu4NPF6 as electrolyte and an applied potential of 1.0 V vs SCE.

Pump-Probe Spectroscopy

Subsequent to excitation of the [Ru(bpy)2+
3 ] chromophore, the resulting 3MLCT state is

expected to be reductively quenched by the triarylamine, as suggested by the ther-

modynamical properties of the excited complexes (Table III.2). This photoinduced

electron-transfer should result in a transient absorption spectrum that exhibits a broad

ground-state bleach of the MLCT band around 450 nm and a positive signal of oxidized

TAA at around 730 nm (see previous section). The growth and decay of the TAA·+ band

reflects the kinetics for charge-separation and -recombination, respectively.
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Figure III.8. Transient absorption spectra of a MeCN solution of 15 µM AC1 (left) or
LC1 (right), respectively, after excitation at 532 nm; asterisk: scattered laser light.

The transient absorption spectrum of a solution of AC1 in MeCN shows no signals as-

sociated with oxidized TAA (Figure III.8). All lifetimes obtained for the present signals

were approximately 1.1 µs (Figure III.9), and therefore in the order of unsubstituted

[Ru(bpy)3]2+, suggesting a lack of electron-transfer. [43]
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Figure III.9. Bleach recovery (left) at 390 nm and emission decay (right) at 610 nm
measured for AC1; red dashed lines: exponential fits.

The experiment conducted with LC1 resulted in a nearly identical transient absorp-

tion spectrum (Figure III.8), but with less intensity and a strongly reduced lifetime of

72 ns. This could be explained by quenching through electron-transfer, followed by

charge-recombination with kCR� kET. A Jablonski diagram can illustrate the relevant

electronic transitions within the complexes upon photoexcitation (Figure III.10).
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Figure III.10. Jablonski diagram of the relevant electronic transitions within the com-
plexes upon photoexcitation.

As the relaxation from the charge-separated state is faster than its formation, the charge-

separated state cannot accumulate and is therefore undetectable. kET was estimated by

using the lifetimes of the 3MLCT state of unsubstituted [Ru(bpy)3]2+ [44] and LC1. The

sum of the rate constants for radiative, kr, and non-radiative decay from the excited

state to the ground state, knr, was calculated for [Ru(bpy)3]2+:

τ =
1

kr + knr
= 920 ns (III.1)

kr + knr = 1.1 · 106 s−1 (III.2)

In LC1, depopulation of the excited state includes electron-transfer, adding kET to the

equation of τ . Under the assumption that kr and knr do not differ between [Ru(bpy)3]2+

and LC1, one can calculate kET:

τLC1 =
1

kr + knr + kET
= 72 ns (III.3)

kET = 1.28 · 107 s−1 (III.4)

With a reasonable degree of certainty, one can consider kCR to be greater than

1.28 · 107 s−1. While the fully conjugated π-system of the fluorene units in LC1 en-

able fast through-bond electron-tunneling, this pathway is likely prohibited in AC1,

due to a break of conjugation in the spirobifluorene center. The tunneling barrier of

the remaining through-bond or through-solvent pathway is much greater, therefore

the relatively small driving force of -0.20 eV is apparently too low for a detectable

electron-transfer in AC1.
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Flash-Quench Experiments

Using an oxidative quencher, the oxidative strength of the Ruthenium complex is in-

creased (see Figure III.3). As a direct consequence, the driving force for the electron-

transfer increases by a factor of three to approximately -0.65 eV (Table III.2). Further-

more, the involved bimolecular process slows down the charge-recombination. The

PF−6 salt of methylviologen (MV2+) was chosen as a quencher. To maximize the rate

of the bimolecular quenching process, a nearly saturated solution of MV2+ (80 mM)

was used in all measurements. The reduced methylviologen (MV+) displays two spec-

tral features, a set sharp bands at around 400 nm and a broad band at 608 nm. [45] As

the extinction coefficient of all ligands is very high in the spectral range from 250 to

420 nm, the high energy absorptions of MV+ were not detected in any measurement.

Transient absorption spectra of the right-angled series of complexes with the related

kinetic traces of the TAA·+-band are presented in Figure III.11. The determined values

for the electron-transfer rate constants (Table III.4) show only very weak dependence

on the bridge length.
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Figure III.11. Transient absorption spectra of a MeCN solution of 80 µM MV(PF6)2 and
15 µM AC1, AC2 or AC3, respectively, after excitation at 532 nm (left), and the related
growth of the transient absorption signal (right) at 730 nm (black trances) including
their exponential fits (red dashed lines); asterisks: scattered laser light.
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Table III.4: Calculated electron-transfer rate constants from fits of the growth of the
TAA·+ transient absorption signals.

Compound AC1 AC2 AC3

kET/107s−1 5.9 4.1 4.7

The results from the flash-quench experiments were surprising, as a distinct distance-

dependence of the rate constants was expected. [46] The through-solvent tunneling path-

way in MeCN should have an especially high tunneling barrier – resulting in a large

β-value.

Several reasons for this behaviour are possible. One possibility is that the obtained

kET values are not trustworthy, as they are all close to the limitation of the instrument

(≈10 ns). In order to confirm that limiting value, the instrument response function

was determined by measuring the decay of the scattered laser light after excitation of

a sample of colloidal silica (Figure III.12). The obtained lifetime (≈8 ns) could prove

the ten nanosecond limit as valid, and therefore the electron transfer rate constants as

reliable.
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Figure III.12. Growth and decay of scattered laser light after excitation at 532 nm of
an aqueous solution of colloidal silica.

Repeating the flash-quench measurements with [Ru(bpy)3](PF6)2 gave information

about the time-constant for intermolecular quenching. The transient absorption spec-

trum (Figure III.13) of the [Ru(bpy)3]2+ experiment shows two positive bands, a sharp

band at 394 and a broad band 605 nm, associated with the generated reduced methylvi-

ologen (MV+). [45] The negative feature at 450 nm is the bleach of the [Ru(bpy)3]2+

MLCT band. [47]
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Figure III.13. Transient absorption spectrum of a MeCN solution of 80 mM MV(PF6)2
and 15 µM [Ru(bpy)3](PF6)2 after excitation at 532 nm; asterisk: scattered laser light.

For both MV+ bands, the growth of the transient absorption signal was measured (Fig-

ure III.14). The negative signal visible for the measurement at 605 nm due to stimu-

lated emission during excitation.
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Figure III.14. Growth of the transient absorption signal (black traces); exponential fits
(red dotted lines).

Lifetimes obtained from the exponential fits are approximately ten nanoseconds, and

therefore laser-limited. Lifetimes obtained for the electron-transfer in AC1-AC3 are

around a factor of two larger and can be considered as reliable values. Additionally, the

superimposed transient absorption spectra show that the absorption of oxidized TAA

does not interfere with the low energy band of MV+. The determined electron-transfer

kinetics are therefore not disturbed by kinetics related to the quenching process.

38



III. Probing Through-Solvent Electron-Transfer With A Molecular Corner

m
O

D
D

500 600 700

0

-2

-4

4

2

6

8 Ru(bpy)3

2+

AC1

TAA
∙+

MV
+

l / nm

Figure III.15. Superimposed transient absorption spectra of AC1 and [Ru(bpy)3]2+.

The linear complexes LC1 and LC2 exhibit nearly identical transient absorption spectra

to their angled counterparts (Figure III.16 and Figure III.17). The time constants for

the TAA oxidation are laser-limited and therefore cannot be determined with the used

setup. As the electron-transfer pathway through a highly π-conjugated fluorene bridge

is expected to be faster compared to the pathway through the spirobifluorene with its

saturated center, this result is not surprising.
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Figure III.16. Transient absorption spectra of a MeCN solution of 80 µM MV(PF6)2 and
15 µM LC1 or LC3, respectively, after excitation at 532 nm (left) and the related growth
of the transient absorption signal (right) at 720 nm (black trances), including their
exponential fits (red dashed lines); asterisk: scattered laser light.
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Figure III.17. Superimposed transient absorption spectra of AC1 and LC1.

A comparison of the transient absorption spectra of AC1 and LC1 shows that for both

complexes, a charge-separated state with the same spectral features is reached. Break-

ing the conjugation of the bridge by going from the linear to angled isomer had the

effect of slowing down the electron transfer from kET ≥ 108s−1 to kET ≤ 5.9 · 107s−1. For

the linear isomers, a distance-dependence could not be determined for experimental

reasons. For the missing distance-dependence of the angled series, no experimental

explanation was found.

III.3 Molecular Mechanics Calculations

A possible factor that, until now, was not taken into account is the flexibility of aromatic

oligomers. Whilst the use of a fluorene bridging unit should decrease the flexibility in

a direct comparison to a non-linked biphenyl unit, a certain flexibility will be present,

given the number of repeating units. In addition, the bonds in the para-positions of

the fluorene do not lie on a straight line. This way, conformers with different donor-

acceptor distances are possible. In order to estimate the minimal distance between the

TAA and the [Ru(bpy)3]2+ moieties, calculations using the MMFF level of theory were

performed. The distance between the ruthenium center and the nitrogen atom of the

TAA was taken to compare the trend of through-space donor-acceptor distance within

the series. The results of the calculations are listed in Table III.5, and the optimized

structures are presented in Figure III.18.
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Table III.5: Calculated Ru-N distances from geometry-optimized structures of the an-
gled series of complexes.

Compound Ru-N distance/Å

AC1 13.8

AC2 8.8

AC3 8.7

AC1

AC2 AC3

Figure III.18. Geometry optimized molecular structures of AC1-AC3 for the lowest
energy close-contact conformation of donor and acceptor.
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The oligo-fluorene bridge displays a remarkable flexibility, allowing relatively close

contact of donor and acceptor. For the longer bridges in AC2 and AC3, the optimized

structures suggest a possible π-stacking of one bipyridine-ligand with one of the aryl-

rings of the TAA. Using this low level of theory, results have to be treated with care, but

a general trend that the through-space distance does not increase accordingly with the

bridge length can be recognized. The underestimated spatial separation of donor and

acceptor is a potential explanation for the measured electron-transfer rate constants.

III.4 Conclusion

A right-angled and a linear series of homologous compounds, each bearing [Ru(bpy)3]2+-

and TAA endgroups, with different numbers of bridging fluorene units were prepared.

A comparison of the distance-dependence of photoinduced electron-transfer rates

should have given insight into the through-space distance-dependence of electron-

transfer. The increasing bridging length, and therefore extension of the conjugated

π-system, had no significant effect on the driving force of 0.2 eV for electron-transfer.

Photoinduced electron-transfer from the [Ru(bpy)3]2+ 3MLCT excited state did not oc-

cur for the angled series of molecules. For the linear complexes no signal for the ox-

idized TAA-moiety could be detected either. In combination with a reduced 3MLCT

lifetime compared to [Ru(bpy)3]2+, this points towards electron-transfer with subse-

quent faster charge-recombination. The flash-quench experiment, with methylviolo-

gen as an oxidative quenching agent, increased the driving-force for electron-transfer

to about 0.65 eV. The driving force was high enough to allow intramolecular electron-

transfer for all compounds. The electron-transfer rate constants for the angled se-

ries showed only very weak dependence on the bridge length, while their values were

close to the limit of resolution. The data was validated by control experiments with

[Ru(bpy)3]2+. Electron-transfer for the linear series was on a time-scale faster than the

instrument resolution, but by addition of methylviologen, transient absorption spectra

proving the presence of the charge-separated state could be obtained. For the right-

angled series of complexes, molecular mechanics calculations showed that the longer

fluorene-bridges are more flexible than originally expected, allowing close-contact of

donor and acceptor. The calculated center-to-center distance between donor and accep-

tor seem independent of the bridging length for AC2 and AC3. Although the angled

series did not exhibit the behavior that it was originally designed for, the very weak

distance-dependence suggests a predominant through-space contribution for the ob-

served electron-transfer.
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IV Theory

IV.1 Mixed-Valence

Mixed-valency is where a single compound contains two chemically equivalent redox-

active moieties (M1, M2) in different oxidation states. In the early years of investigating

mixed-valency, three different Classes were defined (Figure IV.1). [48] Class I describes

a system with no electronic coupling (HAB). Both states are well separated and can be

depicted as M(n+1)+
1 /Mn+

2 . The lack of electronic coupling results in behaviour of the

molecule as the sum of both M(n+1)+
1 and Mn+

2 . Class II describes systems in which the

charge is still localized, but the redox-active moieties display weak HAB. This leads to

mixing of the diabatic surfaces of [M(n+1)+
1 /Mn+

2 ] and [Mn+
1 /M(n+1)+

2 ], forming new adia-

batic surfaces. The ground state exhibits two minima representing the charge localiza-

tion with the thermal electron-transfer barrier Eth. The energy difference between the

adiabtic states at the diabatic crossing point represents the electronic coupling. If the

coupling increases, the minima move closer together until they fuse. This full delocal-

ization represents Class III mixed-valence compounds [M(n+1/2)+
1 /M(n+1/2)+

2 ]. In reality,

the electronic coupling can vary over a broad range – resulting in borderline cases that

display characteristic features of both Class II and Class III mixed-valency.
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e
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e
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0 0 0 111

hn

hn2HAB
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Figure IV.1. Potential energy surfaces of Class I–III mixed-valence systems.

The mixing of states gives rise to new properties that are not present in Class I sys-

tems, one of which is a new characteristic absorption feature, the so-called intervalence

charge-transfer (IVCT) band. It is the result of an excitation from the adiabatic ground

to the excited state. The energy of the absorption maximum of the IVCT band (νmax) is

roughly equal to the reorganization energy (λ). An increase in electronic coupling also

causes an increase of νmax, meaning that the IVCT band undergoes typically a blue-
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shift from Class II (λ = hν � 2HAB) to Class III systems (λ = hν = 2HAB). In addition

to νmax, the band shape is also dependent on HAB. The greater the delocalization, the

more asymmetrical the IVCT band becomes. The low-energy side of band is cut off,

as 2HAB becomes the lowest possible excitation energy. In the Class III case, the IVCT

band should in principal only consist of the high-energy half of the Gaussian-shaped

absorption band. The absence of a real cut-off is caused by quantum effects and solvent

broadening. [49] Another feature of the IVCT band of Class III compounds is a weaker

dependence on solvent polarity as the excitation does not involve a charge-transfer pro-

cess. Analysis of the IVCT band can therefore give information about the classification

and the electronic coupling. The general equation for HAB includes the adiabatic tran-

sition dipole moment (|µ12|), the electron-transfer distance (rAB) and the unit electronic

charge e.

HAB =
|µ12|
erAB

νmax (IV.1)

HAB =
2.06 · 10−2(νmaxεmax∆ν1/2)1/2

rAB
(IV.2)

Equation IV.1 does not make any assumption about the band shape, as it contains the

integral over the whole band; it can therefore be applied for the analysis of any IVCT

band. If the present band is of Gaussian shape, and therefore belongs to a Class II

compound, the formula can be reduced to equation IV.2. Hereby, νmax is the energy

of the IVCT band maximum, εmax its extinction coefficient at the band maximum and

∆ν1/2 the full width at half maximum. Whereas most values can be obtained by Gaus-

sian fitting of the IVCT band, rAB is a significant factor of uncertainty. [50] In inorganic

mixed-valence systems, the distance between the metal centers is a relatively reliable

value. In organic systems, only rough approximations are possible, as often no defined

redox-centers exist, and the charge, to some extent, is delocalized on the bridge. [51] For

Class III mixed-valence systems, this deviation of rAB can be determined, as HAB can

be directly calculated from the energy of the absorption maximum of the IVCT band.

The barrier for thermal electron-transfer (Eth; Figure IV.1) can be estimated by using

parameters obtained from fit of the IVCT band (eq. IV.3). [49]

Eth =
λ
4
−HAB +

H2
AB

λ
(IV.3)

Eth can also be determined by measuring temperature-dependent EPR spectra. [52] De-

creasing the temperature lowers the delocalization of the charge, causing a change in

the EPR spectrum. Rate constants for thermal electron-transfer can be extracted from
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the fitting of the experimental EPR spectra.

k =
kBT
h

exp
(
−∆G

‡

kBT

)
=
kBT
h

exp
(
−∆S

‡

kB

)
exp

(
−∆H

‡

kBT

)
(IV.4)

The Eyring-equation (IV.4) is based on transition-state theory and provides a good gen-

eral description. Here the preexponential factor consists of the Boltzmann-constant kB,

the temperature T and the Planck-constant h. The entropy ∆S‡ can be considered as a

factor consisting of deviations of the preexponential factor and the linear temperature

dependence of the reorganization energies, and ∆H‡ as the thermal electron-transfer

barrier. [52]

∆H‡ is usually determined by a plot of ln(k/T ) vs T −1. In order to observe a change

in radical delocalization, the electronic coupling has to be rather small. [53] Even most

Class II compounds still show too strong coupling. The thermal electron-transfer bar-

rier is too low to measure a transition to the localized state. One of the few examples is

the spiro-fused bis(triarylamine) I (Figure IV.2), which shows no IVCT band in the NIR

region, but spin delocalisation in room temperature EPR. [54]

N SiMeO

OMe

OMe

N

MeO

MeO

OMe

I

Figure IV.2. Example of a bis(triarylamine)-system to study the spin-delocalization by
temperature-dependent EPR measurements. [54]

The thermodynamic stabilisation of the mixed-valent state is expressed by the compro-

portination constant KC. [55]

KC =
[M+]2

[M2+][M]
(IV.5)
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KC can be related to the electrochemical properties of a system, M, with the Faraday

constant, F, and the ideal gas constant, R, (equation IV.6). The so called half-wave

splitting (∆E1/2) is the difference between the half-wave potentials related to the two

one-electron oxidations from M to M+ and from M+ M2+.

KC = exp
(
F∆E1/2

RT

)
(IV.6)

A larger half-wave splitting is therefore directly correlated with a larger thermody-

namic stability of the mixed-valent species M+. A high stability is often associated

with a strongHAB. Electronic coupling is one factor affecting KC, but its contribution is

small compared to electrostatic effects for example. It is therefore hard to predict when

there is a correlation between the half-wave splitting and the electronic coupling. The

assumption that a low half-wave splitting correlates with weakHAB, tends to fail in two

cases: (1) the bridge is actively involved in the redox process; (2) the bridge brings the

redox-active moieties into close proximity, whilst exhibiting only little orbital overlap

with them. [56]

IV.2 Triarylamines in Mixed-Valence Compounds

Studies on mixed-valence compounds originated from inorganic materials. [57] An in-

tense colour was found to be one of their common features. From this attribute re-

sults an application of mixed-valent complexes as pigments. Well known examples are

ultramarine blue (Na8[Al6Si6O24]Sn, with S−3 as key chromophore) and Prussian blue

(Fe(III)4[Fe(II)(CN)6]3). Whilst first interests for mixed-valence systems were based on

their pigmentation, recent studies dealt with applications of them in fields like molec-

ular magnetism. [58]

Pure organic molecules in their mixed-valent state have received great interest as model

systems to explore electron-transfer properties of conjugated organic or saturated

bridges. [59] The usually neutral organic molecule is converted to its mixed-valent rad-

ical ion form by single oxidation/reduction.

Among the used redox-active centers in organic mixed-valent systems, triarylamines

(TAA) are probably the widest applied. [50,60] The interest in TAAs as well as mixed-

valence systems based on them is connected to their application in OLEDs as hole

transport and/or emitting material. [50,61,62] They display relatively stable radicals with

distinct spectral characteristics, and their oxidation potentials can be tuned by intro-

ducing various substituents. [63]

The importance of the electronic properties of the bridge was demonstrated in a study

by Lambert and coworkers. [64] A series of compounds with two triarylamines were

connected by a fully conjugated bridge, bearing a central aryl unit with different sub-
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stituents (Figure IV.3).

X

X

N N

MeO

MeO OMe

OMe

J1-3: X = H, Me, OMe

Figure IV.3. Example of a bis(triarylamine)-system to study the effect of electronic
properties of the bridge on HAB.

Increasing the electron density at the bridge through incorporation of electron-donating

substituents lead to enhanced electronic coupling of the TAA-groups in the mixed-

valent species. [65,66]

A close-related redox-active moiety, which is obtained by fusing the two terminal aryl

rings of the TAA unit, is carbazole. By comparing a fused (K1) with its related open

(K2) mixed-valent system it was found that the electronic coupling drops by a factor of

roughly two from K2 to K1. [67,68]

N

Me

Me

N

Me

Me

vsNN

t-Bu

t-Bu

t-Bu

t-Bu

K2K1

Figure IV.4. Examples of two related bis(triarylamines) mixed-valent systems with
fused (K1) and non-fused (K2) terminally aryl rings.

The carbazole moiety reduces the orbital overlap of the nitrogen p-orbital with the π-

system of the bridging aryl rings. [68] This reduction is caused by a twist of the carbazole

unit against the bridge, which is induced by the greater steric demand of the carbazole.

The same carbazole study can serve as an example where it was shown, that upon en-

hancement of the π-conjugation of the bridge the electronic coupling increases. [68] This

was ensured by linking the two bridging aryl rings with additional aliphatic linkers,

hence hinder their rotation and lower the torsion angle (Figure IV.5).
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vsNN

t-Bu

t-Bu

t-Bu

t-Bu

K3K1

NN

t-Bu

t-Bu

t-Bu

t-Bu

Class II Class III

Figure IV.5. Examples of two related carbazole-based mixed-valent systems demon-
strating stronger HAB with higher π-conjugation of the bridge.

IV.3 Through-Space Interactions in Mixed-Valence Compounds

Two major approaches to realise through-space interactions dominate this research

field: (1) enabling π − π-interaction within the bridge; (2) bringing the redox-active

moieties into close spatial proximity with a C- or U-shaped molecular geometry.

The most prominent examples with a relatively fixed π-stacking distance are paracy-

clophanes (Figure IV.6).

Ru

Ru

NO2

O2N N N

N NPh Ph

PhPh

L1 L2 L3

Figure IV.6. Examples of the use of the paracyclophane geometry for the investigation
of through-space charge-transfer in mixed-valence compounds.

Although the two phenylene units of a paracyclophane do not belong to a single conju-

gated system, their small spatial distance results in a substantial orbital overlap. It was

shown that this geometry gives rise to a strong through-space interaction, while some

through-bond interaction is still present. One of the first mixed-valence compounds

with the paracyclophane motif was published by Nelsen. [69] The monocations of the

pseudo-para (L1; Figure IV.6) and -otho nitro substituted [2.2]paracyclophane were

studied by UV-Vis absorption spectroscopy. Through solvent variation, the pseudo-

para substituted compound could be shifted from Class II to Class III – demonstrating
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the charge-transfer capabilities of paracyclophanes. The optical absorption spectrum

of the pseudo-ortho substituted isomer showed less influence on solvent polarity. The

change of the substitution pattern results in a lower cross-ring interaction clearly vis-

ible in calculated orbital densities. A diruthenium complex (L2; Figure IV.6) with a

paracyclophane as a double η6-coordinating ligand was synthesized. [70] The mixed-

valent species is formed by a net two-electron reduction of one of Ru2+ to Ru0. Refer-

ence compounds strongly suggest that the corresponding ligand π-system changes its

coordination from η6 to η4. This is a rare example of a mixed-valent compound where

the oxidation states differ of a number greater one.

