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Abstract

This thesis describes the use of supramolecular chemistry in self-assembling systems based on
pyridyl porphyrins and porphyrin nanorings. Pyridine substituted porphyrins are used as ligands to
bind to Zn porphyrin nanorings in systems reminiscent of the light harvesting complexes in nature.
The study of energy transfer in such complexes gives insight into the efficiency of the natural
systems. This thesis also illustrates the scope of classical and Vernier templating as an alternative
tool for the synthesis of linear porphyrin oligomers.

Chapter 1 gives a general overview of porphyrins and fully conjugated porphyrin oligomers,
and then introduces supramolecular self-assemblies based upon pyridyl porphyrin ligand
interactions. It also covers energy transfer processes in the selected synthetic porphyrin arrays, and
includes a short review of template-directed synthesis of cyclic, linear and Vernier porphyrin
oligomers.

Chapter 2 presents the syntheses and energy transfer studies of double- and triple-strand
complexes based on porphyrin nanorings. The arrangement of the porphyrin units in the
double-strand nanoring complex mimics the LH2 structure of purple bacteria in natural light
harvesting systems. The presence of a second nanoring in the triple-strand structure should fix the
conformation of the complex, enhancing the conjugation around the nanorings.

Chapter 3 introduces a synthetic antenna-nanoring system based on a series of conjugated
porphyrin arrays. By varying the size of the acceptor nanoring, the effects of binding, local strain
and energy transfer between antenna and nanoring are investigated. Binding of the antenna unit
induces a local strain in the nanoring, and this strain is determined as a function of the size of the
nanoring, providing information on the flexibility of the system. The rates of energy transfer in
these systems were found to be surprisingly insensitive to the size of the nanoring.

Chapter 4 presents the classical template-directed synthesis of linear porphyrin oligomers. The
stabilities and cooperativities of related ladder complexes are investigated. Two concepts of
Vernier and Vernier-reciprocal templates for the synthesis of non-commensurate length oligomer
products from two simple components are also introduced and investigated in detail. This study

gives another approach for the supramolecular synthesis of nanoscale materials.
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Chapter 1

| ntroduction

This chapter provides an introduction to the basic concepts of porphyrins and their vital
role in the natural light harvesting system, before outlining the optical properties and
synthesis of linear porphyrin oligomers with butadiyne linkages. Next, self-assembly
processes based on the interactions of pyridyl porphyrin ligands and metalloporphyrins
are discussed. A short review of energy transfer in selected synthetic porphyrin systemsis
presented, aswell as a summary of developments in the field of template-directed synthesis

of cyclic and linear porphyrin oligomers.
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1.1 Porphyrin in thenatural light harvesting system

Porphyrins are a family of heterocyclic macrocycles consisting of four pyrrole units linked by
unsaturated =CH- groups called methine bridges through their o.-positions. Porphin is the simplest
porphyrin, in which hydrogen atoms substitute all positions on the periphery of the macrocycle.
Structural modification of the porphyrin core can easily be achieved through substitution at the
four methine carbon atoms, termed meso-substitution, and at the eight B-pyrrole positions, termed
B-substitution (Figure 1.1a). The name “porphyrin” is derived from the Greek word porphura,
meaning the colour purple.! Their intense colour originates from delocalisation of their total 26
n-electrons over the macrocycle. Porphyrins are aromatics due to following Huckel’s rule, 18 out
of their 26 n-electrons provide a cyclic conjugation path (Figure 1.1b). Due to an aromatic ring
current, the N-H internal protons are shielded and the external protons are deshielded, as observed
in™H NMR (Figure 1.1b).

(b) (©)
[

®: ‘|__|\ 84 =9 -11 ppm

meso

Oy =-2 - -4 ppm

Figure 1.1 (a) Structure of free-base porphin illustrating the nomenclature and numbering for the
macrocycle. (b) The bold bonds mark the 18 n-electron delocalisation pathway responsible for aromaticity in
porphyrins and the resulting chemical shifts of inner (red) and outer (blue) protons. (c) Structure of
metalloporphyrin.

The four inward-pointing nitrogen donors in a deprotonated free-base porphyrin structure are
an excellent chelating ligand for various metals, providing a diversity of metaloporphyrins. Zn
atoms can be located into the cavity of porphyrins, resulting in a strong complex which can further
bind to a fifth axia ligand. This property can be used for self-assembly of porphyrins through
metal-ligand coordination and will be discussed in more detail throughout this thesis. Binding of
pyridine to the zinc centre can be used to prevent aggregation of the planar porphyrin z-system.

Macromolecules consisting of porphyrins are found in nature. Metalloporphyrin derivatives

play crucid roles in biochemical processes. The well-known examples are hemes featuring
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iron-porphyrin complexes in hemoglobin and myoglobin responsible for transporting oxygen
through the body or storing oxygen in muscle tissue. The structure of vitamin B;, contains a cobalt
porphyrinoid that is important for maintaining a healthy nervous system. Factor F430 is a nickel
porphyrinoid which is part of the enzyme methyl coenzyme M reductase in methanogenic bacteria
that catalyses the release of methane. Another important metalloporphyrinoid is chlorophyll
featuring bound magnesium metal, which is involved in light harvesting systems in plant and
bacteria