The paracyclophane unit is not limited to a pure hydrocarbon backbone. By intro-

ducing nitrogen into the bridging alkane (L3; Figure IV.6), it was possible to create

a mixed-valence species mimicking a dimeric p-phenylenediamine radical cation. [71]

This leads to a borderline Class II/III state in dichloromethane, where the charge is al-

most completely delocalized over the two π-systems, including the four nitrogen atoms.

R

R

R

R

R: N

OMe

OMe

M1 M2

Figure IV.7. Examples of triarylamine substituted mixed-valent compounds for the in-
vestigation of the contribution of the through-space charge-transfer pathway in para-
cyclophanes.

Using triarylamine substituted paracyclophanes, Lambert and co-workers obtained

similar electronic couplings for the two isomers M1 and M2 (Figure IV.7). [72] In addi-

tion, they could determine that the electronic coupling through paracyclophane bridges

is only little less than through a fully conjugated xylene bridge. Quantum chemical

calculations, performed by Kaupp et al. on that particular set of mixed-valence com-

pounds, dealt with the question to what extent the through-bond pathway is involved

in the electronic coupling. [73] Calculated electronic couplings changed only to a small

extent when the dimethylene linkers in the paracyclophane were replaced with hydro-
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gen atoms while keeping the rest of the calculated geometry unchanged. This indicates

that the linker has a predominantly structural role, keeping the two π-systems well

aligned, and only a small electronic role.

Bringing two redox-active moieties into close proximity can lead, at least partially, to

through-space charge-transfer. [74–77] A series of systems based on the ortho-substitution

of benzene was studied in the groups of Kochi and Nöll (Figure IV.8).

R

R

R: N

OMe

OMe

MeO

OMe
N S

, ,

N1 N2 N3

Figure IV.8. Examples of mixed-valent ortho-substituted benzenes exhibiting through-
space communication.

In N1 and N2 the phenylene bridge is connected via a methylene spacer with the redox-

active moiety, introducing a certain degree of flexibility and decreasing the through-

bond electronic coupling. This allows a conformation, where the aromatic systems of

the donor adopt a coplanar orientation, necessary for the orbital overlap. The ortho-

phenylenediamine compound N3, in which the nitrogen atoms are directly connected

to the phenylene bridge, was found to belong to Class III in low-polarity solvents. [77]

The electronic coupling is only slightly weaker compared to its para-substituted ana-

logue. [50] The bulkiness of the aryl substituents limits conjugation of the nitrogen lone-

pair of electrons with the bridge π-system. As this is a key requirement for efficient

through-bond coupling, it was argued that the through-space pathway has a consider-

able contribution.

In order to study the through-space pathway with further decreased through-bond con-

tribution, we recently analyzed a series of mixed-valent compounds with naphthalene

as an aromatic backbone (Figure IV.9). [74] Naphthalene-based mixed-valent systems

are known to exhibit through-bond electronic couplings not dependent on the num-

ber of single bonds between the substituents, but on the alternating double bond se-

quence. [78] No such sequence is possible for a 1,8-substitution pattern, reducing this

pathway to a great extent.
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N

N

R

R

R

R

R: OMe
N R

R

NR
R

O1 O2

Figure IV.9. Examples of the ortho-substituted benzenes showing through-space com-
munication in their mixed-valent form.

O2 was found to be a Class II system with significant through-space coupling. In

contrast to N3 (Figure IV.8), the interaction is not limited to an overlap of the nitro-

gen lone-pairs. DFT-calculations indicated that the carbon atoms in α-positions to the

naphthalene bridge display a substantial fraction of the spin density. The overall elec-

tronic communication was comparable in the 1,5-substituted compound O2. The de-

termination of the exact pathway remains difficult, for reasons such as conformational

flexibility or a possible substantial contribution of the through-bond pathway.
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V A Mixed-Valence Triple-Decker as a Model Compound for

n-π-n Interactions

The vast majority of mixed-valence compounds investigated for through-space inter-

actions were designed on either the possibility of π-stacked aryl building blocks or

the close contact of the redox-active moieties. [79] The interaction of an aromatic π-

system with a lone-pair of electrons was primarily investigated in the field of protein

research. [80,81] The spin density of the monocations of triarylamines that are most com-

monly used in organic mixed-valence studies is mainly located at the nitrogen atom.

A spatially close-orientated π-system to the occupied non-bonding nitrogen p-orbital

should facilitate an overlap between these orbitals.

The compounds presented in this work exhibit a triple-decker-like stacked geometry,

where a central aryl ring is ’sandwiched’ by the two amine moieties (Figure V.1).

NR
R

N R
R

Figure V.1. Schematic depiction of the triple-decker geometry.

This design should allow an orientation where the non-bonding nitrogen p-orbital of

the nitrogen atom in both donor moieties points towards the π-system of the central

aryl ring. This approximately linear alignment of the orbitals should result in a signif-

icant through-space electronic coupling.

Charge-transfer in the monocationic species is expected to occur mainly through the

resulting n-π-n interaction. A through-bond pathway is highly disfavoured for three

reasons: (1) the weak through-bond electronic coupling in the 1,8-substitution pattern

in naphthalenes [74]; (2) the orthogonality of the π-systems of the naphthalene moieties

and the aryl rings due to steric hinderance; (3) the large number of chemical bonds

between the two redox centers. Any contribution from through-bond charge-transfer

shall be accounted for by the use of the 1,5-substituted isomer, wherein only through-

bond charge-transfer can occur, as a reference molecule.
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V.1 First Generation Triple-Decker System

For the first generation system, phenothiazine (PTZ) was chosen as the redox-active

unit. The butterfly-shaped geometry of the fused ring system in the neutral form

should lead to a more centrally-directed orientation of the nitrogen lone pair in com-

parison with the commonly used open propeller-shaped triarylamines. Additionally,

the through-bond electronic coupling is further decreased by the change from an open

triarylamine to phenothiazine, because the latter has a comparatively smaller orbital

overlap of the nitrogen p-orbital with the bridge π-orbitals. [68] A second, outwardly di-

rected, orientation would be possible but is sterically disfavoured. For the central aryl

unit, an unsubstituted phenylene and the highly electron rich 1,2,4,5-tetramethoxyben-

zene (tmb) were chosen. Comparison between homologous systems incorporating these

two bridging units should give further insight in the dependence of through-space

charge-transfer on the electronic properties of the bridge. Higher electron density

on the mediating bridge should enhance hole-transfer, as the tunneling barrier is de-

creased. If the oxidation potential of the bridge becomes close to that of the redox-

active moiety, charge-delocalization might also involve the central π-system, in addi-

tion to the amines.

V.1.1 Synthesis

Both triple-decker compounds were synthesized using analogous strategies, where the

central ethyne-substituted aryl is introduced in the last step.

In this synthetic route, the boronic ester PTZ-Ph-BE was the first building block. It

was obtained in an overall yield of 29% over four steps (Scheme V.1).

Br Br Br TMS S N TMS

S N TMS S N I S N B
O

O

82%quant.

i) ii)

69%

iii)

51%

iv)

Br-Ph-TMS

PTZ-Ph-TMS

PTZ-Ph-TMS PTZ-Ph-I PTZ-Ph-BE

Scheme V.1. Synthesis of PTZ-Ph-BE; i) n-BuLi, Me3SiCl, Et2O, -78 °C; ii) phenoth-
iazine, NaOt-Bu, [Pd(dba)2], HP(t-Bu)3BF4, toluene, 80 °C; iii) ICl, -78 °C, CH2Cl2; iv)
bis(pinacolato)diboron, KOAc, [Pd(PPh3)2Cl2], DMSO, 80 °C.
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The key step in the overall synthesis was the statistically-controlled Suzuki-Miyaura

cross-coupling reaction between PTZ-Ph-BE and 1,8-Naph-I2 (Scheme V.2 (ii)). The

desired product was only obtained in 34% yield, even after using an excess of 1,8-

Naph-I2. Formation of the doubly-coupled product appears to be kinetically favoured,

despite the second coupling being sterically hindered.

NH2

NH2

I

I

20%

Br Br

TMS TMS

S N

I

71%

91%

34%

13%

i)

ii)

iii)

iv)

v)

1,8-Naph-I2

Naph-1-(Ph-PTZ),8-I

H-cc-Ph-cc-H

TMS-cc-Ph-cc-TMS

77%

61%

MeO OMe

OMeMeO

MeO OMe

OMeMeO
OHHO

vi)

vii)

H-cc-tmb-cc-H

mebynol-cc-tmb-cc-mebynol

NS

R
R

R
R

N S

R=H:

R=OMe:

PTZ-TD-Ph

PTZ-TD-tmb

Scheme V.2. Synthesis of PTZ-TD-Ph; i) NaNO2, KI, H2SO4, 0 °C; ii) PTZ-Ph-BE, Na2CO3,
[Pd(PPh3)4], THF/H2O, 80 °C; iii) trimethylsilylacetylene, [Pd(PPh3)2Cl2], CuI, THF/i-
Pr2NH, 45 °C; iv) KF, THF/MeOH, 60 °C; v) [Pd(PPh3)2Cl2], CuI, NEt3/CHCl3, 65 °C; vi):
NaOH, toluene, 110 °C; vii) [Pd(PPh3)2Cl2], CuI, NEt3/DMSO, 90 °C.
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The final Sonogashira-Hagihara coupling with the respective diethynyl bridge formed

PTZ-TD-Ph in 13% (Scheme V.2 (v)) and PTZ-TD-tmb in 61% yield (Scheme V.2 (vii)).

The lower yield of PTZ-TD-Ph was accounted for by its low solubility, resulting in pu-

rification difficulties.

For the reference molecules PTZ-Ref-Ph and PTZ-Ref-tmb, a different route

(Scheme V.3) had to be taken, as mono-coupling between PTZ-Ph-BE and 1,5-Naph-I2

was unsuccessful. In the alternative route, the central bridging unit was first coupled

with the naphthalenes before the phenothiazine sidearmes were attached. To decrease

the probability of polymerization in the Sonogashira-Hagihara reaction, a naphtha-

lene derivative bearing one iodo and one triflate group (Naph-1-OTf,5-I) was prepared.

Only PTZ-Ref-tmb was isolated using this route, in 68% yield. The linear arrangement

of the reference compound favours aggregation, which results in a lower solubility com-

pared to the molecules with triple-decker geometry. Potentially formed PTZ-Ref-Ph

could not be purified for this reason.

NH2 I

HO HO

I

TsO

I

TsO

OTfTfO

26%

i)

quant.

ii)

OTfTfOMeO OMe

OMeMeO

N NS SOMeMeO

MeO OMe

iii) v)

iv)

81% 81%

68%

Naph-1-OH,5-I Naph-1-OTf,5-I

Naph-1-OTf,5-I

TfO-Naph(1,5)-cc-ph-cc-Naph(1,5)-OTfTfO-Naph(1,5)-cc-tmb-cc-Naph(1,5)-OTf

PTZ-Ref-tmb

Scheme V.3. Synthesis of PTZ-Ref-tmb; i) NaNO2, KI, aq. HCl, 0 °C; Tf2O,
CH2Cl2/pyridine, 0 °C, iii) H-cc-tmb-cc-H, [Pd(PPh3)2Cl2], CuI, NEt3/THF, 90 °C; iv) PTZ-
Ph-BE, Cs2CO3, [Pd(dppf)Cl2]· CH2Cl2, DMF, 60 °C; v) H-cc-Ph-cc-H, [Pd(PPh3)2Cl2], CuI,
NEt3/THF, 90 °C.
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Single crystals were obtained from [PTZ-TD-Ph][SbCl6]2 and PTZ-TD-tmb by dif-

fusion of pentane into the respective CH2Cl2 solution of the compound and mea-

sured by X-ray diffractometry. Comparison between the X-ray crystal structures of

the triple-decker compounds reveals that for PTZ-TD-Ph2+, the central aryl ring has

a roughly parallel orientation to the phenothiazine plane. This alignment enables a

charge-transfer pathway across the two stacked π-systems. This conformation is not

present for PTZ-TD-tmb, which may be caused by the steric bulk, provided by the

methoxy-substituent.

PTZ-TD-Ph
2+

PTZ-TD-tmb

Figure V.2. X-ray crystal structures of PTZ-TD-Ph2+ with two SbCl−6 as counter-ions
and neutral PTZ-TD-tmb, with thermal ellipsoids drawn at 50% probability; solvent,
counter-ions and hydrogen atoms omitted for clarity.
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V.1.2 Electrochemistry

Figure V.3. Cyclic voltammo-
grams of PTZ-TD-Ph and PTZ-

TD-tmb measured in deaerated
CH2Cl2 with 0.1 M of TBAPF6 as
electrolyte; potential sweep rate of
0.1 V/s.

Cyclic voltammetry was used to determine the

oxidation potentials for the triple-decker com-

pounds PTZ-TD-Ph and PTZ-TD-tmb. Both

compounds show a single quasi-reversible oxida-

tion at an identical potential of E(+/0)
1/2 = 0.72 V

vs SCE in CH2Cl2. The lack of resolution of

two consecutive oxidation waves is accounted

for by negligible electrostatic interaction and

electronic communication between the amines.

This unobserved potential difference for the one-

electron oxidations of the two redox-active moi-

eties of a mixed-valence compound depends on

the thermodynamic stability of the mixed-valent

species. [82] A low stability of the monocations

could also be partially responsible for the unre-

solved potential splitting.

The behaviour of PTZ-TD-tmb during the elec-

trochemical measurement was surprisingly sim-

ilar to PTZ-TD-Ph (Figure V.3). The voltam-

mogram also shows only a single oxidation,

and no additional oxidation that could be as-

signed to the tmb-unit is visible within the solvent window. The isolated 1,2,4,5-

tetramethoxybenzene has an oxidation potential of 0.81 V vs SCE. [83] This phe-

nomenon of a missing tmb-oxidation was also observed in previous studies and may

be due to an overlap with the oxidation of phenothiazine. [84]

Table V.1: Electrochemical oxidation potentials of phenothiazine-based triple-decker
molecules, measured in deaerated CH2Cl2 with 0.1 M of TBAPF6 as electrolyte; poten-
tial sweep rate of 0.1 V/s.

Compound E
(+/0)
1/2 /V vs SCE ∆Ep/mV

PTZ-TD-Ph 0.72 125

PTZ-TD-tmb 0.72 215

Two close lying signals should cause broadening, but the measured voltammograms

PTZ-TD-tmb gave almost identical signals compared to PTZ-TD-Ph - even though the

57



V. A Mixed-Valence Triple-Decker as a Model Compound for n-π-n Interactions

separation of the peak potentials ∆Ep increased. The PTZ-Ref-tmb reference com-

pound could not be measured due to solubility issues.

V.1.3 UV-Vis-NIR-Spectroscopy

Measurements in CH2Cl2

The neutral compounds PTZ-TD-Ph and PTZ-TD-tmb exhibit no optical absorption

at wavelengths larger than 500 nm. Single oxidation of the compounds leads to their

respective mixed-valence forms. Of particular interest is the NIR region, where an

IVCT band is expected. Upon titration of a SbCl5 solution (2.0 mM in CH2Cl2) as a

chemical oxidant, two bands at 790 nm and 890 nm appear that can be assigned to

PTZ·+. [85]
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Figure V.4. UV-Vis-NIR spectra of PTZ-TD-Ph and PTZ-TD-tmb upon titration of SbCl5
in CH2Cl2; red traces after single oxidation; blue traces after double oxidation.
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Figure V.5. Enlargement of the NIR region of the spectra shown in Figure V.4; black
traces show neutral compounds; red traces after single oxidation; blue traces after
double oxidation.

For both compounds, an additional band is visible in the NIR region. These bands reach

maximum intensity at about one equivalent of added oxidant (red traces) and vanish
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again after adding twice the amount (Figure V.4 and Figure V.5), while the bands re-

lated to PTZ·+ further increase in intensity. This behaviour of the low energy bands is

characteristic for IVCT bands.

Analysis of the IVCT bands shows that, for both compounds, a single Gaussian curve is

sufficient to fit the band shape (Figure V.6). The results of the Gaussian fits are listed

in Table IV.1. For the calculation of the electronic coupling, the distance between the

two nitrogen atoms extracted from the X-ray crystal structures (Figure V.2) was used.

This is only an approximation, because for triarylamine systems the NN-distance does

not represent the separation of the redox units very well, as the charge is expected to

be delocalized across the bridge to some extent. [86,87] In organic through-bond mixed-

valence systems, a somewhat lower value of the distance between the redox-active moi-

eties is expected, as discussed in section IV.1. For the triple-decker compounds, the

situation is more complicated as the exact pathway of charge-transfer is not known. As

the the general geometry stays the same, using the NN-distance should be sufficient to

compare the PTZ-TD-Ph and PTZ-TD-tmb monocations.
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Figure V.6. Gaussian fits of the IVCT bands of PTZ-TD-Ph and PTZ-TD-tmb; black dot-
ted lines: individual Gaussian curves; red dotted lines: sum of the Gaussian curves;
vibrational solvent signals were manually removed for clarity.
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Table V.2: Fit parameters of the Gaussian curves for the IVCT bands of PTZ-TD-Ph and
PTZ-TD-tmb, and calculated parameters.

Compound νmax [cm−1] εmax [M−1 cm−1] ∆ν1/2 [cm−1] rNN [Å]* HAB [cm−1]

PTZ-TD-Ph 3030 266 4041 10.2 116

PTZ-TD-tmb 4434 258 2906 11.3 105

* values obtained from X-ray crystal structures.

Both mixed-valence compounds can be classified as Class II due to the low energy of

the IVCT bands, their symmetrical band shape and low HAB values. The fitting of

IVCT bands revealed similar but less electronic coupling in the PTZ-TD-tmb monoca-

tion compared to the PTZ-TD-Ph monocation. This is surprising, as the higher elec-

tron density on the central aryl ring should lower the barrier for hole-transfer in the

molecule. A possible explanation for this can be provided by the X-ray crystal struc-

tures (Figure V.2). The methoxy substituents provide enough steric bulk to prevent a

close contact with the two phenothiazine units, as observed for PTZ-TD-Ph. A greater

distance and less overlap of the π-systems weakens the electronic coupling between

both redox-active units. In addition, the orientation of the π-systems associated with

the phenothiazine nitrogen prevents an overlap of the nitrogen lone pair of electrons

with the tmb-π-system.

Reliable conclusions cannot be drawn from the crystal structures, as neither of them

are of the mixed-valent species of interest, and due to potential differences between the

configuration in the solid state and in solution. However, they gave new insights into

the possible orientations and therefore explanations of the obtained data.

A comparison with the methoxy-substituted reference compound PTZ-Ref-tmb was

not possible, as the solubility in CH2Cl2 was too low to obtain a UV-Vis spectrum. Due

to the insolubility of PTZ-Ref-tmb in CH2Cl2, other solvents were investigated.
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Measurements in chlorobenzene
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Figure V.7. UV-Vis-NIR spectra measured
in chlorobenzene at 22 °C; neutral form
of the compounds was used as baseline;
black traces: difference to neutral form
after addition of up to 2.5 eq. of the
chemical oxidant; asterisk: removed due
to intense solvent vibrational features.

Chlorobenzene was found to be the only

solvent able to dissolve PTZ-Ref-tmb. A

repetition of the titration experiment in

chlorobenzene showed no observable IVCT

band for all three compounds (Figure V.7).

Little absorption in the NIR region is

present for all three compounds. This

could be an effect of the addition of the

CH2Cl2 solution of the oxidizing agent

that shifts the overall baseline and adds

CH2Cl2-based vibrational signals. The

PTZ-Ref-dmb titration shows less defined

signals of the oxidized PTZ that tail into

the NIR region. As the tmb-bridge is less

shielded in the reference molecule, its ox-

idation is expected to occur faster in com-

parison to the triple-decker system. Low-

energy absorption of the delocalized rad-

ical after bridge oxidation or the absorp-

tion of degradation products could explain

spectral differences to PTZ-TD-tmb.

As the dipole moments of dichloromethane

and chlorobenzene have only negligible dif-

ference, this solvent effect is most likely not

due to stabilizing/destabilizing effects of

the charge on one PTZ-moiety. A possible

explanation could be that the presence of

an aromatic solvent reduces the electronic

coupling of the two PTZ-units, respectively,

with the mediating central aromatic bridg-

ing unit. The electron-deficient chloroben-

zene might intercalate in the void between

the both electron-rich PTZ and tmb, stabilized by electrostatic interactions. This might

be an effect of an increase of the distance between the two redox-centers.
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V.1.4 EPR-Spectroscopy

Measurements in CH2Cl2

3320 3340 3360 3380 3400

magnetic field/G

3320 3340 3360 3380 3400

magnetic field/G

PTZ-TD-Ph

PTZ-TD-tmb

Figure V.8. EPR spectra
recorded in CH2Cl2 at 20 °C
after chemical oxidation
with 0.8 equivalents SbCl5;
microwave frequencies were
(PTZ-TD-Ph) 9.4565 GHz,
and (PTZ-TD-tmb) 9.4487
GHz.

The EPR spectrum of the PTZ-TD-Ph monocation

shows a five line nitrogen pattern (Figure V.8) accord-

ing to 2nI+1, where n is the number of atoms and

I its nuclear spin. [88] This means the unpaired elec-

tron interacts with both amine nitrogen atoms (n=2;

I(14N)=1) on the EPR time scale. The five line pat-

tern is only possible for Class II or III mixed-valence

compounds. [51] A Class I compound would show only

three lines, as the radical is fully localized on a single

nitrogen atom. This is the case for the PTZ-TD-tmb

monocation, which is surprising as an IVCT band with

greater intensity than for the phenyl bridged molecule

was clearly visible in the UV-Vis-NIR spectrum. As the

nature of the observed electron-transfer is different for

UV-Vis and EPR spectroscopy (optical vs. thermal), this

is not necessarily a contradiction. It was demonstrated

that for triarylamine-based mixed-valent systems with

weak electronic coupling, a five-line pattern in EPR

at room temperature can change to a three-line pat-

tern at low temperatures. [51] However, the presence of

an IVCT band usually suggests that thermal electron-

transfer is fast, thus one should observe a five-line-pattern in the EPR experiment. [53]

The presence of optical electron-transfer, while exhibiting localized behavior in the

EPR measurement, has not been reported and may be an effect of the through-space

interaction. By increasing the temperature it may be possible to change the pattern to

five lines for the PTZ-TD-tmb monocation, but as the solvent for the measurement was

CH2Cl2 (TB=312.8 K), this hypothesis could not be examined.

Eth was calculated for PTZ-TD-Ph·+ and PTZ-TD-tmb·+ according to equation IV.3 (Ta-

ble V.3). The calculated values may only be an estimation, due to the uncertainty of

HAB, but the general relation is in agreement with the EPR measurements. PTZ-TD-

Ph·+ exhibits a higher degree of delocalization in the EPR experiment and a lower Eth

was calculated compared to PTZ-TD-tmb·+.
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Table V.3: Barrier for thermal electron-transfer calculated with values obtained from
fits of the IVCT bands.

PTZ-TD-Ph·+ PTZ-TD-tmb·+

Eth/cm−1 646 1006

Measurements in chlorobenzene

The EPR measurements were repeated with the full set of molecules in chlorobenzene.

All monocationic compounds show a three line pattern (Figure V.9). Interestingly no

spectrum can be explained with a radical fully localized on a single nitrogen atom.

Two conclusions can be drawn from this second measurement. Firstly, the change from

CH2Cl2 to chlorobenzene decreases the electronic coupling in the mixed-valent species.

For PTZ-TD-Ph·+, the unpaired electron was delocalized over two nitrogen atoms in

CH2Cl2, and localized on a single nitrogen in chlorobenzene. This is in line with the

results from the UV-Vis-NIR measurements, which means that neither a light- nor a

temperature-induced charge-transfer is present.
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Figure V.9. EPR spectra recorded in chlorobenzene at 20 °C after chemical oxida-
tion with SbCl5, microwave frequencies were (PTZ-TD-Ph) 9.8714 GHz, (PTZ-TD-tmb)
9.8717 GHz, and (PTZ-Ref-tmb) 9.8724 GHz.

Second, the use of chlorobenzene as a solvent changes the charge-distribution in the

molecule, as the spectra of PTZ-TD-tmb also differ. As pictured in Figure V.2, the

PTZ-plane is almost orthogonally orientated to the central and the N-substituted aryl-

ring. The aromatic solvent may cause a more coplanar orientation of the PTZ-moiety

with one or both of the π-systems, leading to a less localized spin on the nitrogen atom.
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V.2 Second Generation Triple-Decker System

To overcome solubility problems, the redox-active amine unit was changed to a twofold

hexyl-substituted carbazole (CBZ). Carbazoles can be easily substituted with alkyl

chains to enhance the solubility in organic solvents. Tetramethoxybenzene has a lower

oxidation potential than N-aryl carbazoles, and therefore cannot be used as the bridg-

ing unit. 1,4-dimethoxybenzene (dmb) is slightly harder to oxidize (1.34 V vs. SCE) [89]

than a comparable carbazole to the one used (1.13 V vs. SCE) [90] and was therefore

chosen as second bridging unit. Furthermore, the potential difference between redox-

active moiety (CBZ) and electron-rich bridge (dmb) is greater compared to the first

generation, to avoid similar complications as described above.

V.2.1 Synthesis

CBZ-Ph-BE was synthesized according to Figure V.10, over four steps in an overall

yield of 12%. The first two steps, consisting of a Friedel-Crafts acylation followed by

a reduction, have been previously reported. [91] Successive carbazole N-arylation and

Miyaura-couplings were used to form the boronic ester.

NH NH
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C6H13

NH

C5H11

C5H11

O

O

i)
N

C6H13

C6H13

B
O

O
N

C6H13

C6H13

Br
ii) iii) iv)

91% 81% 29% 58%

pent-CO-CBZ-H CBZ-H CBZ-Ph-Br CBZ-Ph-BE

Figure V.10. Synthesis of CBZ-Ph-BE; i) AlCl3, hexanoyl chloride, CH2Cl2, 0 °C;
ii) LiALH4, AlCl3, THF, 0 °C; iii) 1-bromo-4-fluorobenzene, Cs2CO3, DMF, 160 °C; iv)
bis(pinacolato)diboron, KOAc, [Pd(PPh3)2Cl2], DMSO, 80 °C.

In a first attempt, N-arylation by nucleophilic substitution reaction between CBZ-H

and 1-bromo-4-fluorobenzene was examined for the synthesis of CBZ-Ph-Br. Due to

low yields after increasing reaction times (Figure V.10 (iii)), analogous to the synthe-

sis of PTZ-Ph-TMS, a Buchwald-Hartwig amination of CBZ-H with Br-Ph-TMS was

examined as an alternative. After the failure of multiple attempts at the deprotection

of the TMS-group with ICl, the initial route was revived. Optimisation of reaction

conditions led to a satisfactory yield (29%) of the desired product.
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Figure V.11. Synthesis of H-cc-dmb-cc-H; i) Br2, acetic acid, 0 °C; ii) trimethylsily-
lacetylene, [Pd(PPh3)2Cl2], CuI, i-Pr2NH, THF, 45 °C; iii) KF, THF/MeOH, 55 °C.

The bridge building block H-cc-dmb-cc-H was synthesized in three steps. After bromi-

nation of 1,4-dimethoxybenzene, the synthetic route of H-cc-Ph-cc-H was adapted

(Scheme V.2).

All triple-decker and reference molecules with the carbazole residues could be synthe-

sized (Figure V.12 and Figure V.13) by the established route from the phenothiazine

based compounds. The enhanced solubility caused by the hexyl-chains enabled purifi-

cation by column chromatography for all compounds.
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Figure V.12. Synthesis of CBZ-TD-Ph and CBZ-TD-dmb; i) CBZ-Ph-BE, Na2CO3,
Pd(PPh3)4, THF/H2O, 80 °C; ii) H-cc-Ph-cc-H, [Pd(PPh3)2Cl2], CuI, NEt3, 90 °C; iii) H-cc-
dmb-cc-H, [Pd(PPh3)2Cl2], CuI, diisopropylamine, 90 °C.
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Figure V.13. Synthesis of CBZ-Ref-Ph and CBZ-Ref-dmb; i) H-cc-Ph-cc-H,
[Pd(PPh3)2Cl2], CuI, NEt3/THF, 90 °C; ii) H-cc-dmb-cc-H, [Pd(PPh3)2Cl2], CuI, NEt3/THF,
90 °C; iii) CBZ-Ph-BE, Cs2CO3, [Pd(dppf)Cl2]· CH2Cl2, DMF, 60 °C.
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V.2.2 Electrochemistry

The oxidative cyclic voltammograms for the carbazole-based series of molecules are

presented in Figure V.14 (values listed in Table V.4).
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Figure V.14. Cyclic voltammograms of 2nd generation triple-decker and reference
molecules measured in deaerated CH2Cl2 with 0.1 M of TBAPF6 as electrolyte; potential
sweep rate of 0.1 V/s.

The only fully reversible oxidation could be measured for CBZ-Ref-Ph. The deter-

mined oxidation potential of 1.17 V vs SCE is in line with comparable 3,6-alkyl sub-

stituted N-phenyl carbazoles, [90] meaning that the extension of the π-system at the

phenyl substituent has only a negligible influence on the electrochemical properties of

the amine. Furthermore, only a single oxidation associated with the carbazole unit is

visible. This changed for the second reference molecule, CBZ-Ref-dmb. In addition to

a second non-reversible oxidation, the first oxidation broadens and is less pronounced

than for CBZ-Ref-Ph. The second oxidation at roughly 1.38 V vs SCE can be assigned

to the dmb-unit. [89]

Reversibility is completely lost when moving from the reference compounds to the

triple-decker compounds. Measurements with narrower potential windows or a change

in scan rate had no effect on the reversibility. The first carbazole-based oxidation has a

constant potential. For CBZ-TD-Ph, one clear additional oxidation with a small shoul-
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der can be observed. CBZ-TD-dmb was the least stable compound upon electrochemi-

cal oxidation, with two very broad and undefined oxidation signals.

Table V.4: Electrochemical oxidation potentials of carbazole-based triple-decker and
reference molecules, measured in deaerated CH2Cl2 with 0.1 M of TBAPF6 as elec-
trolyte; potential sweep rate of 0.1 V/s.

Compound E
(+/0)
1/2 /V vs SCE E

(2+/+)
1/2 /V vs SCE E

(3+/2+)
1/2 /V vs SCE

CBZ-TD-Ph 1.23* 1.46* 1.59*

CBZ-TD-dmb 1.20* 1.43* -

CBZ-Ref-Ph 1.17 - -

CBZ-Ref-dmb 1.16 1.38* -

* values obtained from anodic peak potential.

The change from phenyl to dmb as a central aryl bridging unit had no influence on

the oxidation potential of the carbazole, but it does have a destabilizing effect on the

oxidized molecule. The triple-decker compounds further exhibit lower stability upon

oxidation than their respective reference compounds. Evidence for electronic commu-

nication in the singly oxidized triple-deckers could not be obtained from the electro-

chemical measurements.
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V.2.3 UV-vis-NIR-Spectroscopy and Spectroelectrochemistry
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Figure V.15. UV-Vis-NIR spectra of CBZ-TD-Ph,
CBZ-Ref-Ph and CBZ-Ref-dmb upon titration
with SbCl5 in CH2Cl2; red trace in the top titra-
tion marks the point of beginning bandshift.

All neutral compounds show no ab-

sorption at wavelengths longer than

420 nm. An analogous titration with

SbCl5, as described for the 1st gen-

eration compounds, is expected to

show a band around 820 nm with

a distinct shoulder to shorter wave-

lengths [68] for the carbazole mono-

cation, as well as the IVCT band

for the triple-decker molecules in

the NIR region. The behaviour of

CBZ-TD-Ph, and all other carbazole-

based compounds, towards chemi-

cal oxidation was different to that of

the phenothiazine-based compounds.

Oxidation occurred much slower and

more oxidant was needed to evoke a

spectral change. Therefore, the time

between the additions of oxidant was

increased to 20 minutes. Spectra of

all compounds (Figure V.15) show the

expected 800 nm absorption for the

carbazole monocation. [90] It has to be

noted that the first change in absorp-

tion could only be observed after ad-

dition of 1.5 equivalents of oxidant.

Upon oxidation, an additional band

emerges at ∼ 1100 nm which shifts

to shorter wavelengths after addition

of seven equivalents of SbCl5. This

band cannot be assigned as IVCT, as it

is only visible after addition of more

than a single equivalent of oxidant

and does not clearly vanish after ox-

idation of both carbazole units. This

point was most likely never reached

during the experiment, as the band at 800 nm never stopped increasing in intensity
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upon addition of more SbCl5. The stronger argument against an IVCT nature of the

1100 nm band is the spectrum of CBZ-Ref-Ph. In general, the two titrations exhibit

close resemblance at wavelengths longer than 700 nm. The only difference is the shift

of the low energy band for CBZ-TD-Ph at the end of the titration. This could also

mean that a second oxidation of the molecules is not possible using SbCl5. The dif-

ficulties of this experiment were somewhat surprising, as it was previously reported

that carbazole oxidation with SbCl5 is possible in nearly quantitative isolated yield and

was even successfully implemented in mixed-valence studies. [68,92] As no real conclu-

sion could be obtained from the titration experiment, spectroelectrochemical measure-

ments were performed with CBZ-TD-Ph and CBZ-Ref-Ph. The spectra obtained from

the titration experiment were reproduced by the spectroelectrochemical measurements

(Figure V.16). The decrease of the low-energy band of CBZ-TD-Ph is more pronounced

and could be a sign of degradation upon oxidation. This could exclude possible lack of

oxidative strength of SbCl5 as the cause for the problems of the previous experiment.
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Figure V.16. UV-Vis-NIR-spectroelectrochemical spectra of CBZ-TD-Ph and CBZ-Ref-

Ph measured in CH2Cl2 with an applied potential of 1.4 V vs SCE.
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V.2.4 EPR-Spectroscopy

EPR measurements gave important information for the interpretation of the data ob-

tained for this 2nd generation of mixed-valent compounds. As shown in Figure V.17,

all monocations showed only a single line pattern in their EPR spectra. This is in

strong contradiction to the expected three or five line patterns as measured for the

phenothiazine-based compounds (V.1.4).
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Figure V.17. EPR spectra recorded in CH2Cl2 solution at 20 °C after chemical oxida-
tion with 0.8 equivalents SbCl5, microwave frequencies were (CBZ-TD-Ph) 9.7603 GHz,
(CBZ-TD-dmb) 9.8704 GHz, (CBZ-Ref-Ph) 9.8717 GHz, and (CBZ-Ref-dmb) 9.8701 GHz.

These results point towards localization of the unpaired electron elsewhere than on the

nitrogen atom. No reference of an EPR spectrum for a monocation of an N-aryl car-

bazole is available, but it was reported that the N-phenylcarbazole monocation showed

no nitrogen splitting either. [93] This could explain why, although this technique is quite

common for characterisation of amine based mixed-valence compounds, was not used

for the two existing examples of carabazole mixed-valence compounds. [68,90]
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V.2.5 Conclusion and Future Prospects

Two triple-decker compounds based on a phenothiazine redox-active moiety, along

with one of the corresponding linear reference compounds were synthesized. The

monocations of the triple-decker compounds obtained from chemical oxidation show

weak IVCT bands in the NIR-region when measured in CH2Cl2. EPR spectra suggested

a different degree of delocalization of the radical for the two mixed-valent triple-decker

compounds. When the measurements were repeated in chlorobenzene, a solvent capa-

ble of dissolving the reference compound, no IVCT bands could be detected for any of

the molecules, nor was delocalization in EPR measurements observed.

Due to the poor solubility of these compounds, a 2nd generation of triple-decker molecules

based on carbazole as a redox-active moiety, including both reference compounds,

were synthesized. All measurements for this second generation could be performed

in CH2Cl2. No conclusive results could be obtained, as chemical oxidation occurred

on a timescale of minutes, and an increasing signal of oxidized amine was visible for

amounts of oxidizing agent greater than two equivalents. There are no obvious rea-

sons for this behaviour concerning the redox potentials of carbazole and SbCl5, further

supported by previous studies with similar redox couples. EPR measurements even

suggest that the generated carbazole radical is not primarily located on the nitrogen

atom, but somewhere on the aromatic backbone.

Although significant advances towards a mixed-valence system with a triple-decker

geometry showing through-space charge-delocalization could be achieved with this

project, a clear proof of the n-π-n interaction is still pending. A previously undiscov-

ered stacking of three π-systems is another possibility for the charge-transfer pathway

in the presented system. Temperature-dependent EPR measurements for the phenothiazine-

based compounds are of particular interest, as PTZ-TD-Ph·+ could be one of the rare

examples among mixed-valence systems, exhibiting the possibility to determine the

rate constant for thermal electron-transfer from both EPR and optical absorption spec-

troscopy.
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VI Experimental

VI.1 Methods

General Methods

All commercially purchased chemicals were used without further purification.

[Pd(PPh3)4] and mebynol-cc-tmb-cc-mebynol were synthesized within the group. All

anhydrous solvents were purchased, except DCM, THF and Et2O, which were obtained

in-house using a solvent purification system by Innovative Technology. Silica gel (40–

63 µm, silicycle) was used for column chromatography. Thin-layer chromatography

was carried out on silica gel plates (60 F254) from Merck. Deaerating of solvents for

chemical reactions was performed by passing nitrogen gas through the solution for 10

minutes.

NMR Spectroscopy

1H-NMR and 13C-NMR spectra were measured on a 400 MHz Bruker Avance III in-

strument at 298 K. Chemical shifts (δ) are given in ppm and were referenced to the

NMR-solvent residual peak, proton-proton coupling constants are given in Hz. The

multiplicity of the signals is labelled as follows: singlet (s), doublet (d), triplet (t), quar-

tet (q) and multiplet (m).

UV-Vis-NIR Spectroscopy

UV-Vis-NIR spectra were recorded as solutions on a Cary 5000 instrument from Varian.

Elemental Analysis

C,H,N elemental analyses were conducted by Ms Sylvie Mittelheisser on a Vario Micro

Cube instrument.

Electrochemistry

Cyclic voltammetry was measured with a Versastat3-200 potentiostat from Princeton

Applied Research. The same instrument was used in combination with the Cary 5000

for spectroelectrochemical measurements. All voltammograms were obtained using

0.1 M tetrabutylammonium hexafluorophosphate in the respective solvent stated. The

sweep rate was 0.1 V/s if not stated otherwise. A glassy carbon electrode was used as
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the working electrode, with a silver wire counter electrode and an SCE reference elec-

trode for electrochemical measurements. For spectroelectrochemical measurements, a

platinum-net used as the working electrode, with a platinum wire counter electrode

and an SCE reference electrode.

Mass Spectrometry

ESI mass spectra were recorded on a Bruker esquire 3000 plus. High resolution ESI

mass spectra were measured on a Bruker maxis 4G QTOF EDI by Dr. Heinz Nadig.

MALDI spectra were recorded on a Bruker microflex instrument by Dr. Christopher

Larsen using a trans-2-[3-(4-t-butylphenyl)-2-methyl-2-propenylidene]malononitrile

(DCTB) matrix.

EPR Spectroscopy

EPR-spectra were recorded on a Bruker CW EPR Elexsys-500 by Mr Pascal Richard. All

measurements were performed at room temperature as 1 mM solutions in the respec-

tive solvent stated.

Pump-Probe Spectroscopy

Pump-probe measurements were performed with a LP920-KS spectrometer from Ed-

inburgh Instruments, equipped with an iCCD camera from Andor. The light source for

sample excitation was a frequency-doubled Quantel Brilliant b laser. All measurements

were performed in Schlenk-cuvettes as solutions, deaerated by four freeze-pump-thaw

cycles.
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VI.2 Synthesis for Project 1

Method A

An aryl halide (1.00 eq.), a boric acid/boronic ester (1.00 eq.) and Na2CO3 (10.0 eq.)

were dissolved in a 5:3 v:v mixture of THF and H2O under a nitrogen atmosphere. The

mixture was deaerated for 20 minutes (min.), [Pd(PPh3)4] (5 mol%) added and heated

at 85 °C overnight. After cooling to r.t. the product was extracted into CH2Cl2, the

combined organic phases dried over Na2SO4, and the solvents removed under reduced

pressure.

Method B

The trimethyl(aryl)silane (1.00 eq.) was dissolved in anhydrous CH2Cl2 and cooled to

−78 °C. A solution of ICl (2.50 eq. per TMS group) in anhydrous CH2Cl2 was added

dropwise. The reaction was stirred for 30 min. at that temperature and quenched by

addition of saturated (sat.) Na2S2O3 solution. The organic phase was separated, dried

over Na2SO4, and the solvent removed under reduced pressure.

Method C

An aryl halide (1.00 eq.), bis(pinacolato)diboron (1.50 eq.), [Pd(PPh3)2Cl2] (10 mol%)

and KOAc (4.00 eq.) were suspended in anhydrous, deaerated dimethyl sulfoxide

(12 mL/mmol substrate) under a nitrogen atmosphere. The reaction mixture was stirred

at 80 °C overnight. After cooling to r.t. water was added and the product extracted into

CH2Cl2. The combined organic phases were washed with water, dried over Na2SO4,

and the solvent removed under reduced pressure.

biph-Br

Br

biph-Br was synthesized by a adapting a literature procedure. [94]

Under a nitrogen atmosphere, phenylboronic acid (0.50 g, 4.10 mmol), 1,2-dibromoben-

zene (1.93 g, 8.18 mmol) and Na2CO3 (1.00 g, mmol) were dissolved in a 5:2 (v:v)

THF/H2O mixture (16 mL). After deaerating for 5 min, the reaction was stirred at

80 °C overnight. The reaction mixture was diluted with H2O and the product extracted
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into CH2Cl2. The combined organic phases were dried over Na2SO4 and the solvents

removed under reduced pressure. The crude product was purified using column chro-

matography (SiO2, pure pentane). The product was isolated as a colorless oil (589 mg,

2.50 mmol, 62%).

1H-NMR (400 MHz, CD2Cl2): δ 7.68 (dd, J = 8.0,1.2 Hz, 1H), 7.49-7.30 (m, 7H), 7.23

(ddd, J = 8.0,7.1,2.0 Hz, 1H) ppm.

FlO

O

FlO was synthesized by a adapting a literature procedure. [95]

9H-Fluorene (1.66 g, 10.0 mmol) and KI (332 mg, 2.00 mmol) were suspended in MeCN

(30 mL). tert-butyl hydroperoxid (4.15 mL, 30.0 mmol, 70% in H2O) was added and the

reaction mixture stirred overnight. Remaining peroxide was quenched by addition of

sat. aq. Na2S2O3 solution. The product extracted into CH2Cl2 and the combined or-

ganic phases dried over Na2SO4. The solvents were removed under reduced pressure

and the crude product purified using column chromatography (SiO2, pentane:EtOAc,

10:1). The product was isolated as yellow solid (1.70 g, 9.43 mmol, 94%).

1H-NMR (400 MHz, CDCl3): δ 7.66 (dt, J = 7.3,0.9 Hz, 2H), 7.55-7.45 (m, 4H), 7.30

(td, J = 7.3,1.3 Hz, 2H) ppm.

Br-FlH-Br

BrBr

9H-Fluorene (7.50 g, 45.1 mmol) was dissolved in CH2Cl2 (75 mL) and cooled to

0 °C. Under exclusion of light, a solution of bromine (5.00 mL, 99.5 mmol) in CH2Cl2

(45 mL) was added dropwise. The reaction mixture was stirred at r.t. overnight and

sat. Na2S2O3 solution added. The phases were separated and the product extracted

into CH2Cl2. The combined organic phases were washed with H2O and dried over

Na2SO4. The solvent was evaporated and the residue recrystallized from EtOH, which
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afforded the product as a colorless solid (10.3 g, 31.8 mmol, 70%).

1H-NMR (400 MHz, CDCl3): δ 7.68-7.65 (m, 2H), 7.60 (d, J = 8.1 Hz, 2H), 7.54-7.46

(m, 2H), 3.87 (s, 2H) ppm.

Br-FlO-Br

BrBr

O

Br-FlO-Br was synthesized by a adapting a literature procedure. [95]

Br-FlH-Br (3.50 g, 10.4 mmol) was dissolved in the minimum volume of CH2Cl2 re-

quired, then diluted with MeCN (50 mL). KI (0.35 g, 2.11 mmol) and tert-butyl hy-

droperoxide (4.30 mL, 31.0 mmol, 70% in H2O) were added and the reaction mix-

ture was stirred at 50 °C overnight. Remaining peroxide was quenched by addition

of Na2S2O3 solution. The product was extracted into CH2Cl2 and the combined or-

ganic phases dried over Na2SO4. The solvents were removed under reduced pressure

and the crude product purified using column chromatography (SiO2, pentane:CH2Cl2,

3:1). The product was isolated as a yellow solid (2.94 g, 8.70 mmol, 81%).

1H-NMR (400 MHz, CDCl3): δ 7.77 (dd, J = 1.9, 0.5 Hz, 2H), 7.63 (dd,

J = 7.9, 1.9 Hz, 2H), 7.39 (dd, J = 7.9, 0.5 Hz, 2H) ppm.

spiro-Fl

spiro-Fl was synthesized by a adapting a literature procedure. [38]

Under a nitrogen atmosphere, magnesium turnings (64 mg, 2.63 mmol) were activated

by stirring with an iodine crystal. A solution of biph-Br (589 mg, 2.53 mmol) in anhy-

drous Et2O (5 mL) was added slowly while the reaction mixture was heated at 35 °C.

After heating at reflux for 2 h, a solution of FlO (500 mg, 2.77 mmol) in anhydrous Et2O

(5 mL) was added dropwise and the resulting mixture was heated at reflux overnight.

After cooling to r.t. the precipitate was filtered and washed with Et2O. The solid ma-
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terial was added to an ice-cold aq. NH4Cl solution and stirred for 2 h. The precipitate

was filtered and washed with H2O. The solid material was transferred to a flask and

dissolved in a minimum volume of refluxing acetic acid. HCl solution (0.2 mL, 38%)

was added to the solution and stirred for an additional 10 minutes. After cooling to r.t.,

the precipitate was filtered and washed with H2O. The pure product was obtained by

recrystallization from EtOH as a colorless solid (350 mg, 1.11 mmol, 44%).

1H-NMR (400 MHz, CDCl3): δ 7.85 (dt, J = 7.6,0.9 Hz, 4H), 7.37 (td,

J = 7.6,1.1 Hz, 4H), 7.11 (td, J = 7.6,1.1 Hz, 4H), 6.73 (dt, J = 7.6,0.9 Hz, 4H) ppm.

TMS-Ph-BA

B(OH)2TMS

1,4-Dibromobenzene (5.59 g, 23.8 mmol) was dissolved in anhydrous THF (60 mL)

under a nitrogen atmosphere and cooled to −78 °C. n-BuLi (10 mL, 2.5 M in hexane,

25 mmol) was added dropwise and stirred for 10 min. Me3SiCl (3.15 mL, 25.0 mmol)

was added dropwise and the reaction was allowed to reach r.t. before it was cooled

down again to −78 °C. Another portion of n-BuLi (10.5 mL, 2.5 M in hexane, 26.3 mmol)

was added dropwise. After stirring for 20 min at this temperature, B(Oi-Pr)3 (4.66 mL,

20.2 mmol) was added dropwise. The reaction was allowed to warm to r.t., stirred

overnight, and then quenched by addition of H2O. The product was extracted into

CH2Cl2, the combined organic phases were dried over Na2SO4 and the solvents re-

moved under reduced pressure. The crude product was purified using column chro-

matography (SiO2, CH2Cl2 to EtOAc) to obtain the product as a white solid (2.60 g,

13.4 mmol, 56%).

1H-NMR (400 MHz, CDCl3): δ 8.22-8.18 (m, 2H), 7.70-7.66 (m, 2H), 0.33 (s, 9H) ppm.

TMS-biph-Br

TMS

Br

TMS-biph-Br was synthesized using method A, with 1,2-dibromobenzene (3.63 g,

15.5 mmol) as aryl halide and TMS-Ph-BA (2.50 g, 12.9 mmol) as boronic acid.
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The crude product was purified using column chromatography (SiO2; pentane) to af-

ford the product as a colorless oil (2.00 g, 6.55 mmol, 51%).

1H-NMR (400 MHz, CDCl3): δ 7.69-7.65 (m, 1H), 7.60-7.57 (m, 2H), 7.42-7.39 (m, 2H),

7.38-7.31 (m, 2H), 7.20 (ddd, J = 8.0,6.9,2.2 Hz, 1H), 0.31 (s, 9H) ppm.

TMS-biph-MC

TMS

OMe
O

TMS-biph-Br (1.50 g, 4.91 mmol) was dissolved in anhydrous THF (15 mL) under a ni-

trogen atmosphere and cooled to −78 °C. n-BuLi (2.00 mL, 2.5 M in hexane, 5.00 mmol)

was added dropwise and stirred for 10 min. Dimethylcarbonate (0.84 mL, 9.82 mmol)

was added dropwise and the reaction slowly warmed to -40 °C. The reaction was stirred

at that temperature for 2 h and warmed to r.t. overnight. Sat. aq. NH4Cl solution

was added to the reaction mixture, the product extracted into CH2Cl2. The combined

organic phases were dried over Na2SO4 and the solvents removed under reduced pres-

sure. Column chromatography (SiO2; pentane:EtOAc, 20:1 to 15:1) yielded the product

as a colorless oil (700 mg, 2.46 mmol, 50%).

1H-NMR (400 MHz, CDCl3): δ 7.82 (ddd, J = 7.8,1.4,0.5 Hz, 1H), 7.57-7.53 (m, 2H),

7.52 (dd, J = 7.6,1.4 Hz, 1H), 7.41 (ddd, J = 7.6,1.3 Hz, 1H), 7.38 (ddd, J = 7.5, 1.4,

0.6 Hz, 1H), 7.33-7.29 (m, 2H), 3.65 (s, 3H), 0.30 (s, 9H) ppm.

bis-TMS-biph-CO

TMS

O

TMS

TMS-biph-Br (780 g, 2.55 mmol) was dissolved in anhydrous THF (15 mL) under a ni-

trogen atmosphere and cooled to −78 °C. n-BuLi (1.03 mL, 2.5 M in hexane, 2.58 mmol)

was added dropwise and stirred for 10 min A solution of TMS-biph-MC (700 mg,

2.46 mmol) in anhydrous THF (10 mL) was added dropwise and the reaction slowly

warmed to -40 °C. The reaction was stirred at that temperature for 2 h and warmed to
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r.t. overnight. sat. aq. NH4Cl solution was added and the aqueous phase extracted with

CH2Cl2. The combined organic phases were dried over Na2SO4 and the solvents re-

moved under reduced pressure. Column chromatography (SiO2; pentane:EtOAc, 20:1

to 15:1) yielded the product as a colorless oil (810 mg, 1.69 mmol, 69%).

1H-NMR (400 MHz, CD2Cl2): δ 7.42 (ddd, J = 7.7,1.4,0.5 Hz, 2H), 7.39-7.31 (m, 6H),

7.21 (dt, J = 7.6,1.3 Hz, 2H), 7.16 (ddd, J = 7.5,1.3,0.5 Hz, 2H), 7.12-7.04 (m, 4H) 0.24

(s, 18H) ppm.

bis-Br-biph-CO

Br

O

Br

bis-Br-biph-CO was synthesized by a adapting a literature procedure. [39]

bis-TMS-biph-CO (810 mg, 1.69 mmol) and NaOAc (278 mg, 3.39 mmol) were sus-

pended in anhydrous THF (20 mL) under a nitrogen atmosphere and cooled to 0 °C.

Bromine (0.37 mL, 7.09 mmol) was added dropwise and the reaction stirred for 2 h.

NEt3 (1.50 mL) and sat. aq. Na2CO3 solution were added and the mixture diluted

with water. After extraction into Et2O, the combined organic phases were washed with

sat. aq. Na2S2O3 solution, dried over Na2SO4 and the solvents removed under reduced

pressure. Column chromatography (SiO2; pentane:EtOAc:CH2Cl2 15:1:1) yielded the

product as a white solid (704 mg, 1.43 mmol, 85%).

1H-NMR (400 MHz, CDCl3): δ 7.44-7.38 (m, 4H), 7.35-7.30 (m, 4H), 7.28 (dd,

J = 7.6,1.3 Hz, 2H), 7.14 (ddd, J = 7.6,1.3,0.6 Hz, 2H), 6.99-6.94 (m, 4H) ppm.

Br-spiro(A)-Br

Br

Br

Br-spiro(A)-Br was synthesized from two different substrates:

1. Br-spiro(A)-Br was synthesized by a adapting a literature procedure. [38]
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spiro-Fl (859 mg, 2.72 mmol) was dissolved in CHCl3 (10 mL) and cooled to 0 °C. FeCl3

(1.30 mg, 8.01 µmol) was added and, under exclusion of light, a solution of bromine

(0.29 mL, 5.74 mmol) in CHCl3 (2 mL) was added dropwise over 45 min. The reaction

was warmed to r.t. overnight and quenched by addition of sat. aq. Na2S2O3 solution.

The phases were separated, the organic phase dried over Na2SO4 and the solvent re-

moved under reduced pressure. The resulting solid was recrystallized three times from

cyclohexane to afford the product as a white solid (678 mg, 1.43 mmol, 53%).

2. Br-spiro(A)-Br was synthesized by adapting a literature procedure. [39]

bis-Br-biph-CO (532 mg, 1.08 mmol) was heated in methanesulfonic acid (20 mL) at

120 °C overnight. After cooling to r.t., the precipitate was filtered and washed with wa-

ter. It was redissolved in CH2Cl2, dried over Na2SO4 and the solvent removed under

reduced pressure to obtain the pure product as a white solid (320 mg, 0.67 mmol, 62%).

1H-NMR (400 MHz, CDCl3): δ 7.81 (dt, J = 7.6,0.9 Hz, 2H), 7.70 (dd,

J = 8.1,0.5 Hz, 2H), 7.51 (dd, J = 8.1,1.8 Hz, 2H), 7.39 (dt, J = 7.5,1.1 Hz, 2H), 7.15

(dt, J = 7.5,1.1 Hz, 2H), 6.84 (dd, J = 1.9,0.5 Hz, 2H), 6.71 (dt, J = 7.6,0.9 Hz, 1H) ppm.

Br-spiro(L)-Br

Br Br

Br-spiro(L)-Br was synthesized by adapting a literature procedure. [38]

Under a nitrogen atmosphere, magnesium tunings (190 mg, 7.92 mmol) were activated

by stirring with an iodine crystal. A solution of biph-Br (1.75 g, 7.49 mmol) in anhy-

drous Et2O (15 mL) was added slowly while heating at 35 °C. After heating at reflux for

2 h, a solution of Br-FlO-Br (2.78 g, 8.22 mmol) in anhydrous THF (35 mL) was added

dropwise and the resulting mixture heated at reflux overnight. After cooling to r.t.,

EtOH (5 mL) was added and the solvents removed under reduced pressure. The solid

material was added to an ice-cold sat. aq. NH4Cl solution and stirred for 2 h. The pre-

cipitate was filtered and washed with H2O. The solid material was transferred to a flask

and dissolved in a minimum volume of refluxing acetic acid. Aqueous HCl solution

(4 mL, 38%) was added to the solution and stirred for an additional 10 minutes. After

cooling to r.t., the precipitate was filtered and washed with H2O. The pure product was

obtained by recrystallization from EtOH as an off-white solid (2.02 g, 4.26 mmol, 57%).

1H-NMR (400 MHz, CDCl3): δ 7.85 (ddd, J = 7.6,1.1,0.8 Hz, 2H), 7.67 (dd, J = 8.1,
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0.5 Hz, 2H), 7.49 (dd, J = 8.1,1.8 Hz, 2H), 7.41 (td, J = 7.5,1.1 Hz, 2H), 7.15 (dd,

J = 7.5,1.1 Hz, 2H), 6.84 (dd, J = 1.8,0.5 Hz, 2H), 6.72 (dt, J = 7.6,0.8 Hz, 2H) ppm.

Br-Fl-Br

BrBr

Et Et

Br-Fl-Br was synthesized by adapting a literature procedure. [96]

Br-FlH-Br (1.62 g, 5.00 mmol), bromoethane (1.36 g, 12.5 mmol) and KI (0.11 g,

0.60 mmol) were suspended in DMSO (15 mL). KOH (1.26 g, 22.5 mmol) was added

portionwise, while vigorously stirring the reaction mixture. After stirring for 2 h, the

reaction mixture was diluted with DMSO (5 mL) and stirring was continued overnight.

The mixture was poured into ice water and the product extracted into CH2Cl2. The

combined organic phases were washed three times with H2O, dried over Na2SO4 and

the solvent removed under reduced pressure. Column chromatography (SiO2; pure

pentane) afforded the product as a white solid (1.29 g, 3.39 mmol, 68%).

1H-NMR (400 MHz, CDCl3): δ 7.53 (dd, J = 8.0, 0.7 Hz, 2H), 7.48-7.43 (m, 4H), 1.99

(q, J = 7.4 Hz, 4H), 0.32 (t, J = 7.4 Hz, 6H) ppm.

TMS-Fl-B(OH)2

B(OH)2TMS

Et Et

Br-Fl-Br (2.50 g, 6.57 mmol) was dissoved in anhydrous THF (30 mL) under a nitrogen

atmosphere. At −78 °C, n-BuLi (2.70 mL, 2.50 M in hexane, 6.75 mmol) was added

dropwise. After stirring for 20 min, Me3SiCl (0.87 mL, 6.85 mmol) was added drop-

wise. The mixture was allowed to warm to room temperature. After stirring for an

additional 1 h, the mixture was cooled to −78 °C again, and n-BuLi (2.70 mL, 2.50 M in

hexane, 6.75 mmol) was added dropwise. After stirring for 20 min, B(Oi-Pr)3 (4.66 mL,

20.2 mmol) was added dropwise. After warming to r.t. overnight, the reaction was

quenched by addition of water. The product was extracted into CH2Cl2 and the com-

bined organic phases were dried over Na2SO4. After removal of solvents, the residue

was purified using column chromatography (SiO2; pentane:EtOAc, 7:3) affording the
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product as a white solid (1.29 g, 3.81 mmol, 58%).

1H-NMR (400 MHz, CDCl3): δ 8.32 (dd, J = 7.5, 1.0 Hz, 1H), 8.26-8.21 (m, 1H), 7.91

(dd, J = 7.6, 0.7 Hz, 1H), 7.81 (dd, J = 7.4, 0.8 Hz, 1H), 7.59-7.51 (m, 2H), 2.28 (m, 4H),

0.38 (m, 16H) ppm.

TAA-H

N

MeO

MeO

TAA-H was synthesized by a adapting a literature procedure. [74]

Bis(4-methoxyphenyl)amine (1.00 g, 4.36 mmol), NaOtBu (6.28 g, 65.4 mmol) and

[Pd(dba)2] (100 mg, 172 µmol, 4 mol%) were suspended in anhydrous toluene (24 mL)

under a nitrogen atmosphere. Bromobenzene (0.46 mL, 4.36 mmol) was added and

the mixture deaerated for 15 min. [HP(tBu)3]BF4 (50.0 mg, 172 µmol) was added

and the reaction stirred at 85 °C overnight. Water was added and the mixture ex-

tracted with CH2Cl2. The combined organic phases were dried over Na2SO4 and the

solvents removed under reduced pressure. The crude product was purified using col-

umn chromatography (SiO2; pentane:CH2Cl2 1:1) to afford the product as a colorless

solid (0.99 g, 3.24 mmol, 74%).

1H-NMR (400 MHz, acetone-d6): δ 7.20-7.14 (m, 2H), 7.04-6.99 (m, 4H), 6.94-6.81 (m,

7H), 3.78 (s, 6H) ppm.

TAA-I

IN

MeO

MeO

TAA-I was synthesized by adapting a literature procedure. [74]

Iodine (0.50 g, 1.97 mmol) and bis(trifluoroacetoxy)iodobenzene (0.84 g, 1.97 mmol)
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were dissolved in anhydrous CH2Cl2 (20 mL) under exclusion of light, and stirred for

1 h. A solution of TAA-H (0.99 g, 3.24 mmol) in anhydrous CH2Cl2 (30 mL) was added

and the reaction heated at reflux for 1 h. After cooling to r.t., additional iodine (0.50 g,

1.97 mmol) and bis(trifluoroacetoxy)iodobenzene (0.84 g, 1.97 mmol) was added and

the reaction heated at reflux for another 1 h. After quenching with sat. aq. Na2S2O3

solution, it was extracted with CH2Cl2. The combined organic phases were dried over

Na2SO4 and the solvents removed under reduced pressure. The crude product was pu-

rified using column chromatography (SiO2; pentane:CH2Cl2 1:1) to afford the product

as off-white solid (1.16 g, 2.69 mmol, 83%).

1H-NMR (400 MHz, acetone-d6): δ 7.50-7.43 (m, 2H), 7.09-7.04 (m, 4H), 6.95-6.89 (m,

4H), 6.66-6.59 (m, 2H), 3.79 (s, 6H) ppm.

TAA-Fl-TMS

Et Et
N

MeO

MeO

TMS

TAA-Fl-TMS was synthesized using method A, with TAA-I (1.00 g, 2.32 mmol) as aryl

halide and TMS-Fl-B(OH)2 (0.81 g, 2.40 mmol) as boronic acid. The crude product

was purified using column chromatography (SiO2; pentane:CH2Cl2 1:1) to afford the

product as a yellow oil (1.32 g, 2.21 mmol, 95%).

1H-NMR (400 MHz, acetone-d6): δ 7.83 (dd, J = 7.9, 0.6 Hz, 1H), 7.79 (dd,

J = 7.4, 0.8 Hz, 1H), 7.68 (dd, J = 1.7, 0.6 Hz, 1H), 7.63-7.56 (m, 4H), 7.54 (dd,

J = 7.5, 1.0 Hz, 1H), 7.12-7.06 (m, 4H), 6.98-6.90 (m, 6H), 3.80 (s, 6H), 2.14 (m, 4H),

0.32 (m, 14H).
13C-NMR (101 MHz, acetone-d6): δ 206.3, 157.4, 151.7, 150.1, 149.4, 143.1, 141.8,

141.1, 141.0, 139.7, 134.2, 133.1, 128.5, 127.7, 126.2, 121.7, 121.1, 120.0, 115.8, 57.1,

55.9, 33.4, 9.1, -0.6 ppm.
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TAA-Fl-I

Et Et
N

MeO

MeO

I

TAA-Fl-I was synthesized using method B, with TAA-Fl-TMS (1.20 g, 2.01 mmol)

as substrate. The crude product was purified using column chromatography (SiO2;

pentane:CH2Cl2 1:1) to afford the product as a yellow oil (1.30 g, 2.00 mmol, 99%).

1H-NMR (400 MHz, acetone-d6): δ 7.84 (dd, J = 8.0, 0.6 Hz, 1H), 7.82 (dd,

J = 1.7, 0.5 Hz, 1H), 7.72 (dd, J = 8.0, 1.6 Hz, 1H), 7.68 (dd, J = 1.7, 0.7 Hz, 1H),

7.65-7.55 (m, 4H), 7.13-7.04 (m, 4H), 6.99-6.88 (m, 6H), 3.80 (s, 6H), 2.21-2.07 (m,

4H), 0.32 (t, J = 7.3 Hz, 6H).
13C-NMR (101 MHz, acetone-d6): δ 157.4, 153.7, 151.0, 149.5, 142.3, 141.8, 141.5,

137.1, 133.9, 133.2, 128.5, 127.7, 126.4, 122.6, 121.6, 121.4, 121.3, 115.8, 92.8, 57.5,

55.9, 33.3, 8.99 ppm.

MS (ESI): m/z (%) = 651.2 (100, [M]+), calcd for C37H34NO2I 651.2.

TAA-Fl-BA

B(OH)2

Et Et
N

MeO

MeO

TAA-Fl-I (1.30 g, 2.00 mmol) was dissolved in anhydrous THF (20 mL) and cooled to

−78 °C. n-BuLi (0.80 mL, 2.5 M in hexane) was added dropwise and the mixture stirred

for 20 min. B(Oi-Pr)3 (1.40 mL, 9.13 mmol) was added dropwise and the reaction was

allowed to warm to r.t. overnight. The reaction was quenched with H2O and the prod-

uct extracted into CH2Cl2. The combined organic phases were dried over Na2SO4 and

the solvents were removed under reduced pressure. The crude product was purified

using column chromatography (SiO2; pentane:EtOAc 7:3 to 1:2) to afford the product

as a yellow glass (214 mg, 0.38 mmol, 19%).
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1H-NMR (400 MHz, acetone-d6): δ 7.81-7.78 (m, 1H), 7.75 (dd, J = 7.6, 1.1 Hz, 1H),

7.69 (dd, J = 7.9, 0.6 Hz, 1H), 7.63 (dd, J = 7.7, 0.7 Hz, 1H), 7.53 (dd, J = 1.8, 0.7 Hz,

1H), 7.49-7.42 (m, 3H), 6.96-6.89 (m, 4H), 6.84-6.73 (m, 6H), 3.65 (s, 6H), 2.05-1.94 (m,

4H), 0.16 (t, J = 7.3 Hz, 6H) ppm.
13C-NMR (101 MHz, acetone-d6): δ 171.3, 157.2, 151.9, 149.7, 149.22, 144.3, 141.0,

140.9, 134.1, 134.0, 129.4, 128.3, 127.5, 126.0, 121.5, 121.3, 121.1, 119.6, 115.7, 56.8,

55.8, 33.4, 29.8, 8.9 ppm.

MS (ESI): m/z (%) = 569.2 (100, [M]+), calcd for C43H46NO4B 569.3.

TAA-Fl-BE

B

Et Et
O

O

N

MeO

MeO

TAA-Fl-BE was synthesized using method C, with TAA-Fl-I (753 mg, 1.16 mmol) as

aryl halide.

The product was obtained after column chromatography (SiO2; pentane:EtOAc 6:1) as

a yellow glass (622 mg, 0.30 mmol, 82%).
1H-NMR (400 MHz, acetone-d6): δ 7.87 (dd, J = 7.9,0.6 Hz, 1H), 7.83-7.75 (m, 3H),

7.72-7.69 (m, 1H), 7.66-7.57 (m, 3H), 7.15-7.05 (m, 4H), 7.02-6.87 (m, 6H), 3.80 (s,

6H), 2.23-2.08 (m, 4H), 1.36 (s, 12H), 0.30 (t, J = 7.3 Hz, 6H) ppm.

bpy-Br

Br
NN

bpy-Br was synthesized by a adapting a literature procedure. [97]

A solution of 2-pyridylzinc bromide in THF (15 mL, 0.5 M, 7.50 mmol) was added

to 2-iodo-5-bromopyridine (1.70 g, 6.00 mmol) and [Pd(PPh3)4] (75.0 mg, 60.0 µmol,

1 mol%) under a nitrogen atmosphere. The reaction was stirred at r.t. overnight. After

quenching the reaction by adding sat. aq. NH4Cl solution, the mixture was extracted

with CH2Cl2 and the combined organic phases washed with 0.1 M EDTA solution,

dried over Na2SO4 and the solvents removed under reduced pressure. The crude prod-

uct was purified using column chromatography (SiO2; pentane:EtOAc 4:1 + 2% NEt3)
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to afford the product as an off-white solid (1.17 g, 4.97 mmol, 83%).

1H-NMR (400 MHz, CDCl3): δ 8.73 (dd, J = 2.4, 0.7 Hz, 1H), 8.68 (ddd,

J = 4.9, 1.8, 0.9 Hz, 1H), 8.38 (dt, J = 8.1, 1.1 Hz, 1H), 8.34 (dd, J = 8.6, 0.8 Hz, 1H), 7.95

(dd, J = 8.5, 2.4 Hz, 1H), 7.83 (td, J = 7.8, 1.8 Hz, 1H), 7.34 (ddd, J = 7.5, 4.8, 1.2 Hz,

1H) ppm.

bpy-Fl-TMS

Et Et
N

N

TMS

bpy-Fl-TMS was synthesized using method A, with bpy-Br (87 mg, 0.37 mmol) as aryl

halide and TMS-Fl-B(OH)2 (130 mg, 0.38 mmol) as boronic acid. The crude product

was purified using column chromatography (SiO2; pentane:EtOAc 4:1 + 2% NEt3) to

afford the product as a light yellow solid (161 mg, 0.36 mmol, 97%).

1H-NMR (400 MHz, CD2Cl2): δ 9.00 (dd, J = 2.4, 0.9 Hz, 1H), 8.69 (ddd,

J = 4.8, 1.8, 0.9 Hz, 1H), 8.56-8.46 (m, 2H), 8.12 (dd, J = 8.3, 2.4 Hz, 1H), 7.89-7.81

(m, 2H), 7.76 (dd, J = 7.4, 0.8 Hz, 1H), 7.72-7.65 (m, 2H), 7.58-7.50 (m, 2H), 7.33 (ddd,

J = 7.5, 4.8, 1.2 Hz, 1H), 2.11 (q, J = 7.4 Hz, 4H), 0.37 (t, J = 7.3 Hz, 6H), 0.33 (s, 9H)

ppm.
13C-NMR (101 MHz, CD2Cl2): δ 156.5, 155.3, 151.8, 149.9, 149.8, 148.2, 142.0, 140.3,

137.4(1), 137.3(9), 137.2, 135.5, 132.7, 128.3, 126.5, 124.2, 122.1, 121.4, 121.3, 120.9,

119.7, 56.8, 33.2, 9.0, -0.64 ppm.

MS (ESI): m/z (%) = 449.2 (100, [M]+), calcd for C30H32N2Si 449.2.

bpy-Fl-I

Et Et
N

N

I

bpy-Fl-I was synthesized using method B, with bpy-Fl-TMS (312 mg, 0.70 mmol) as

substrate. The crude product was purified using column chromatography (SiO2; pen-

tane:EtOAc 4:1 + 2% NEt3) to afford the product as a yellow glass (348 mg, 0.69 mmol,

quant.).
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1H-NMR (400 MHz, CD2Cl2): δ 8.99 (dd, J = 2.4, 0.8 Hz, 1H), 8.69 (ddd,

J = 4.8, 1.8, 0.9 Hz, 1H), 8.56-8.46 (m, 2H), 8.11 (dd, J = 8.3, 2.4 Hz, 1H), 7.88-7.81

(m, 2H), 7.76-7.63 (m, 4H), 7.54 (dd, J = 7.9, 0.5 Hz, 1H), 7.33 (ddd, J = 7.5, 4.8, 1.2 Hz,

1H), 2.18-2.01 (m, 4H), 0.36 (t, J = 7.3 Hz, 6H) ppm.
13C-NMR (101 MHz, CD2Cl2): δ 156.4, 155.4, 153.3, 151.0, 149.8, 148.1, 141.3, 141.2,

137.7, 137.4, 137.2, 136.6, 135.6, 132.9, 126.7, 124.3, 122.2, 121.0, 121.4, 121.0, 93.4,

57.2, 33.2, 27.5, 8.9 ppm.

MS (ESI): m/z (%) = 503.1 (100, [M+H]+), calcd for C27H24N2I 503.1.

bpy-Fl-BE

B

Et Et
O

O

N
N

bpy-Fl-BE was synthesized using method C, with bpy-Fl-I (252 mg, 0.50 mmol) as aryl

halide.

The product was obtained after column chromatography (SiO2; pentane:EtOAc 4:1 +

2% NEt3) as a yellow glassy gum (151 mg, 0.30 mmol, 60%).

1H-NMR (400 MHz, CD2Cl2): δ 9.00 (dd, J = 2.4, 0.8 Hz, 1H), 8.68 (ddd,

J = 4.8, 1.8, 0.9 Hz, 1H), 8.56-8.45 (m, 2H), 8.12 (dd, J = 8.3, 2.4 Hz, 1H), 7.91-7.81

(m, 2H), 7.81-7.76 (m, 3H), 7.73-7.64 (m, 2H), 7.33 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 2.14

(q, J = 7.4 Hz, 4H), 1.37 (s, 12H), 0.34 (t, J = 7.3 Hz, 6H) ppm.
13C-NMR (101 MHz, CD2Cl2): δ 156.5, 155.3, 152.1, 149.9, 149.8, 148.2, 144.4, 142.1,

137.6, 137.4, 137.3, 135.6, 134.3, 129.5, 126.5, 124.2, 122.1, 121.4, 121.3, 121.2, 119.8,

84.4, 56.9, 33.2, 25.3, 8.9 ppm.

MS (ESI): m/z (%) = 503.21 (100, [M]+), calcd for C33H35N2O2B 503.29.

Br-spiro(A)-Fl-TAA

OMe

OMe

N

EtEt

Br
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Br-spiro(A)-Fl-TAA was synthesized using method A, with Br-spiro(A)-Br (95 mg,

0.20 mmol) as aryl halide and TAA-Fl-BA (100 mg, 0.18 mmol) as boronic acid. The

crude product was purified using column chromatography (SiO2; pentane:CH2Cl2 1:1)

to afford the product as yellowish glass (110 mg, 0.12 mmol, 67%).

1H-NMR (400 MHz, acetone-d6): δ 8.09 (dd, J = 8.0, 0.6 Hz, 1H), 8.01 (tt,

J = 7.7, 0.9 Hz, 2H), 7.94 (d, J = 8.2 Hz, 1H), 7.83 (dd, J = 8.0, 1.7 Hz, 1H), 7.75 (dd,

J = 7.9, 0.6 Hz, 1H), 7.74-7.68 (m, 1H), 7.63 (dd, J = 1.7, 0.7 Hz, 1H), 7.59-7.52 (m, 5H),

7.46-7.37 (m, 3H), 7.20-7.12 (m, 3H), 7.09-7.02 (m, 4H), 6.95-6.86 (m, 7H), 6.74 (dt,

J = 7.6, 0.9 Hz, 1H), 6.67 (dt, J = 7.6, 0.9 Hz, 1H), 3.77 (s, 6H), 0.24 (t, J = 7.3 Hz, 6H)

ppm. The CH2-group signals could not be resolved due to an overlap with the acetone

solvent signals.
13C-NMR (101 MHz, acetone-d6): δ 157.3, 152.1, 151.7(1), 151.7(0), 149.7, 149.5,

149.4, 149.3, 142.4(3), 142.4(0), 142.1(4), 142.1(0), 141.9, 141.8, 141.7, 140.8, 140.7,

140.4, 134.0, 132.1, 129.5, 129.3, 129.2, 129.1, 128.4(4), 128.4(0), 127.8, 127.6, 127.0,

126.2, 124.9, 124.6, 123.2, 123.0, 122.0(3), 122.0(0), 121.9, 121.6, 121.5(1), 121.5(0),

121.1, 115.8, 67.0, 57.2, 55.9, 33.4, 9.1 ppm.

MS (ESI): m/z (%) = 917.3 (100, [M]+), calcd for C62H48NO2Br 917.3.

bpy-Fl-spiro(A)-Fl-TAA

Et Et

EtEt

NN

N

OMe

OMe

bpy-Fl-spiro(A)-Fl-TAA was synthesized using method A, with Br-spiro(A)-Fl-TAA

(60 mg, 0.12 mmol) as aryl halide and bpy-Fl-BE (100 mg, 0.11 mmol) as boronic ester.

The crude product was purified using column chromatography (SiO2; pentane:EtOAc

2:1 + 2% NEt3) to afford the product as a yellow solid (95 mg, 78 µmol, 72%).

1H-NMR (400 MHz, CD2Cl2): δ 8.99 (dd, J = 2.4, 0.9 Hz, 1H), 8.69 (ddd,

J = 4.8, 1.8, 0.9 Hz, 1H), 8.55-8.48 (m, 2H), 8.11 (dd, J = 8.3, 2.4 Hz, 1H), 8.03 (ddd,

J = 8.0, 2.4, 0.6 Hz, 2H), 7.96 (dq, J = 7.7, 0.9 Hz, 2H), 7.83-7.77 (m, 3H), 7.77-7.63

(m, 6H), 7.57-7.40 (m, 10H), 7.32 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 7.20-7.13 (m, 4H),

7.12-7.06 (m, 4H), 7.03-6.96 (m, 2H), 6.90-6.83 (m, 4H), 6.79 (dt, J = 7.6, 0.9 Hz, 2H),
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3.79 (s, 6H), 2.13-2.02 (m, 8H), 0.36-0.27 (m, 12H) ppm.

AC1

Et Et

EtEt
N

N N

N
N

N

Ru

2+ 2PF6
-

N

OMe

OMe

bpy-Fl-spiro(A)-Fl-TAA (23.2 mg, 45 µmol) and [Ru(bpy)2Cl2] · 2H2O (64 mg,

52.7 µmol) were suspended in ethylene glycol (4 mL) under a nitrogen atmosphere.

The mixture was heated at 120 °C for 4 h. After cooling down to 70 °C, acetone (4 mL)

was added and stirring was continued at that temperature for 12 h. CH2Cl2 (3 mL) was

added and the reaction was stirred for additional 4 h at 65 °C. The reaction mixture

was cooled to r.t. and subjected to column chromatography, starting with acetone as

eluent until non-reacted ligand was removed from the column. Afterwards, the elu-

ent was changed to acetone:H2O 10:1 to remove the precursor complex, and finally to

acetone:H2O 10:1 + 1% sat. KNO3 solution to elute the desired complex. The organic

solvents were removed under reduced pressure and the complex precipitated by addi-

tion of a sat. aq. KPF6 solution. The complex was extracted into CH2Cl2. The organic

phase was dried over Na2SO4 and the solvent removed under reduced pressure to ob-

tain the product as a red solid (77 mg, 37 µmol, 83%).

1H-NMR (400 MHz, MeCN-d3): δ 8.55-8.45 (m, 6H), 8.34 (dd, J = 8.6, 2.1 Hz, 1H),

8.11-8.00 (m, 9H), 7.88-7.81 (m, 4H), 7.80-7.70 (m, 8H), 7.58-7.37 (m, 16H), 7.25-7.15

(m, 3H), 7.10-7.04 (m, 6H), 6.93-6.86 (m, 6H), 6.70 (ddt, J = 7.7, 3.8, 0.9 Hz, 2H), 3.77

(s, 6H), 0.19 (td, J = 7.3, 1.1 Hz, 6H), 0.12 (t, J = 7.3 Hz, 6H) ppm. The CH2-group

signals could not be resolved due to an overlap with the acetonitrile solvent signal.

HR-MS (ESI TOF): m/z (%) = 813.7993 (100, [M-2 PF−6]2+), calcd for C109H87N7O2Ru2+

813.7979.

EA (%): calcd for C109H87N7O2F12P2Ru ·1.5 H2O ·3 C3H6O C, 66.88; H, 5.14; N, 4.63;

found: C, 66.98; H, 5.48; N, 4.66.
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Br-spiro(L)-Fl-TAA

Br

Et Et

N

OMe

OMe

Br-spiro(L)-Fl-TAA was synthesized using method A, with Br-spiro(L)-Br

(132 mg, 0.23 mmol) as aryl halide and TAA-Fl-BA (130 mg, 0.27 mmol) as boronic

acid. The crude product was purified using column chromatography (SiO2;

pentane:CH2Cl2 10:1 to 4:1) to afford the product as a light yellow solid (104 mg,

0.11 mmol, 49%).

1H-NMR (400 MHz, CD2Cl2): δ 7.95 (dd, J = 8.0, 0.6 Hz, 1H), 7.91 (dt,

J = 7.6, 1.0 Hz, 2H), 7.78 (dd, J = 8.1, 0.5 Hz, 1H), 7.74 (dd, J = 8.0, 1.7 Hz, 1H), 7.69 (dd,

J = 7.9, 0.6 Hz, 1H), 7.64 (dd, J = 7.9, 0.7 Hz, 1H), 7.55-7.46 (m, 5H), 7.45-7.36 (m, 4H),

7.17 (dt, J = 7.5, 1.1 Hz, 2H), 7.10-7.04 (m, 4H), 7.02 (dd, J = 1.7, 0.6 Hz, 1H), 7.00-6.94

(m, 2H), 6.87-6.76 (m, 7H), 3.79 (s, 6H), 2.09-1.98 (m, 4H), 0.28 (t, J = 7.3 Hz, 6H) ppm.

MS (ESI): m/z (%) = 917.10 (100, [M]+), calcd for C62H48NO2Br 917.29.

bpy-Fl-spiro(L)-Fl-TAA

Et Et Et Et

N

OMe

OMe

N
N

bpy-Fl-spiro(L)-Fl-TAA was synthesized using method A, with Br-spiro(L)-Fl-TAA

(104 mg, 0.11 mmol) as aryl halide and bpy-Fl-BE (68 mg, 0.14 mmol) as boronic ester.

The crude product was purified using column chromatography (SiO2;

pentane:EtOAc 2:1 + 2% NEt3 to 3:2 + 2% NEt3) to afford the product as a yellow

solid (132 mg, 0.11 mmol, 96%).

1H-NMR (400 MHz, CD2Cl2): δ 9.00 (dd, J = 2.4, 0.9 Hz, 1H), 8.69 (ddd,

J = 4.8, 1.9, 1.0 Hz, 1H), 8.53 (dd, J = 8.3, 0.8 Hz, 1H), 8.50 (dt, J = 8.0, 1.1 Hz, 1H), 8.12
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(dd, J = 8.3, 2.4 Hz, 1H), 8.03 (ddd, J = 8.1, 1.9, 0.6 Hz, 2H), 7.96

(dt, J = 7.6, 0.9 Hz, 2H), 7.88-7.75 (m, 4H), 7.74-7.63 (m, 5H), 7.57-7.39 (m, 10H),

7.33 (ddd, J = 7.4, 4.8, 1.2 Hz, 1H), 7.19 (dt, J = 7.5, 1.1 Hz, 2H), 7.12-7.03 (m, 6H),

7.02-6.96 (m, 2H), 6.90-6.83 (m, 6H), 3.79 (s, 6H), 2.14-2.03 (m, 8H), 0.32 (dt, J = 10.5,

7.3 Hz, 12H) ppm.

MS (ESI): m/z (%) = 1214.40 (100, [M+H]+), calcd for C89H72N3O2 1214.56.

LC1

Et Et Et Et

NN
N N

N
N

N

Ru

2+ 2PF6
-

OMe

OMe

bpy-Fl-spiro(L)-Fl-TAA (24.1 mg, 46.4 µmol) and [Ru(bpy)2Cl2] · 2H2O (62 mg,

51.0 µmol) were suspended in ethylene glycol (4 mL) under a nitrogen atmosphere.

The mixture was heated at 120 °C for 4 h. After cooling to 70 °C, acetone (4 mL) was

added and stirring was continued at that temperature for 12 h. CH2Cl2 (2 mL) was

added and the reaction was stirred overnight at 65 °C. The reaction mixture was cooled

to r.t. and subjected to column chromatography, starting with acetone as eluent until

non-reacted ligand was removed from the column. Afterwards, the eluent was changed

to acetone:H2O 10:1 to remove the precursor complex, and finally to acetone:H2O 10:1

+ 1% sat. KNO3 solution to elute the desired complex. The organic solvents were re-

moved under reduced pressure and the complex precipitated by addition of a sat. aq.

KPF6 solution. The complex was extracted into CH2Cl2. The organic phase was dried

over Na2SO4 and the solvent removed under reduced pressure to obtain the product as

a red solid (87 mg, 45.4 µmol, 98%).

1H-NMR (400 MHz, MeCN-d3): δ 8.56-8.46 (m, 6H), 8.35 (dd, J = 8.6, 2.1 Hz, 1H),

8.12-7.99 (m, 9H), 7.90-7.70 (m, 12H), 7.60-7.37 (m, 16H), 7.25 (d, J = 1.4 Hz, 1H),

7.20 (dt, J = 7.5, 1.1 Hz, 2H), 7.10-7.04 (m, 4H), 7.01-6.98 (m, 2H), 6.94-6.86 (m, 6H),

6.78 (dt, J = 7.6, 0.9 Hz, 2H), 3.78 (s, 6H), 0.21 (t, J = 7.3, 6H), 0.14 (t, J = 7.3 Hz, 6H)

ppm. The CH2-group signals could not be resolved due to an overlap with the acetoni-

trile solvent signal.

HR-MS (ESI TOF): m/z (%) = 813.7991 (100, [M-2 PF−6]2+), calcd for C109H87N7O2Ru2+
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813.7979.

EA (%): calcd for C109H87N7O2F12P2Ru ·2 H2O ·2 C3H6O C, 66.72; H, 5.02; N, 4.74;

found: C, 66.74; H, 5.36; N, 4.93.

TMS-Fl-spiro(L)-Fl-TMS

TMS

Et Et Et Et

TMS

TMS-Fl-spiro(L)-Fl-TMS was synthesized using method A, with Br-spiro(L)-Br as aryl

halide (292 mg, 0.61 mmol) and TMS-Fl-B(OH)2 (412 mg, 1.35 mmol) as boronic acid.

The crude product was purified using column chromatography (SiO2;

pentane:CH2Cl2 5:1) to afford the product as a white solid (458 mg, 0.51 mmol, 83%).

1H-NMR (400 MHz, CD2Cl2): δ 8.00 (dd, J = 8.0, 0.7 Hz, 2H), 7.94 (dt, J = 7.7, 0.9 Hz,

2H), 7.74 (dd, J = 8.0, 1.7 Hz, 2H), 7.65 (ddd, J = 7.8, 3.4, 0.7 Hz, 4H), 7.50-7.36 (m,

10H), 7.17 (td, J = 7.5, 1.1 Hz, 2H), 7.00 (dd, J = 1.7, 0.6 Hz, 2H), 6.84 (dt, J = 7.7,

0.9 Hz, 2H), 2.08-1.95 (m, 8H), 0.29 (s, 18H), 0.25 (t, J = 7.3 Hz, 12H) ppm.
13C-NMR (101 MHz, CD2Cl2): δ 151.3, 150.5, 149.7, 149.3, 142.6, 142.2, 141.9, 141.4,

141.2, 140.5, 139.8, 132.5, 128.5, 128.4, 128.2, 127.7, 126.5, 124.6, 122.8, 121.9, 121.0,

120.8, 120.4, 119.5, 66.8, 56.7, 33.1, 8.9, -0.7 ppm.

I-Fl-spiro(L)-Fl-I

I

Et Et Et Et

I

I-Fl-spiro(L)-Fl-I was synthesized using method B, with TMS-Fl-spiro(L)-Fl-TMS

(351 mg, 0.39 mmol) as aryl halide. The temperature was kept at −78 °C during

the reaction. The crude product was purified using column chromatography (SiO2;

pentane:CH2Cl2 5:1) to afford the product as a white solid (390 mg, 0.39 mmol, quant.).

1H-NMR (400 MHz, CD2Cl2): δ 8.00 (dd, J = 7.9, 0.7 Hz, 2H), 7.94 (dt, J = 7.7, 0.9 Hz,

2H), 7.74 (dd, J = 8.0, 1.7 Hz, 2H), 7.69-7.59 (m, 6H), 7.48-7.36 (m, 8H), 7.17 (td,
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J = 7.5, 1.1 Hz, 2H), 7.00 (dd, J = 1.7, 0.7 Hz, 2H), 6.84 (dt, J = 7.6, 0.9 Hz, 2H), 1.99

(dq, J = 7.0, 3.5 Hz, 8H), 0.25 (t, J = 7.3 Hz, 12H) ppm.
13C-NMR (101 MHz, CD2Cl2): δ 153.2, 150.6, 149.2, 142.6, 141.8, 141.4, 141.3, 141.0,

140.4, 136.5, 132.8, 128.5(1), 128.4(7), 127.8, 126.8, 124.6, 122.8, 121.9, 121.8, 121.1,

120.8, 120.5, 93.0, 66.8, 57.1, 33.1, 27.5, 8.8 ppm.

bpy-Fl-Fl-spiro(L)-Fl-I

Et Et Et Et

I
N

N

2

bpy-Fl-Fl-spiro(L)-Fl-I was synthesized using method A, with I-Fl-spiro(L)-Fl-I

(285 mg, 283 µmol) as aryl halide and bpy-Fl-BE (150 mg, 299 µmol) as boronic ester.

The crude product was purified using column chromatography (SiO2; pentane:EtOAc

2:1 + 2% NEt3) to afford the product as an off-white solid (58 mg, 46 µmol, 16%).

1H-NMR (400 MHz, CD2Cl2): δ 9.01 (dd, J = 2.5, 0.8 Hz, 1H), 8.70-8.67 (m, 1H), 8.53

(dd, J = 8.2, 0.9 Hz, 1H), 8.51-8.47 (m, 1H), 8.14 (dd, J = 8.3, 2.3 Hz, 1H), 8.02 (dd,

J = 8.0, 2.6 Hz, 2H), 7.97-7.93 (m, 2H), 7.90-7.82 (m, 3H), 7.80-7.61 (m, 13H), 7.49-7.38

(m, 7H), 7.34 (ddd, J = 7.4, 4.8, 1.2 Hz, 1H), 7.18 (td, J = 7.5, 1.2 Hz, 2H), 7.04-6.99

(m, 2H), 6.85 (dt, J = 7.6, 0.8 Hz, 2H), 2.26-1.98 (m, 12H), 0.41 (dt, J = 7.3, 3.0 Hz, 6H),

0.32 (t, J = 7.3 Hz, 6H), 0.25 (t, J = 7.3 Hz, 6H) ppm.

MS (ESI): m/z (%) = 1257.22 (100, [M]+), calcd for C86H69N2I 1257.45.

bpy-Fl-Fl-spiro(L)-Fl-Fl-TAA

Et Et Et Et

N

OMe

OMe

N
N

2 2

bpy-Fl-Fl-spiro(L)-Fl-Fl-TAA was synthesized using method A, with bpy-Fl-Fl-

spiro(L)-Fl-I (138 mg, 0.11 mmol) as aryl halide and TAA-Fl-BE (107 mg, 0.17 mmol)

as boronic ester. The crude product was purified using column chromatography (SiO2;
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pentane:EtOAc 2:1 + 2% NEt3) to afford the product as a yellow solid (89 mg, 54 µmol,

49%).

1H-NMR (400 MHz, CD2Cl2): δ 9.01 (dd, J = 2.4, 0.9 Hz, 1H), 8.69 (ddd,

J = 4.8, 1.8, 1.0 Hz, 1H), 8.54 (dd, J = 8.3, 0.8 Hz, 1H), 8.49 (dt, J = 8.0, 1.1 Hz, 1H), 8.14

(dd, J = 8.3, 2.4 Hz, 1H), 8.03 (d, J = 8.0 Hz, 2H), 7.96 (dt, J = 7.7, 0.9 Hz, 2H), 7.90-7.83

(m, 3H), 7.81-7.75 (m, 6H), 7.73-7.62 (m, 12H), 7.62-7.41 (m, 10H), 7.34 (ddd, J = 7.5,

4.8, 1.2 Hz, 1H), 7.20 (td, J = 7.5, 1.1 Hz, 2H), 7.11-7.06 (m, 4H), 7.05-7.02 (m, 2H),

7.02-6.97 (m, 2H), 6.90-6.82 (m, 6H), 3.80 (s, 6H), 2.24-2.04 (m, 16H), 0.46-0.28 (m,

24H) ppm.

MS (MALDI): m/z (%) = 1654.542 (84, [M]+), calcd for C123H103N3O2 1654.808.

TMS-Fl-spiro(A)-Fl-TMS

TMS

TMS

Et Et

EtEt

TMS-Fl-spiro(A)-Fl-TMS was synthesized using method A, with Br-spiro(A)-Br as

aryl halide (500 mg, 1.05 mmol) and TMS-Fl-BA (785 mg, 2.32 mmol) as boronic acid.

The crude product was purified using column chromatography (SiO2;

pentane:CH2Cl2 5:1) to afford the product as a white solid (886 mg, 0.98 mmol, 94%).

1H-NMR (400 MHz, CD2Cl2): δ 8.01 (dd, J = 7.9, 0.6 Hz, 2H), 7.95 (dt,

J = 7.6, 0.9 Hz, 2H), 7.77 (dd, J = 8.0, 1.7 Hz, 2H), 7.66 (dt, J = 7.9, 0.8 Hz, 4H),

7.51-7.40 (m, 10H), 7.16 (dt, J = 7.5, 1.1 Hz, 2H), 7.12 (dd, J = 1.8, 0.6 Hz, 2H), 6.77 (dt,

J = 7.6, 0.9 Hz, 2H), 6.76 (dt, J = 7.6, 0.9 Hz, 2H), 2.06-1.98 (m, 8H), 0.30 (s, 18H), 0.26

(dt, J = 7.3, 2.5 Hz, 12H) ppm.
13C-NMR (101 MHz, CD2Cl2): δ 151.4, 149.9, 149.9, 149.7, 142.2, 142.1, 142.0, 141.8,

141.4, 140.5, 139.8, 132.5, 128.4, 128.2, 127.7, 126.6, 124.4, 123.0, 121.9, 121.1, 120.8,

120.4, 119.5, 66.9, 56.7, 33.1, 8.9, -0.7 ppm.
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I-Fl-spiro(A)-Fl-I

I

I

Et Et

EtEt

I-Fl-spiro(A)-Fl-I was synthesized using method B, with TMS-Fl-spiro(A)-Fl-TMS

(510 mg, 566 µmol) as aryl halide. The temperature was kept at −78 °C during the reac-

tion. The crude product was purified using column chromatography (SiO2;

pentane:CH2Cl2 5:1) to afford the product as a white solid (408 mg, 405 µmol, 72%).

1H-NMR (400 MHz, CD2Cl2): δ 8.01 (d, J = 8.0 Hz, 2H), 7.95 (dt, J = 7.7, 0.9 Hz, 2H),

7.76 (dd, J = 8.0, 1.7 Hz, 2H), 7.69-7.59 (m, 6H), 7.47-7.38 (m, 8H), 7.15 (dt, J = 7.5,

1.1 Hz, 2H), 7.12 (d, J = 1.6 Hz, 2H), 2.06-1.90 (m, 8H), 0.24 (td, J = 7.3, 2.1 Hz, 12H)

ppm.
13C-NMR (101 MHz, CD2Cl2): δ 153.1, 150.5, 149.9, 149.8, 142.0, 141.9, 141.8, 141.4,

141.0, 140.4, 136.4, 132.7, 128.5, 128.5, 127.8, 126.8, 124.4, 123.0, 121.9, 121.8, 121.1,

120.8, 120.6, 92.9, 66.8, 57.1, 33.1, 8.8 ppm.

I-Fl-spiro(A)-Fl-Fl-bpy

I

Et Et

EtEt

NN

2

I-Fl-spiro(A)-Fl-Fl-bpy was synthesized using method A, with I-Fl-spiro(A)-Fl-I

(400 mg, 397 µmol) as aryl halide and bpy-Fl-BE (120 mg, 239 µmol) as boronic ester.

The crude product was purified using column chromatography (SiO2; pentane:EtOAc

2:1 + 2% NEt3) to afford the product as an off-white solid (102 mg, 81 µmol, 20%).

1H-NMR (400 MHz, CD2Cl2): δ 9.02 (dd, J = 2.4, 0.9 Hz, 1H), 8.69 (ddd,

J = 4.8, 1.8, 0.9 Hz, 1H), 8.54 (dd, J = 8.2, 0.9 Hz, 1H), 8.50 (dt, J = 8.0, 1.1 Hz, 1H),

8.14 (dd, J = 8.3, 2.3 Hz, 1H), 8.02 (dd, J = 8.0, 1.9 Hz, 2H), 7.95 (dt, J = 7.7, 1.0 Hz,

2H), 7.89-7.83 (m, 3H), 7.81-7.74 (m, 3H), 7.73-7.62 (m, 10H), 7.51-7.41 (m, 7H), 7.34

(ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 7.20-7.11 (m, 4H), 6.80-6.75 (m, 2H), 2.24-2.05 (m, 8H),
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0.43 (t, J = 7.3 Hz, 6H), 0.32 (td, J = 7.3, 2.3 Hz, 6H), 0.25 (td, J = 7.4, 2.2 Hz, 6H) ppm.

Only 4 of the 6 CH2-groups could be resolved, due to overlap with the methyl-group

peak of EtOAc at 2.01 ppm.

TAA-Fl-Fl-spiro(A)-Fl-Fl-bpy

Et Et

EtEt

NN

2

2

N

OMe

OMe

TAA-Fl-Fl-spiro(A)-Fl-Fl-bpy was synthesized using method A, with I-Fl-

spiro(A)-Fl-Fl-bpy (102 mg, 81 µmol) as aryl halide and TAA-Fl-BE (62 mg, 95 µmol)

as boronic ester. The crude product was purified using column chromatography (SiO2;

pentane:EtOAc 2:1 + 2% NEt3) to afford the product as a yellow solid (52.0 mg,

31.4 µmol, 38%).

1H-NMR (400 MHz, CD2Cl2): δ 9.03 (dd, J = 2.3, 0.8 Hz, 1H), 8.72-8.68 (m, 1H), 8.55

(d, J = 8.3 Hz, 1H), 8.51 (dd, J = 8.0, 1.1 Hz, 1H), 8.14 (dd, J = 8.3, 2.4 Hz, 1H), 8.04 (d,

J = 8.0 Hz, 2H), 7.97 (d, J = 7.6 Hz, 2H), 7.91-7.83 (m, 4H), 7.82-7.75 (m, 5H), 7.73-7.63

(m, 12H), 7.60-7.41 (m, 10H), 7.34 (ddd, J = 7.5, 4.7, 1.2 Hz, 1H), 7.21-7.14 (m, 4H),

7.13-7.06 (m, 4H), 7.04-6.98 (m, 2H), 6.92-6.83 (m, 4H), 6.79 (d, J = 7.5 Hz, 2H), 3.80

(s, 6H), 2.25-2.05 (m, 16H), 0.47-0.37 (m, 12H), 0.37-0.29 (m, 12H) ppm.

MS (ESI): m/z (%) = 1655.46 (19, [M+H]+), calcd for C123H104N3O+
2 1655.82.

LC2

Et Et Et Et

NN
N N

N
N

N

Ru

2+ 2PF6
-

OMe

OMe
2 2

TAA-Fl-Fl-spiro(L)-Fl-Fl-bpy (70.0 mg, 42.3 µmol) and [Ru(bpy)2Cl2] · 2H2O (21 mg,
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40.4 µmol) were suspended in ethylene glycol (5 mL) and acetone (10 mL), and stirred

at 85 °C for 1 h. CH2Cl2 (5 mL) was added and the reaction was stirred overnight at

65 °C. The reaction mixture was cooled to r.t. and subjected to column chromatography,

starting with acetone as eluent until non-reacted ligand was removed from the column.

Afterwards, the eluent was changed to acetone:H2O 10:1 to remove the precursor com-

plex, and finally to acetone:H2O 10:1 + 1% sat. KNO3 solution to elute the desired

complex. The organic solvents were removed under reduced pressure and the complex

precipitated by addition of a sat. aq. KPF6 solution. The complex was extracted into

CH2Cl2. The organic phase was dried over Na2SO4 and the solvent removed under

reduced pressure to obtain the product as a red solid (60 mg, 25.4 µmol, 63%).

1H-NMR (400 MHz, CD2Cl2): δ 8.56-8.45 (m, 6H), 8.35 (dd, J = 8.5, 2.0 Hz, 1H), 8.13-

8.05 (m, 5H), 8.03 (d, J = 8.0 Hz, 2H), 7.96 (d, J = 7.7 Hz, 2H), 7.88-7.42 (m, 39H), 7.36

(dd, J = 7.9, 1.7 Hz, 1H), 7.27 (d, J = 1.7 Hz, 1H), 7.19 (t, J = 7.5 Hz, 2H), 7.13-7.07 (m,

3H), 7.05 (d, J = 1.6 Hz, 2H), 7.01-6.96 (m, 2H), 7.02-6.98 (m, 2H), 6.90-6.85 (m, 5H),

3.80 (s, 6H), 2.20-2.06 (m, 16H), 0.43-0.29 (m, 24H) ppm.

HR-MS (ESI TOF): m/z (%) = 1034.4254 (71, [M-2 PF−6]2+), calcd for C143H119N7O2Ru2+

1034.4256.

EA (%): calcd for C143H119N7O2F12P2Ru ·3 C3H6O C, 72.08; H, 5.45; N, 3.87; found:

C, 72.01; H, 5.73; N, 4.14.

AC2

Et Et

EtEt

2

2

N
N N

N
N

N

Ru

2+ 2PF6
-

N

OMe

OMe

TAA-Fl-Fl-spiro(A)-Fl-Fl-bpy (52.0 mg, 31.4 µmol) and [Ru(bpy)2(MeCN)2](OTf)2

(25.0 mg, 31.5 µmol) were dissolved in a mixture of 1,2-dichloroethane (3 mL), ace-

tone (2 mL) and ethylene glycole (2 mL), and stirred at 85 °C overnight. The reaction

mixture was cooled to r.t. and subjected to column chromatography, starting with ace-

tone as eluent until non-reacted ligand was removed from the column. Afterwards, the

eluent was changed to acetone:H2O 10:1 to remove the precursor complex, and finally

to acetone:H2O 10:1 + 1% sat. KNO3 solution to elute the desired complex. The organic

solvents were removed under reduced pressure and the complex precipitated by addi-
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tion of a sat. aq. KPF6 solution. The complex was extracted into CH2Cl2. The organic

phase was washed with hydrochloric acid (2 M) and NaOH solution (1 M), dried over

Na2SO4 and the solvent removed under reduced pressure to obtain the product as a red

solid (15.0 mg, 6.4 µmol, 16%).

1H-NMR (400 MHz, CD2Cl2): δ 8.54-8.42 (m, 6H), 8.33 (dd, J = 8.5, 2.1 Hz, 1H), 8.13-

8.04 (m, 5H), 8.01 (dd, J = 8.1, 3.1 Hz, 2H), 7.95 (d, J = 7.6 Hz, 2H), 7.87-7.23 (m, 42H),

7.19-7.05 (m, 8H), 7.01-6.96 (m, 2H), 6.88-6.82 (m, 3H), 6.76 (d, J = 7.5 Hz, 2H), 3.78

(s, 6H), 2.18-1.97 (m, 16H), 0.44-0.25 (m, 24H) ppm.

HR-MS (ESI TOF): m/z (%) = 1034.4249 (100, [M-2PF−6]2+), calcd for

C143H119N7O2Ru2+ 1034.4256.

EA (%): calcd for C143H119N7O2F12P2Ru ·4 H2O ·5 C3H6O C, 72.43; H, 6.04; N, 3.74;

found: C, 72.22; H, 6.43; N, 3.82.

Br-Fl-Fl-TMS

BrTMS

Et Et
2

Br-Fl-Fl-TMS was synthesized using method A, with Br-Fl-Br as aryl halide (1.08 g,

2.84 mmol) and TMS-Fl-B(OH)2 (300 mg, 0.89 mmol) as boronic acid. A solvent mix-

ture of toluene (20 mL) and water (1.5 mL) was used. The crude product was purified

using column chromatography (SiO2; pure pentane to pentane:CH2Cl2 15:1) to afford

the product as a white solid (408 mg, 0.69 mmol, 77%).

1H-NMR (400 MHz, CD2Cl2): δ 7.75-7.63 (m, 3H), 7.62-7.52 (m, 5H), 7.47-7.39 (m,

4H), 2.12-1.94 (m, 8H), 0.32-0.20 (m, 21H) ppm.
13C-NMR (101 MHz, CD2Cl2): δ 153.1, 151.5, 150.9, 149.8, 142.3, 141.6, 141.4, 141.1,

141.0, 140.2, 139.9, 132.6, 130.6, 128.2, 126.9, 126.8, 126.6, 122.1, 122.0, 121.6, 121.5,

120.5(7), 120.5(5), 119.5, 57.2, 56.8, 33.3, 33.2, 9.00, 8.9, -0.6 ppm.
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BE-Fl-Fl-TMS

BTMS

Et Et
O

O

2

BE-Fl-Fl-TMS was synthesized using method C, with Br-Fl-Fl-TMS (200 mg, 0.34 mmol)

as aryl halide.

The product was obtained after column chromatography (SiO2; pentane:CH2Cl2 3:2 to

1:1) as a white solid (144 mg, 0.22 mmol, 67%).

1H-NMR (400 MHz, CD2Cl2): δ 7.86-7.73 (m, 6H), 7.72-7.65 (m, 4H), 7.56-7.52 (m,

2H), 2.20-2.09 (m, 8H), 1.38 (s, 12H), 0.41-0.30 (m, 21H) ppm.
13C-NMR (101 MHz, CD2Cl2): δ 151.8, 151.5, 149.8, 149.8, 144.8, 142.4, 141.7, 141.4,

141.2, 141.1, 139.8, 134.3, 132.6, 129.4, 128.2, 126.7, 126.6, 122.0(8), 122.0(6), 120.9,

120.6, 119.6, 119.5, 84.3, 56.9, 56.8, 33.3, 33.2, 25.4, 9.0(3), 8.9(7), -0.6 ppm.

bpy-Fl-Fl-TMS

Et Et
N

N
2

TMS

bpy-Fl-Fl-TMS was synthesized using method A, with bpy-Br (110 mg, 467 µmol) as

aryl halide and BE-Fl-Fl-TMS (299 mg, 467 µmol) as boronic acid. The crude product

was purified using column chromatography (SiO2; pentane:CH2Cl2 1:1 + 2% NEt3) to

afford the product as a light yellow solid (241 mg, 360 µmol, 97%).

1H-NMR (400 MHz, CD2Cl2): δ 9.02 (dd, J = 2.4, 0.8 Hz, 1H), 8.69 (ddd,

J = 4.8, 1.8, 0.9 Hz, 1H), 8.54 (dd, J = 8.3, 0.8 Hz, 1H), 8.50 (dt, J = 8.0, 1.1 Hz, 1H),

8.14 (dd, J = 8.3, 2.4 Hz, 1H), 7.91-7.81 (m, 4H), 7.77-7.66 (m, 7H), 7.56-7.51 (m, 2H),

7.34 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 2.25-2.09 (m, 8H), 0.43 (t, J = 7.3 Hz, 6H), 0.38 (t,

J = 7.3 Hz, 6H), 0.33 (s, 9H) ppm.
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bpy-Fl-Fl-I

Et Et
N

N
2

I

bpy-Fl-Fl-I was synthesized using method B, with bpy-Fl-Fl-TMS (461 mg,

689 µmol) as substrate. The crude product was purified using column chromatography

(SiO2; CH2Cl2:pentane 3:2 + 2% NEt3) to afford the product as a yellow solid (500 mg,

689 µmol, quant.).

1H-NMR (400 MHz, CD2Cl2): δ 9.02 (dd, J = 2.4, 0.8 Hz, 1H), 8.69 (ddd,

J = 4.8, 1.8, 0.9 Hz, 1H), 8.56-8.48 (m, 1H), 8.14 (dd, J = 8.3, 2.4 Hz, 1H), 7.92-7.76

(m, 4H), 7.76-7.62 (m, 9H), 7.53 (d, J = 8.9 Hz, 1H), 7.34 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H),

2.24-2.04 (m, 8H), 0.42 (t, J = 7.3 Hz, 6H), 0.37 (t, J = 7.3 Hz, 6H) ppm.

MS (MALDI): m/z (%) = 723.286 (100, [M+H]+), calcd for C44H40N2I 723.223.

bpy-Fl-Fl-BE

B

Et Et
O

O

N
N

2

bpy-Fl-Fl-BE was synthesized using method C, with bpy-Fl-Fl-I (500mg,

689 µmol) as aryl halide.

The product was obtained after column chromatography (SiO2; pentane:EtOAc (3:1 to

2:1) + 2% NEt3) as a yellow solid (293 mg, 405 µmol, 78%).

1H-NMR (400 MHz, CD2Cl2): δ 9.02 (dd, J = 2.4, 0.8 Hz, 1H), 8.69 (ddd,

J = 4.8, 1.8, 0.9 Hz, 1H), 8.56-8.48 (m, 2H), 8.14 (dd, J = 8.3, 2.4 Hz, 1H), 7.91-7.83

(m, 4H), 7.81-7.67 (m, 9H), 7.34 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 2.26-2.11 (m, 8H), 1.38

(s, 12H), 0.43 (t, J = 7.3 Hz, 6H), 0.40-0.31 (m, 6H) ppm.

MS (MALDI): m/z (%) = 722.478 (100, [M]+), calcd for C50H51N2O2B 722.404.
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TAA-BE

BN

MeO

MeO

O

O

TAA-BE was synthesized using method C, with TAA-I (500 mg, 1.16 mmol) as aryl

halide.

The product was obtained after column chromatography (SiO2; pentane:CH2Cl2 1:1 to

CH2Cl2) as a light orange oil (390 mg, 0.90 mmol, 78%).

1H-NMR (400 MHz, acetone-d6): δ 7.56-7.50 (m, 2H), 7.11-7.06 (m, 4H), 6.95-6.90 (m,

4H), 6.79-6.75 (m, 2H), 3.80 (s, 6H), 1.30 (s, 12H) ppm.

TAA-Fl-Fl-TMS

Et Et
N

2

MeO

MeO

TMS

TAA-Fl-Fl-TMS was synthesized from two different substrates:

1. TAA-Fl-Fl-TMS was synthesized using method A, with TMS-Fl-Fl-Br (344 mg,

579 µmol) as aryl halide and TAA-BE (290 mg, 672 µmol) as boronic acid. The crude

product was purified using column chromatography (SiO2; pentane:CH2Cl2 1:1) to af-

ford the product as a light yellow glass (473 mg, 578 µmol, quant.).

2. TAA-Fl-Fl-TMS was synthesized using method A, with TAA-Fl-I (730 mg,

1.12 mmol) as aryl halide and TMS-Fl-B(OH)2 (420 mg, 1.24 mmol) as boronic acid.

The crude product was purified using column chromatography (SiO2; pentane:CH2Cl2

1:1) to afford the product as a light yellow glass (902 mg, 1.10 mmol, 97%).

1H-NMR (400 MHz, acetone-d6): δ 7.93-7.81 (m, 6H), 7.77 (dd, J = 7.9, 1.7 Hz, 2H),

7.71 (q, J = 0.7 Hz, 1H), 7.67-7.59 (m, 4H), 7.56 (dd, J = 7.5, 1.0 Hz, 1H), 7.12-7.07 (m,

4H), 6.99-6.91 (m, 6H), 3.81 (s, 6H), 2.27-2.13 (m, 8H), 0.42-0.28 (m, 21H) ppm.

MS (ESI): m/z (%) = 817.32 (100, [M]+), calcd for C57H59NO2Si 817.43.
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TAA-Fl-Fl-I

Et Et
N

2

MeO

MeO

I

TAA-Fl-Fl-I was synthesized using method B, with TAA-Fl-Fl-TMS (1.00 g,

1.22 mmol) as substrate. The crude product was purified using column chromatog-

raphy (SiO2; CH2Cl2:pentane 1:1) to afford the product as a yellow glass (630 mg,

723 µmol, 59%).

1H-NMR (400 MHz, acetone-d6): δ 7.93-7.84 (m, 6H), 7.81-7.60 (m, 8H), 7.13-7.07 (m,

4H), 6.98-6.92 (m, 6H), 3.81 (s, 6H), 2.26-2.12 (m, 8H), 0.40-0.30 (m, 12H) ppm.

TAA-Fl-Fl-BE

B

Et Et
O

O

N

2

MeO

MeO

TAA-Fl-Fl-BE was synthesized using method C, with TAA-Fl-Fl-I (630 mg, 723 µmol)

as aryl halide.

The product was obtained after purification by column chromatography (SiO2;

CH2Cl2:pentane 1:1 to 2:1) as a yellow glass (463 mg, 531 µmol, 73%).

1H-NMR (400 MHz, acetone-d6): δ 7.93 (d, J = 7.9 Hz, 1H), 7.90-7.74 (m, 9H), 7.70 (d,

J = 1.6 Hz, 1H), 7.64-7.58 (m, 3H), 7.12-7.06 (m, 4H), 7.00-6.95 (m, 2H), 6.95-6.90 (m,

4H), 3.79 (s, 6H), 2.25-2.13 (m, 8H), 1.37 (s, 12H), 0.37 (t, J = 7.3 Hz, 6H), 0.32 (t, J =

7.3 Hz, 6H) ppm.

MS (MALDI): m/z (%) = 871.425 (100, [M]+), calcd for C60H62NO4B 871.477.
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I-Fl-spiro(A)-Fl-Fl-Fl-bpy

I

Et Et

EtEt

NN

3

I-Fl-spiro(A)-Fl-Fl-Fl-bpy was synthesized using method A, with I-Fl-spiro(A)-Fl-I

(240 mg, 238 µmol) as aryl halide and bpy-Fl-Fl-BE (138 mg, 191 µmol) as boronic

ester. Toluene (2 mL) was added to the solvent mixture for better solubility of the sub-

strates.

The crude product was purified using column chromatography (SiO2; pentane:EtOAc

2:1 + 2% NEt3) to afford the product as a light yellow solid (110 mg, 74.4 µmol, 39%).

1H-NMR (400 MHz, CD2Cl2): δ 9.02 (dd, J = 2.4, 0.8 Hz, 1H), 8.69 (ddd,

J = 4.8, 1.8, 0.9 Hz, 1H), 8.54 (dd, J = 8.3, 0.8 Hz, 1H), 8.50 (dt, J = 8.0, 1.1 Hz, 1H), 8.14

(dd, J = 8.3, 2.4 Hz, 1H), 8.03 (dd, J = 8.0, 0.6 Hz, 1H), 7.97 (dt, J = 7.6, 0.9 Hz, 1H),

7.92-7.63 (m, 30H), 7.52-7.42 (m, 4H), 7.34 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 7.20-7.14

(m, 2H), 6.78 (dt, J = 7.7, 0.9 Hz, 1H), 2.29-2.06 (m, 16H), 0.50-0.38 (m, 15H), 0.38-0.27

(m, 9H) ppm.

TAA-Fl-Fl-Fl-spiro(A)-Fl-Fl-Fl-bpy

Et Et

EtEt

NN

3

3

N

OMe

OMe

TAA-Fl-Fl-Fl-spiro(A)-Fl-Fl-Fl-bpy was synthesized using method A, with I-Fl-spiro(A)-

Fl-Fl-Fl-bpy (106 mg, 71.7 µmol) as aryl halide and TAA-Fl-Fl-BE (68 mg, 78.0 µmol)

as boronic ester. Toluene (2 mL) was added to the solvent mixture for better solubility

of the substrates.

The crude product was purified using column chromatography (SiO2; pentane:EtOAc

(2:1 to 3:2) + 2% NEt3) to afford the product as a yellow solid (75.0 mg, 35.8 µmol, 50%).
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1H-NMR (400 MHz, CD2Cl2): δ 9.03 (dd, J = 2.4, 1.0 Hz, 1H), 8.70 (ddd,

J = 4.8, 1.8, 1.0 Hz, 1H), 8.55 (dd, J = 8.0, 1.0 Hz, 1H), 8.51 (dd, J = 8.0, 1.2 Hz, 1H),

8.15 (dd, J = 8.3, 2.3 Hz, 1H), 8.04 (dd, J = 8.0, 1.2 Hz, 2H), 7.97 (dt, J = 7.8, 1.0 Hz, 2H),

7.92-7.41 (m, 43H), 7.34 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 7.21-7.14 (m, 4H), 7.13-7.07

(m, 4H), 7.01 (dd, J = 8.4, 1.5 Hz, 2H), 6.90-6.84 (m, 4H), 6.82-6.76 (m, 2H), 3.80 (s,

6H), 2.27-2.06 (m, 24H), 0.49-0.39 (m, 24H), 0.38-0.30 (m, 12H) ppm.

I-Fl-spiro(L)-Fl-Fl-Fl-bpy

Et Et Et Et

I
N

N

3

I-Fl-spiro(L)-Fl-Fl-Fl-bpy was synthesized using method A, with I-Fl-spiro(L)-Fl-I

(207 mg, 205 µmol) as aryl halide and bpy-Fl-Fl-BE (144 mg, 200 µmol) as boronic

ester.

The crude product was purified using column chromatography (SiO2; pentane:EtOAc

2:1 + 2% NEt3) to afford the product as a light yellow solid (63.0 mg, 42.6 µmol, 21%).

1H-NMR (400 MHz, CD2Cl2): δ 9.02 (d, J = 2.4 Hz, 1H), 8.69 (dt, J = 4.7, 1.2 Hz, 1H),

8.54 (d, J = 8.3 Hz, 1H), 8.50 (dd, J = 8.1, 1.1 Hz, 1H), 8.15 (dd, J = 8.3, 2.4 Hz, 1H), 8.02

(dd, J = 8.0, 2.7 Hz, 2H), 7.95 (d, J = 7.7 Hz, 2H), 7.92-7.82 (m, 5H), 7.80-7.61 (m, 19H),

7.48-7.41 (m, 5H), 7.34 (ddd, J = 7.7, 4.8, 1.1 Hz, 1H), 7.19 (td,

J = 7.6, 1.1 Hz, 2H), 7.02 (dd, J = 9.1, 1.6 Hz, 2H), 6.86 (d, J = 7.6 Hz, 2H), 2.25-

2.04 (m, 16H), 0.47-0.39 (m, 12H), 0.33 (t, J = 7.3 Hz, 6H), 0.25 (t, J = 7.3 Hz, 6H) ppm.

TAA-Fl-Fl-Fl-spiro(L)-Fl-Fl-Fl-bpy

Et Et Et Et

N

OMe

OMe

N
N

3 3

TAA-Fl-Fl-Fl-spiro(L)-Fl-Fl-Fl-bpy was synthesized using method A, with I-Fl-spiro(L)-

Fl-Fl-Fl-bpy (63.0 mg, 42.6 µmol) as aryl halide and TAA-Fl-Fl-BE (40 mg, 45.9 µmol)
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as boronic ester.

The crude product was purified using column chromatography (SiO2; pentane:EtOAc

2:1 + 2% NEt3) to afford the product as a yellow solid (45.0 mg, 21.5 µmol, 50%).

1H-NMR (400 MHz, CD2Cl2): δ 9.02 (dd, J = 2.3, 0.9 Hz, 1H), 8.69 (ddd,

J = 4.9, 1.8, 0.9 Hz, 1H), 8.54 (dd, J = 8.3, 0.8 Hz, 1H), 8.50 (dt, J = 8.0, 1.1 Hz, 1H), 8.15

(dd, J = 8.3, 2.4 Hz, 1H), 8.03 (d, J = 8.0 Hz, 2H), 7.97 (dt, J = 7.7, 0.9 Hz, 2H), 7.91-7.63

(m, 32H), 7.60-7.51 (m, 5H), 7.49-7.41 (m, 6H), 7.34 (ddd, J = 7.5, 4.8, 1.2 Hz, 2H), 7.20

(td, J = 7.5, 1.1 Hz, 2H), 7.12-7.06 (m, 4H), 7.04 (d, J = 1.6 Hz, 2H), 7.02-6.98 (m, 2H),

6.90-6.84 (m, 5H), 3.80 (s, 6H), 2.28-2.04 (m, 24H), 0.48-0.20 (m, 36H) ppm.

MS (MALDI): m/z (%) = 2096.556 (100, [M+H]+), calcd for C157H135N3O2 2096.067.

AC3

Et Et

EtEt

3

3

N
N N

N
N

N

Ru

2+ 2PF6
-

N

OMe

OMe

A solution of TAA-Fl-Fl-Fl-spiro(A)-Fl-Fl-Fl-bpy (74.0 mg, 35.3 µmol) and

[Ru(bpy)2(MeCN)2](OTf)2 (28.0 mg, 35.3 µmol) in 1,2-dichloroethane (3 mL), acetone

(2 mL) and ethylene glycole (2 mL) was stirred at 85 °C overnight. The reaction mix-

ture was cooled to r.t. and subjected to column chromatography, starting with acetone

as eluent until non-reacted ligand was removed from the column. Afterwards, the elu-

ent was changed to acetone:H2O 10:1 to remove the precursor complex, and finally to

acetone:H2O 10:1 + 1% sat. aq. KNO3 solution to elute the desired complex. The or-

ganic solvents were removed under reduced pressure and the complex precipitated by

addition of a sat. aq. KPF6 solution. The complex was extracted into CH2Cl2. The or-

ganic phase was washed with hydrochloric acid (2 M) and NaOH solution (1 M), dried,

and the solvent removed under reduced pressure to obtain the product as a red solid

(18.0 mg, 6.4 µmol, 18%).

1H-NMR (400 MHz, CD2Cl2): δ 8.56-8.45 (m, 6H), 8.35 (dd, J = 8.5, 2.0 Hz, 1H), 8.15-

8.06 (m, 5H), 8.04 (d, J = 8.00 Hz, 2H), 7.97 (dd, J = 7.6, 1.1 Hz, 2H), 7.89-7.34 (m,

52H), 7.27 (d, J = 1.7 Hz, 1H), 7.21-7.14 (m, 4H), 7.12-7.07 (m, 4H), 7.04-6.98 (m, 2H),

6.90-6.84 (m, 4H), 6.78 (d, J = 7.5 Hz, 2H), 3.80 (s, 6H), 2.28-2.00 (m, 24H), 0.46-0.38
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(m, 18H), 0.38-0.28 (m, 18H) ppm.

HR-MS (ESI TOF): m/z (%) = 1254.5507 (100, [M-2 PF−6]2+), calcd for

C177H151N7O2Ru2+ 1254.5512.

EA (%): calcd for C177H151N7O2F12P2Ru ·1.7 H2O ·5 C3H6O C, 73.91; H, 5.96; N, 3.14;

found: C, 74.29; H, 6.34; N, 3.40.

107



VI. Experimental

VI.3 Synthesis for Project 2

Standardized reaction conditions are listed and labeled in section VI.2.

Br-Ph-TMS

Br TMS

1,4-Dibromobenzene (2.50 g, 10.6 mmol) was dissolved in anhydrous Et2O (20 mL)

under a nitrogen atmosphere. The solution was cooled to −78 °C and n-BuLi (4.40 mL,

2.5 M in hexane, 11.0 mmol) was added dropwise. After 15 min, Me3SiCl (1.41 mL,

11.1 mmol) was added dropwise. The reaction mixture was allowed to warm to r.t.

and stirred for an additional 2 h. Water was added, and the product was extracted

into CH2Cl2. The combined organic phases were dried over Na2SO4, and the solvents

removed under reduced pressure. The product was obtained as a colorless oil (2.41 g,

10.6 mmol, quant.) and used without further purification.

1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.51-7.45 (m, 2H), 7.40-7.34 (m, 2H), 0.25 (s,

9H) ppm.

PTZ-Ph-TMS

TMSNS

Phenothiazine (1.90 g, 9.53 mmol), NaOtBu (13.7 g, 0.14 mol) and [Pd(dba)2] (160 mg,

0.28 mmol, 3 mol%) were suspended in anhydrous toluene (53 mL) under a nitrogen at-

mosphere and deaerated for 15 min. Br-Ph-TMS (2.19 g, 9.60 mmol) and [HP(tBu)3]BF4

(80.0 mg, 0.28 mmol) were added and the reaction stirred at 80 °C overnight. After

cooling to r.t., water was added and the product extracted into CH2Cl2. The combined

organic phases were dried over Na2SO4, and the solvents removed under reduced pres-

sure. Purification by column chromatography (SiO2; pentane:CH2Cl2 10:1) afforded

the product as an off-white solid (2.72 g, 7.81 mmol, 82%).

1H-NMR (400 MHz, acetone-d6): δ 7.88-7.80 (m, 2H), 7.44-7.36 (m, 2H), 7.07 (dd,

J = 7.5,1.6 Hz, 2H), 6.94 (ddd, J = 8.1,7.4,1.7 Hz, 2H), 6.87 (dt, J = 7.4,1.3 Hz, 2H),
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6.28 (dd, J = 8.2,1.3 Hz, 2H), 0.35 (s, 9H) ppm.

PTZ-Ph-I

INS

PTZ-Ph-I was synthesized using method B, with PTZ-Ph-TMS (2.72 g,

7.81 mmol) as aryltrimethylsilane. Purification by column chromatography (SiO2;

pentane:CH2Cl2 5:1) afforded the product as a light-yellow solid (2.16 g, 5.40 mmol,

69%).

1H-NMR (400 MHz, acetone-d6): δ 8.05-7.97 (m, 2H), 7.27-7.18 (m, 2H), 7.10 (dd,

J = 7.6,1.6 Hz, 2H), 6.99 (ddd, J = 8.2,7.4,1.7 Hz, 2H), 6.91 (dt, J = 7.5,1.3 Hz, 2H),

6.38 (dd, J = 8.2,1.2 Hz, 2H) ppm.

PTZ-Ph-BE

BNS
O

O

PTZ-Ph-BE was synthesized by applying method C with PTZ-Ph-I (1.00 g, 2.49 mmol)

as aryl halide.

Purification by column chromatography (SiO2; pentane:CH2Cl2 2:1) afforded the prod-

uct as a white solid (0.51 g, 1.27 mmol, 51%).

1H-NMR (400 MHz, acetone-d6): δ 8.01-7.95 (m, 2H), 7.43-7.36 (m, 2H), 7.12 (dd,

J = 7.5,1.6 Hz, 2H), 6.99 (td, J = 7.8,1.7 Hz, 2H), 6.92 (dt, J = 7.5,1.3 Hz, 2H), 6.40 (dd,

J = 8.1,1.3 Hz, 2H), 1.38 (s, 12H) ppm.

109



VI. Experimental

1,8-Naph-I2

I

I

Naph-1,8-I2 was synthesized by adapting a literature procedure. [74]

To a suspension of 1,8-diaminonaphthalene (2.00 g, 12.6 mmol) in an aqueous H2SO4

solution (100 mL, 6.9 M) at 0 °C, a solution of NaNO2 (2.60 g, 37.7 mmol) in water

(5 mL) was added dropwise. The mixture was stirred for 5 min prior to dropwise ad-

dition of a KI solution (12.8 g, 77.1 mmol) in water (10 mL). After heating the reaction

mixture at 80 °C for 2 min, it was cooled to r.t. and the product extracted into CH2Cl2.

The combined organic phases were washed three times with an aqueous HCl solution

(10%), sat. aqueous Na2S2O3 solution, and aqueous NaOH solution (1 M). The solvents

were removed under reduced pressure after drying over anhydrous Na2SO4. Purifica-

tion by column chromatography (SiO2; pentane:CH2Cl2 5:1) afforded the product as a

yellow solid (0.94 g, 2.47 mmol, 20%).

1H-NMR (400 MHz, CD2Cl2): δ 8.43 (dd, J = 7.3,1.2 Hz, 2H), 7.85 (dd, J = 8.2,1.3 Hz,

2H), 7.08 (dd, J = 8.2,7.3 Hz, 2H) ppm.

Naph-1-(Ph-PTZ),8-I

N

I

S

Naph-1-(Ph-PTZ),8-I was synthesized using method A, with Naph-1,8-I2 as aryl halide

(200 mg, 0.53 mmol) and PTZ-Ph-BE (200 mg, 0.50 mmol) as boronic ester.

Purification by column chromatography (SiO2; pentane:CH2Cl2 9:1 to 4:1) afforded the

product as a light-yellow solid (90 mg, 0.17 mmol, 34%).

1H-NMR (400 MHz, CD2Cl2): δ 8.27 (dd, J = 7.3,1.3 Hz, 1H), 7.99 (ddd, J = 8.0,1.2,0.4

Hz, 1H), 7.94 (dd, J = 7.3,2.2 Hz, 1H), 7.63-7.55 (m, 4H), 7.48-7.43 (m, 2H), 7.17 (dd,

J = 8.1,7.3 Hz, 1H), 7.04 (dd, J = 7.4,1.7 Hz, 2H), 6.94-6.80 (m, 4H), 6.53 (d, J = 8.1 Hz,

2H) ppm.
13C-NMR (101 MHz, CD2Cl2): δ 144.8, 143.1, 142.1, 141.2, 140.6, 136.2, 134.4, 132.1,
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131.8, 130.6, 130.5, 130.0, 127.4, 127.3, 127.2, 125.8, 123.1, 120.9, 117.1, 92.5 ppm.

TMS-cc-Ph-cc-TMS

TMS TMS

1,4-Dibromobenzene (1.00 g, 3.76 mmol), trimethylsilylacetylene (1.45 mL,

10.0 mmol), [Pd(PPh3)2Cl2] (200 mg, 0.26 mmol) and CuI (6.70 mg, 0.04 mmol) were

dissolved in anhydrous THF (40 mL) and anhydrous diisopropylamine (10 mL) under

a nitrogen atmosphere. The reaction mixture was heated at 45 °C for 3 h. After cooling

to r.t., the mixture was diluted with CH2Cl2 and washed with sat. aq. NH4Cl. The or-

ganic phase was dried over Na2SO4, and the solvents removed under reduced pressure.

Purification by column chromatography (SiO2; pure pentane) afforded the product as

a colorless oil (0.82 g, 3.04 mmol, 71%).

1H-NMR (400 MHz, CDCl3): δ 7.38 (s, 4H), 0.24 (s, 9H) ppm.

H-cc-Ph-cc-H

TMS-cc-Ph-cc-TMS (0.82 g, 3.04 mmol) and KF (0.58 g, 9.91 mmol) were stirred in a

THF/MeOH mixture (40 mL, 1:1) at 60 °C for 4 h. Water was added and the product

extracted into CH2Cl2. The combined organic phases were dried over Na2SO4, and the

solvents removed under reduced pressure. Purification by column chromatography

(SiO2; pure pentane) afforded the product as an off-white solid (350 mg, 2.77 mmol,

91%).

1H-NMR (400 MHz, CDCl3): δ 7.44 (s, 4H), 3.17 (s, 2H) ppm.
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H-cc-tmb-cc-H

OMe

MeO

MeO

OMe

Mebynol-cc-tmb-cc-mebynol (100 mg, 0.28 mmol) and NaOH (37.5 mg, 0.94 mmol)

were stirred in anhydrous toluene (5 mL) under a nitrogen atmosphere at 110 °C for

3 h. Water was added to the reaction and neutralized with sat. aq. NH4Cl solution. The

product was extracted into toluene, the combined organic phases dried over Na2SO4,

and the solvents removed under reduced pressure. Purification by column chromatog-

raphy (SiO2; pentane:EtOAc 4:1) afforded the product as a light-blue solid (52 mg,

0.21 mmol, 77%).

1H-NMR (400 MHz, CDCl3): δ 3.92 (s, 12H), 3.56 (s, 2H) ppm.

Naph-1-OH,5-I

HO

I

Naph-1-OH,5-I was synthesized by adapting a literature procedure. [98]

5-Aminonaphthalen-1-ol (3.0 g, 18.8 mmol) was dissolved in an aqueous HCl solution

(10% , 100 mL), cooled to 0 °C and kept at that temperature over the course of the reac-

tion. A solution of NaNO2 (1.40 g, 20.3 mmol) in water (10 mL) was added quickly and

stirred for 20 min. A solution of KI (5.66 g, 34.1 mmol) in water (10 mL) was added in

one portion and the mixture continued to stirr for 3 h. The reaction mixture was poured

into Et2O/water (5:2, 700 mL) and filtered through a cotton plug. The phases were sep-

arated and the aqueous phase extracted with Et2O. The combined organic phases were

washed with brine, and dried over Na2SO4, and the solvents removed under reduced

pressure. Purification by column chromatography (SiO2; pentane:EtOAc 9:1) afforded

the product as a brown solid (0.70 g, 2.59 mmol, 14%).

1H-NMR (400 MHz, CDCl3): δ 8.23 (dt, J = 8.4,1.0 Hz, 1H), 8.10 (dd,

J = 7.4,1.1 Hz, 1H), 7.70 (dt, J = 8.6,0.9 Hz, 1H), 7.40 (dd, J = 8.6,7.5 Hz, 1H), 7.17

(dd, J = 8.4,7.3 Hz, 1H), 6.87 (dd, J = 7.5,0.9 Hz, 1H), 5.24 (s, 1H) ppm.
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Naph-1-OTf,5-I

TfO

I

Naph-1-OH,5-I (0.50 g, 1.85 mmol) was dissolved in anhydrous CH2Cl2 (5 mL) and

pyridine (0.30 mL, 3.70 mmol) under a nitrogen atmosphere. The mixture was cooled

to 0 °C and trifluoromethanesulfonic anhydride (0.47 mL, 2.78 mmol) added drop-

wise. The reaction was warmed to r.t. overnight and diluted with EtOAc. The organic

phase was washed with an aqueous HCl solution (1 M), water and brine, and dried

over Na2SO4, and the solvents removed under reduced pressure. Purification by col-

umn chromatography (SiO2; pentane:EtOAc 9:1) afforded the product as a yellow solid

(0.74 g, 1.85 mmol, quant.).

1H-NMR (400 MHz, CDCl3): δ 8.24-8.15 (m, 2H), 8.10 (dt, J = 8.6,1.0 Hz, 1H), 7.60

(dd, J = 8.4,7.7 Hz, 1H), 7.55 (dd, J = 7.8,1.1 Hz, 1H), 7.34 (dd, J = 8.5,7.4 Hz, 1H)

ppm.

TfO-Naph(1,5)-cc-ph-cc-Naph(1,5)-OTf

TfO OTf

To Naph-1-OTf,5-I (372 mg, 925 µmol), H-cc-ph-cc-H (57.4 mg, 462 µmol),

[Pd(PPh3)2Cl2] (24.4 mg, 34.8 µmol, 4 mol%) and CuI (6.00 mg, 3.15 µmol) under a

nitrogen atmosphere, a THF/NEt3 mixture (1:1, 10 mL) was added. The mixture was

heated at reflux overnight. After cooling to r.t., the mixture was diluted with CH2Cl2

and washed with a sat. aq. NH4Cl solution. The organic phase was dried over Na2SO4,

and the solvents removed under reduced pressure. Purification by column chromatog-

raphy (SiO2; pentane:CH2Cl2 4:1) afforded the product as a yellow solid (253 mg,

375 µmol, 81%).

1H-NMR (400 MHz, CD2Cl2 ): δ 8.54 (dt, J = 8.4, 1.0 Hz, 2H), 8.11 (dt, J = 8.6, 1.0 Hz,

2H), 7.93 (dd, J = 7.3, 1.1 Hz, 2H), 7.73 (s, 4H), 7.68 (ddd, J = 8.4, 7.5, 6.0 Hz, 4H), 7.58

(dd, J = 7.7, 1.1 Hz, 2H) ppm.

MS (ESI): m/z (%) = 672.95 (100, [M]+), calcd for C32H16F6O6S2 673.02.
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TfO-Naph(1,5)-cc-tmb-cc-Naph(1,5)-OTf

TfO OTfOMe

MeO

MeO

OMe

To Naph-1-OTf,5-I (258 mg, 643 µmol), H-cc-tmb-cc-H (72 mg, 292 µmol),

[Pd(PPh3)2Cl2] (16 mg, 22.8 µmol, 4 mol%) and CuI (4.00 mg, 2.10 µmol) under a

nitrogen atmosphere, a NEt3/THF mixture (9 mL, 5:4) was added. The mixture was

heated at reflux overnight. After cooling down to r.t. the mixture was diluted with

CH2Cl2 and washed with a sat. aq. NH4Cl solution. The organic phase was dried

over Na2SO4, and the solvents removed under reduced pressure. Purification by col-

umn chromatography (SiO2; pentane:CH2Cl2 1:1) afforded the product as a white solid

(188 mg, 237 µmol, 81%).

1H-NMR (400 MHz, CD2Cl2 ): δ 8.70 (dt, J = 8.5, 1.0 Hz, 2H), 8.12 (dd,

J = 8.6, 1.1 Hz, 2H), 7.94 (dd, J = 7.2, 1.1 Hz, 2H), 7.70 (dd, J = 8.6, 7.3 Hz, 2H),

7.59 (dd, J = 7.8, 1.0 Hz, 4H), 4.09 (s, J = 7.7, 1.1 Hz, 12H) ppm.
13C-NMR (101 MHz, CD2Cl2 ): δ 151.0, 146.4, 135.3, 132.1, 128.0, 127.6, 127.0, 126.9,

122.2, 122.1, 119.2, 114.8, 96.9, 88.4, 62.0 ppm.

PTZ-TD-Ph

NS

N S

Naph-1-(Ph-PTZ),8-I (380 mg, 0.72 mmol), H-cc-Ph-cc-H (45 mg, 0.36 mmol),

[Pd(PPh3)2Cl2] (35.0 mg, 52.7 µmol, 7 mol%) and CuI (7.00 mg, 36.8µ mol) were dis-

solved in anhydrous NEt3 (20 mL) and anhydrous CHCl3 (20 mL) under a nitrogen

atmosphere. The reaction was stirred at 65 °C for 42 h. Water was added and the mix-

ture washed with a sat. aq. NH4Cl solution. The organic phase was dried over Na2SO4,

and the solvents removed under reduced pressure. The crude product was purified by

column chromatography (SiO2; pentane:CH2Cl2 3:1 to CH2Cl2) and extensive washing
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of the resulting solid with CH2Cl2, pre-cooled in a dry ice/acetone bath. The product

was obtained as a light-brownish solid (43 mg, 46.5 µmol, 13%).

Single crystals were obtained by diffusion of pentane into a CH2Cl2 solution, contain-

ing PTZ-TD-Ph and one equivalent of SbCl5.
1H-NMR (400 MHz, CD2Cl2): δ 7.98 (dd, J = 8.2, 1.3 Hz, 2H), 7.94 (dd,

J = 8.2, 1.4 Hz, 2H), 7.83 (dd, J = 7.2, 1.4 Hz, 2H), 7.65-7.52 (m, 8H), 7.46 (dd,

J = 7.1, 1.4 Hz, 2H), 7.34-7.29 (m, 4H), 7.05 (dd, J = 7.6, 1.6 Hz, 4H), 6.94 (s, 4H),

6.80 (td, J = 7.5, 1.2 Hz, 4H), 6.66 (ddd, J = 8.1, 7.4, 1.6 Hz, 4H), 6.30 (dd, J = 8.2,

1.2 Hz, 4H) ppm.

EA (%): C66H40N2S2·0.75 CH2Cl2 calcd C 81.08, H 4.23, N 2.83; found C 81.06, H 4.35,

N 3.03.

Crystal data for (PTZ-TD-Ph)(SbCl6)2: C68H44Cl16N2S2Sb2, M = 1763.99 g/mol,

brown plate, 0.020 · 0.170 · 0.190 mm3, monoclinic, a = 16.5777(12) Å,

b = 9.8372(7) Å, c = 21.2783(14) Å, α = 90°, β = 93.548(3)°, γ = 90°,

V = 3463.4(2) Å3, space group P 21/n, Z=2, radiation (wavelength) Cu Kα (1.54178 Å),

2Θmax = 138.086, 40741 reflections measured, 6374 independent reflections. The final

R1(F) = 0.0375 (I > 2σ (I)), 0.0384 (all data). The final wR2(F2) = 0.0434 (I > 2σ (I)),

0.0470 (all data). Goodness of fit 1.0595.

PTZ-TD-tmb

NS

OMe
MeO

OMe
MeO

N S

Naph-1-(Ph-PTZ),8-I (200 mg, 379 µmol), H-cc-tmb-cc-H (45 mg, 182 µmol),

[Pd(PPh3)2Cl2] (20.0 mg, 30.1 µmol, 8 mol%) and CuI (3.00 mg, 15.8 µmol) were dis-

solved in anhydrous NEt3 (5 mL) and anhydrous DMSO (4 mL) under a nitrogen atmo-

sphere. The reaction was stirred at 90 °C for 24 h. CH2Cl2 was added and the mixture

subsequently washed with a sat. aq. NH4Cl and Na2CO3 solution and water. The or-

ganic phase was dried over Na2SO4, and the solvents removed under reduced pressure.

Purification by column chromatography (SiO2; CH2Cl2:pentane 2:1) afforded the prod-

uct as an off-white solid (116 mg, 111 µmol, 61%).
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Single crystals were obtained by diffusion of pentane into a CH2Cl2 solution of PTZ-

TD-Ph.
1H-NMR (400 MHz, CD2Cl2): δ 8.02 (dd, J = 8.4, 1.3 Hz, 2H), 7.97 (dd,

J = 8.3, 1.3 Hz, 2H), 7.87 (dd, J = 7.1, 1.4 Hz, 2H), 7.70-7.65 (m, 4H), 7.60 (ddd,

J = 8.2, 7.1, 4.8 Hz, 4H), 7.50 (dd, J = 7.0, 1.4 Hz, 2H), 7.32-7.26 (m, 4H), 6.96 (dd,

J = 7.6, 1.5 Hz, 4H), 6.73 (td, J = 7.5, 1.2 Hz, 4H), 6.54 (ddd, J = 8.2, 7.3, 1.6 Hz, 4H),

6.06 (dd, J = 8.3, 1.2 Hz, 4H), 3.57 (s, 12H) ppm.

EA (%): C70H48N2O4S2·0.20 H2O calcd C 80.16, H 4.65, N 2.67; found C 79.96, H 4.77,

N 2.92.

Crystal data for (PTZ-TD-tmb): C70H48N2O4S2, M = 1045.29 g/mol, colorless plate,

0.030 · 0.100 · 0.110 mm3, monoclinic, a = 17.3484(10) Å, b = 19.6438(12) Å,

c = 7.8622(5) Å, α = 90°, β = 96.591(3)°, γ = 90°, V = 2661.6(3) Å3, space group

P 1 21/c 1, Z=2, radiation (wavelength) Cu Kα (1.54178 Å), 2Θmax = 140.346, 18571 re-

flections measured, 4909 independent reflections. The final R1(F) = 0.0334 (I > 2σ (I)),

0.0397 (all data). The final wR2(F2) = 0.0659 (I > 2σ (I)), 0.0684 (all data). Goodness of

fit 0.9269.

PTZ-Ref-tmb

N NS SOMeMeO

MeO OMe

TfO-Naph(1,5)-cc-tmb-cc-Naph(1,5)-OTf (125 mg, 157 µmol), PTZ-Ph-BE (189 mg,

471 µmol), Cs2CO3 (511 mg, 1.57 mmol) and [Pd(dppf)Cl2]· CH2Cl2 (51.0 mg,

62.1 µmol, 20 mol%) were suspended in anhydrous DMF (6 mL) under a nitrogen at-

mosphere and heated at 60 °C overnight. The reaction was cooled to r.t. and diluted

with THF to dissolve the product. The organic phase was washed with H2O, dried, and

the solvents removed under reduced pressure. Purification by column chromatography

(SiO2; pentane:CH2Cl2 3:2) afforded the product as a yellow solid (112 mg, 107 µmol,

68%).

EA (%): C70H48N2O4S2 calcd C 80.43, H 4.63, N 2.68; found C 80.16, H 4.90, N 2.93.
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pent-CO-CBZ-H

NH

C5H11

O

C5H11

O

pent-CO-CBZ-H was synthesized according to literature conditions. [91]

Anhydrous CH2Cl2 (75 mL) was added to AlCl3 (9.30 g, 69.7 mmol) under a nitro-

gen atmosphere. The mixture was cooled to 0 °C and hexanoyl chloride (9.00 mL,

69.7 mmol) slowly added, after which carbazole (5.00 g, 29.9 mmol) was added in por-

tions. The reaction mixture was warmed to r.t. overnight and poured onto ice. The

precipitate was filtered, washed with water and methanol, and dried under reduced

pressure to obtain the product as a light violet solid (9.93 g, 27.3 mmol, 91%).

1H-NMR (400 MHz, DMSO-d6): δ 12.04 (s, 1H), 9.05 (d, J = 1.7 Hz, 2H), 8.07 (dd,

J = 8.6, 1.7 Hz, 2H), 7.59 (dd, J = 8.6, 0.7 Hz, 2H), 3.15 (t, J = 7.3 Hz, 4H), 1.74-1.64 (m,

4H), 1.41-1.64 (m, 8H), 0.94-0.85 (m, 6H) ppm.

CBZ-H

NH

C6H13

C6H13

CBZ-H was synthesized according to literature conditions. [91]

AlCl3 (6.53 g, 49 .0 mmol) was dissolved in anhydrous THF (200 mL) and cooled to

0 °C. LiAlH4 (3.75 g, 98.0 mmol) was added in portions, after which a suspension of

pent-CO-CBZ-H (8.95 g, 25.0 mmol) in anhydrous THF (200 mL) was slowly added.

After warming to r.t. overnight the reaction was quenched by carefully adding aque-

ous HCl solution (5% ), while cooling in an ice bath. The product was extracted into

CH2Cl2, the combined organic phases dried over Na2SO4, and the solvents were re-

moved under reduced pressure. Purification by column chromatography (SiO2;

pentane:CH2Cl2 5:1 to 2:1) afforded the product as an off-white solid (6.65 g, 19.8 mmol,

81%).
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1H-NMR (400 MHz, CDCl3): δ 7.85 (d, J = 1.4 Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 7.22

(dd, J = 8.2, 1.5 Hz, 2H), 2.77 (t, J = 7.8 Hz, 4H), 1.77-1.65 (m, 4H), 1.46-1.26 (m, 12H),

0.94-0.85 (m, 6H) ppm.

CBZ-Ph-Br

N

C6H13

C6H13

Br

CBZ-Ph-Br was synthesized by modifying a literature procedure. [99]

CBZ-H (2.20 g, 6.56 mmol), 1-bromo-4-fluorobenzene (2.89 mL, 26.3 mmol) and

Cs2CO3 (8.56 g, 26.3 mmol) were dissolved in DMF (26 mL) and heated at 160 °C

overnight. After cooling to r.t., sat. aq. NH4Cl solution was added and extracted with

CH2Cl2. The combined organic phases were washed with sat. aq. NH4Cl solution and

water. After drying over Na2SO4, the solvents were removed under reduced pressure.

Purification by column chromatography (SiO2; pentane:CH2Cl2 10:1 to 5:1) afforded

the product as a colorless oil (0.93 g, 1.90 mmol, 29%).

1H-NMR (400 MHz, acetone-d6): δ 8.02 (dd, J = 1.7, 0.8 Hz, 2H), 7.88-7.81 (m, 2H),

7.62-7.56 (m, 2H), 7.33 (dd, J = 8.3, 0.7 Hz, 2H), 7.27 (dd, J = 8.4, 1.7 Hz, 2H), 2.84-2.75

(m, 4H), 1.78-1.66 (m, 4H), 1.45-1.28 (m, 12H), 0.93-0.84 (m, 6H) ppm.

MS (ESI): m/z (%) = 489.15 (100, [M]+), calcd for C30H36BrN 489.20.

CBZ-Ph-BE

N

C6H13

C6H13

B
O

O

CBZ-Ph-BE was synthesized by applying method C with CBZ-Ph-Br (0.93 g,

1.90 mmol) as aryl halide.

Purification by column chromatography (SiO2; pentane:CH2Cl2 3:1) afforded the prod-

uct as a colorless glass (0.59 g, 1.10 mmol, 58%).
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1H-NMR (400 MHz, acetone-d6): δ 8.06-8.00 (m, 4H), 7.68-7.63 (m, 2H), 7.39 (dd,

J = 8.4, 0.7 Hz, 2H), 7.27 (dd, J = 8.4, 1.7 Hz, 2H), 2.83-2.77 (m, 4H), 1.77-1.67 (m, 4H),

1.45-1.28 (m, 24H), 0.93-0.85 (m, 6H) ppm.

Naph-1-(Ph-CBZ),8-I

N

C6H13

C6H13

I

Naph-1-(Ph-CBZ),8-I was synthesized using method A, with 1,8-Naph-I2 as aryl halide

(598 mg, 1.58 mmol) and CBZ-Ph-BE as boronic acid (446 mg, 0.83 mmol).

Purification by column chromatography (SiO2; pentane:CH2Cl2 7:1 to 5:1) afforded the

product as a yellow glass (230 mg, 0.35 mmol, 42%).

1H-NMR (400 MHz, acetone-d6): δ 8.25 (dd, J = 7.3, 1.2 Hz, 1H), 8.05-7.99 (m, 3H),

7.99-7.94 (m, 1H), 7.57-7.52 (m, 4H), 7.47-7.43 (m, 2H), 7.39 (d, J = 8.4 Hz, 2H), 7.22

(dd, J = 8.4, 1.7 Hz, 2H), 7.17 (dd, J = 8.1, 7.3 Hz, 1H), 2.80-2.73 (m, 4H), 1.75-1.64 (m,

4H), 1.42-1.27 (m, 12H), 0.92-0.83 (m, 6H) ppm.
13C-NMR (101 MHz, acetone-d6): δ 143.4, 141.4, 140.8, 138.2, 136.6, 135.1, 133.6,

132.2, 131.8, 130.8, 130.3, 127.5, 126.9, 124.4, 120.4, 110.4, 92.4, 36.6, 33.1, 32.6, 29.8,

23.3, 14.5 ppm.

Br-dmb-Br

Br Br

OMe

MeO

Br-dmb-Br was synthesized by adapting a literature procedure. [100]

1,4-Dimethoxybenzene (5.00 g, 36.2 mmol) was dissolved in acetic acid (10 mL) and

cooled to 0 °C. Br2 (3.70 mL, 72.4 mmol) dissolved in acetic acid (3.5 mL) was slowly

added. The reaction was continued to stirr at r.t. for 3 h, and the precipitate filtered

off. The solid was dissolved in CH2Cl2 and washed with sat. aqueous Na2S2O3 solu-

tion. Drying over Na2SO4, followed by evaporation of solvents under reduced pressure,
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afforded the product as a white solid (7.40 g, 25.0 mmol, 69%).
1H-NMR (400 MHz, CDCl3): δ 7.11 (s, 2H), 3.85 (s, 6H) ppm.

TMS-cc-dmb-cc-TMS

OMe

MeO

TMS TMS

Br-dmb-Br (1.00 g, 3.38 mmol), trimethylsilylacetylene (1.12 mL, 8.11 mmol),

[Pd(PPh3)2Cl2] (95.0 mg, 0.13 mmol) and CuI (5.50 mg, 0.03 mmol) were dissolved

in anhydrous THF (40 mL) and anhydrous diisopropylamine (10 mL) under a nitrogen

atmosphere. The reaction mixture was heated at 45 °C for 3 h. After cooling to r.t., the

mixture was diluted with CH2Cl2 and washed with sat. aq. NH4Cl. The organic phase

was dried over Na2SO4, and the solvents removed under reduced pressure. Purifica-

tion by column chromatography (SiO2; pentane:CH2Cl2 3:1) afforded the product as a

colorless oil (0.68 g, 2.05 mmol, 61%).

1H-NMR (400 MHz, CDCl3): δ 6.91 (s, 2H), 3.83 (s, 6H), 0.27 (s, 18H) ppm.

H-cc-dmb-cc-H

OMe

MeO

TMS-cc-dmb-cc-TMS (0.68 g, 2.05 mmol) and KF (0.39 g, 6.71 mmol) were stirred in

a THF/MeOH mixture (40 mL, 1:1) at 55 °C for 2 h. Water was added, and the prod-

uct extracted into CH2Cl2. The combined organic phases were dried over Na2SO4, and

the solvents removed under reduced pressure. Purification by column chromatogra-

phy (SiO2; pentane:CH2Cl2 2:1 to 1:1) afforded the product as a white solid (185 mg,

0.99 mmol, 48%).

1H-NMR (400 MHz, CDCl3): δ 6.98 (s, 2H), 3.86 (s, 6H), 3.40 (s, 2H) ppm.
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TfO-Naph(1,5)-cc-dmb-cc-Naph(1,5)-OTf

TfO OTfOMe

MeO

Naph-1-OTf,5-I (261 mg, 649 µmol), H-cc-dmb-cc-H (45.0 mg, 247 µmol),

[Pd(PPh3)2Cl2] (17.0 mg, 24.2 µmol, 5 mol%) and CuI (4.00 mg, 2.10 µmol) were dis-

solved in a THF/NEt3 mixture (10 mL, 1:1) under a nitrogen atmosphere. The mix-

ture was heated at reflux overnight. After cooling to r.t. the mixture was diluted

with CH2Cl2 and washed with sat. aq. NH4Cl. The organic phase was dried over

Na2SO4, and the solvents removed under reduced pressure. Purification by column

chromatography (SiO2; pentane:CH2Cl2 1:1) afforded the product as a yellow solid

(126 mg, 172 µmol, 70%).

1H-NMR (400 MHz, CD2Cl2): δ 8.67 (dt, J = 8.4, 1.0 Hz, 2H), 8.10 (dt, J = 8.8, 1.1 Hz,

2H), 7.92 (dd, J = 7.2, 1.1 Hz, 2H), 7.71-7.65 (m, 4H), 7.58 (dd, J = 7.7, 1.1 Hz, 2H), 7.22

(s, 2H), 4.02 (s, 6H) ppm.

CBZ-Ph-TMS

N

C6H13

C6H13

TMS

CBZ-H (2.50 g, 7.45 mmol), Br-Ph-TMS (1,70 g, 7.45 mmol), NaOtBu (10.8 g,

112 mmol) and [Pd(dba)2] (125 mg, 0.22 mmol, 3 mol%) were suspended in anhydrous

toluene (47 mL) under a nitrogen atmosphere. The mixture was deaerated for 15 min,

after which [HP(tBu)3]BF4 (63.0 mg, 0.22 mmol) was added. The reaction was heated at

80 °C overnight. After cooling to r.t., water was added. The phases were separated and

the aqueous phase extracted with toluene. The combined organic phases were dried

over Na2SO4, followed by evaporation of the solvent under reduced pressure. Purifica-

tion by column chromatography (SiO2; pentane:CH2Cl2 1:1) afforded the product as a

colorless oil (2.62 g, 5.41 mmol, 73%).

1H-NMR (400 MHz, CD2Cl2): δ 8.04-7.99 (m, 2H), 7.88-7.81 (m, 2H), 7.65-7.58 (m,
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2H), 7.35 (d, J = 8.4 Hz, 2H), 7.26 (dd, J = 8.5, 1.7 Hz, 2H), 2.82-2.76 (m, 4H), 1.72 (p,

J = 7.6 Hz, 4H), 1.45-1.27 (m, 12H), 0.93-0.85 (m, 6H), 0.37 (s, 9H) ppm.

CBZ-TD-Ph

N

C6H13

C6H13

N

C6H13

C6H13

Naph-1-Ph-CBZ,8-I (140 mg, 211 µmol), H-cc-Ph-cc-H (12.2 mg, 96.7 µmol), CuI

(0.10 mg, 0.53 µmol) and [Pd(PPh3)2Cl2] (11.6 mg, 16.5 µmol, 12 mol%) were sus-

pended in anhydrous NEt3 (8 mL) under a nitrogen atmosphere. The reaction mixture

was heated at reflux overnight. After cooling to r.t., it was diluted with CH2Cl2 and

washed with sat. aq. NH4Cl solution. The organic phase was dried over Na2SO4, and

the solvents removed under reduced pressure. Purification by column chromatogra-

phy (SiO2; pentane:CH2Cl2 5:1) afforded the product as a light-yellow solid (71 mg,

59.3 µmol, 61%).

1H-NMR (400 MHz, CD2Cl2): δ 7.99 (dd, J = 8.2, 1.3 Hz, 2H), 7.95 (dd, J = 8.2, 1.3 Hz,

2H), 7.87 (d, J = 1.6 Hz, 4H), 7.81 (dd, J = 7.1, 1.3 Hz, 2H), 7.62-7.50 (m, 8H), 7.46

(dd, J = 7.0, 1.4 Hz, 2H), 7.26-7.21 (m, 4H), 7.00 (dd, J = 8.4, 1.7 Hz, 4H), 6.87 (d,

J = 8.4, 4H), 6.77 (s, 4H), 2.73-2.66 (m, 8H), 1.67-1.56 (m, 8H), 1.30-1.16 (m, 24H), 0.85

(t, J = 6.8, 12H) ppm.
13C-NMR (101 MHz, CD2Cl2): δ 141.9, 140.3, 139.5, 137.5, 135.3, 135.2, 135.0, 131.8,

131.7, 131.6, 130.8, 130.3(2), 129.2(8), 127.1, 126.1, 125.9, 125.7, 123.8, 123.5, 120.9,

119.6, 110.1, 100.6, 98.6, 92.6, 36.5, 32.9, 32.3, 29.7, 23.2, 14.5 ppm.

MS (MALDI): m/z (%) = 1197.031 (100, [M]+), calcd for C90H88N2 1196.695.
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CBZ-TD-dmb

N

C6H13

C6H13

N

C6H13

C6H13

OMe

MeO

1-Ph-CBZ,8-iodonaphthalene (100 mg, 0.15 mmol), H-cc-tmb-cc-H (13.3 mg,

0.07 mmol), CuI (0.10 mg, 0.53 µmol) and [Pd(PPh3)2Cl2] (8.30 mg, 11.8 µmol,

17 mol%) were suspended in anhydrous diisopropylamine (4 mL) under a nitrogen

atmosphere. The reaction mixture was heated at reflux overnight. After cooling to r.t.,

it was diluted with CH2Cl2 and washed with sat. aq. NH4Cl solution. The organic

phase was dried over Na2SO4, and the solvents removed under reduced pressure. Pu-

rification by column chromatography (SiO2; pentane:CH2Cl2 2:1) afforded the product

as a yellow solid (52 mg, 41 µmol, 58%).

1H-NMR (400 MHz, CD2Cl2): δ 8.00 (dd, J = 8.2, 1.4 Hz, 2H), 7.96 (dd,

J = 8.3, 1.4 Hz, 2H), 7.88-7.82 (m, 6H), 7.64-7.48 (m, 10H), 7.02 (dd, J = 8.5, 1.7 Hz,

4H), 6.91 (d, J = 8.4, 4H), 6.40 (s, 2H), 3.24 (s, 6H), 2.68 (t, J = 7.8 Hz, 8H), 1.67-1.57

(m, 8H), 1.31-1.18 (m, 24H), 0.90-0.81 (m, 12H) ppm.

MS (MALDI): m/z (%) = 1256.056 (100, [M]+), calcd for C92H92N2O2 1256.716.

CBZ-Ref-Ph

N N

C6H13

C6H13

C6H13

C6H13

TfO-Naph(1,5)-cc-Ph-cc-Naph(1,5)-OTf (71.1 mg, 116 µmol), CBZ-Ph-BE (125 mg,

233 µmol), Cs2CO3 (363 mg, 1.11 mmol) and [Pd(dppf)Cl2] · CH2Cl2 (35.6 mg,

43.0 µmol, 19 mol%) were suspended in anhydrous DMF (10 mL) under a nitrogen

atmosphere and heated at 60 °C overnight. The reaction was cooled to r.t. and diluted

with CH2Cl2. The organic phase was washed with H2O, dried over Na2SO4, and the

solvents removed under reduced pressure. Purification by column chromatography

(SiO2; pentane:CH2Cl2 3:1) afforded the product as a yellow solid (82.0 mg, 68 µmol,
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59%).

1H-NMR (400 MHz, CD2Cl2): δ 8.59 (dt, J = 8.3, 1.1 Hz, 2H), 8.11 (dt, J = 8.6, 1.1 Hz,

2H), 7.97 (d, J = 1.6 Hz, 4H), 7.88 (dd, J = 7.1, 1.1 Hz, 2H), 7.79-7.71 (m, 14H), 7.64

(dd, J = 7.1, 1.3 Hz, 2H), 7.57-7.47 (m, 6H), 7.29 (dd, J = 8.5, 1.7 Hz, 4H), 2.86-2.80 (m,

8H), 1.81-1.71 (m, 8H), 1.49-1.31 (m, 24H), 0.97-0.89 (m, 12H) ppm.
13C-NMR (101 MHz, CD2Cl2): δ 140.7, 140.0, 139.6, 138.1, 135.3, 134.2, 132.3, 132.0(9),

132.0(6), 131.3, 128.4, 127.2, 127.1, 127.0, 126.2, 124.1, 124.0, 121.6, 120.1, 110.1,

94.8, 90.3, 36.6, 32.9, 32.4, 29.7, 23.3, 14.5 ppm.

MS (MALDI): m/z (%) = 1196.999 (100, [M]+), calcd for C90H88N2 1196.695.

CBZ-Ref-dmb

OMe

MeO

N N

C6H13

C6H13

C6H13

C6H13

TfO-Naph(1,5)-cc-dmb-cc-Naph(1,5)-OTf (135 mg, 183 µmol), CBZ-Ph-BE (210 mg,

391 µmol), Cs2CO3 (610 mg, 1.87 mmol) and [Pd(dppf)Cl2]·CH2Cl2 (60.0 mg, 73 µmol,

20 mol%) were suspended in anhydrous DMF (10 mL) under a nitrogen atmosphere

and heated at 60 °C overnight. The reaction was cooled to r.t. and diluted with

CH2Cl2. The organic phase was washed with H2O, dried over Na2SO4, and the sol-

vents removed under reduced pressure. Purification by column chromatography (SiO2;

pentane:CH2Cl2 2:1) afforded the product as a yellow solid (179 mg, 142 µmol, 77%).

1H-NMR (400 MHz, CD2Cl2): δ 8.71 (dt, J = 8.4, 1.1 Hz, 2H), 8.10 (dt, J = 8.7, 1.0 Hz,

2H), 7.96 (dd, J = 1.8, 0.8 Hz, 4H), 7.88 (dd, J = 7.1, 1.1 Hz, 2H), 7.79-7.71 (m, 10H),

7.65 (dd, J = 7.1, 1.3 Hz, 2H), 7.57-7.47 (m, 6H), 7.31-7.26 (m, 6H), 4.08 (s, 6H), 2.86-

2.79 (m, 8H), 1.74 (p, J = 7.4 Hz, 8H), 1.47-1.31 (m, 24H), 0.95-0.88 (m, 12H) ppm.

MS (MALDI): m/z (%) = 1256.238 (100, [M]+), calcd for C92H92N2O2 1256.716.
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