Natural photosynthetic light-harvesting systems are highly evolved for efficient energy
collection and their photophysics have been thoroughly investigated, particularly for systems from
photosynthetic bacteria® Many of the critical properties of these molecular assemblies have been
attributed to the geometric structure of their key light-harvesting (LH) complexes.*® The light
harvesting system is a gigantic complex (Figure 1.2) found inside the cell membrane of
photosynthetic bacteria, consisting of two cyclic LH complexes called LH1 and LH2, and a
reaction centre (RC) which is embedded inside LH1 (Figure 1.2c). The LH complexes contains
bacteriochlophyll a (BChl a) units (Figure 1.2a), which are magnesium porphyrinoids, and serve
as the predominant light absorbing pigmentsin LH1 and LH2. The BChl a units are held precisely
in three different environments by a protein scaffold, resulting in absorption maxima at different
wavelengths as shown by the number in their name: the B875 ring found in LH1 and the B850 and
B800 rings, both found in LH2. B800 ring comprises of 9 porphyrin units lying in the same plane,
paralel to a second cyclic array, B850, consisting of 18 porphyrin units (Figure 1.2b). LH1
contains B875 which is alarge single ring consisting of 30-32 units. The electronic coupling in the
LH2 and LH1 systems is based on their pigment-pigment distances — the shorter the distance the
stronger the electronic coupling. The centre-centre distances within the LH complex increase as
follows: 9 A (B850-B850 in LH2) < 18 A (B800-B800 and B800-B850 in LH2) < 30 A (B850-
B875 between LH2 and LH1) < 45 A (B875 from LH1 to RC).” Photosynthesis starts from the
absorption of aphaoton by LH1 or LH2, after which the energy istransferred to RC whereiit is used
to drive transmembrane charge separation (Figure 1.2d). The LH apparatus acts as antenna to

funnel the solar energy to the RC, where it can be concentrated and transduced into useful
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chemical energy in the form of ATP. LH complexes perform highly efficient photon capture
followed by ultrafast energy transfer between multiple chromophores. In LH2, the transfer of
excitons from B800 to B850 takes place within 1 ps; transfer between B850 rings in two
neighboring LH2 complexes as well as the transfer from a LH2 to a nearby LH1 typically occurs

within 5-10 ps; the transfer from the LH1 ring to the RC happens within 30-50 ps.®

Figure 1.2 Light harvesting system of purple bacteria. (a) Structure of bacteriochlorophyll (b) Side view of
the LH2 of purple bacteria. Model reprinted from http://Mmww.chemphys.lu.se/ol d/kfresearch/den-
antennas.html. (c) AFM image of a native membrane of Rs. photometricum (scale bar = 10 nm).® Adapted
with permission from ref. 9. Copyright 2016 American Association for the Advancement of Science. (d) A
model of a LH1-RC complex with LH2 complexes nearby. The red arrows indicate the flow of energy from
absorption to charge-separation.”® Adapted with permission from ref. 10. Copyright 2016 American
Chemical Society.

Much research has been motivated by the desire to elucidate the range of physical processes
that lead to robustness and high efficiency of the energy transfer mechanism.**™** The aim of such

studies is to understand any potential roles of molecular structure and quantum mechanics in
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biological systems in order to design synthetic (biomimetic) light-harvesting devices.** ™ Studies
on such chromophore systems have revealed the importance of symmetry,*” and energy funnelling
for photosynthetic efficiency.® However, active control over natural systems has not yet been
achieved to test the relative importance of such factors. This topic is discussed in more detail in

Chapter 2 and 3.

1.2 Exciton coupling

A chromophore can be excited from its ground electronic state to an excited electronic state by
a photon with a wavelength that matches the energy gap between these states. The interaction of a
molecule with light involves a transitory redistribution of electron density, termed the electric
transition dipole moment (w). It is described by a vector with an orientation corresponding to the
direction of electron displacement and a magnitude that is proportional to the intensity of the
transition. When multiple chromophores come into close proximity, their transition dipole
moments will start interacting. This phenomenon is called exciton coupling and it can be explained
by the simple point-dipole exciton coupling theory, developed by Kasha'® The origina excited
states of an assembly of chromophores are coupled to one another to give resultant excitonic states,

which are not equal to the localised excitation of individual species of the assembly.

Monomer Dimer Dimer
Blue shift Red shift
Weak and slow fluorescence  Strong and fast fluorescence

Figure 1.3 Exciton coupling of a pair of spatialy proximate chromophores. (a) Parallel transition dipole
moments. (b) Head-to-tail transition dipole moments. Vertical arrows indicate allowed transitions and dash
arrows indicate forbidden transitions.
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The simplest example of exciton coupling is the interaction of a pair of degenerate
chromophares. When the two dipoles are brought to close proximity side by side, their orientations
will cause the splitting in the energy of individual molecules, E into two new states, E' and E”.
Two chromophores orientations which have parallel and head-to-tail transition dipoles are depicted
in Figure 1.3. For parale arrangement (Figure 1.3a), the dipoles are repulsive to each other and
get to higher energy, while the antiparallel dipoles has a zero net transition dipole hence transitions
to this state are forbidden. The net effect of exciton coupling on electronic absorption spectrum in
this case is a blue shift. The fluorescence is weak and slow because the lower electronic state is
forbidden. In contrast, for head-to-tail arrangement (Figure 1.3b), the head-to-tail coupling of
transition dipole vectors has a nonzero magnitude and excitation to the lower energy exciton state
isallowed. The net effect is ared shift of the absorption compared to uncoupled chromophores and

strong and fast fluorescence.

Figure 1.4 Model for the coupling of two transition dipole moments.

In general cases, the exciton splitting energy, AE, of two adjacent transition dipole moments (i
and ug is described by the equation:

2 .11
AE=E"—E' = lﬂ:;lBl (cosa + 3cos?6) (ea. 10)

where u, and g are the transition dipole moments for the singlet-singlet transitions of monomers, r
is the centre-to-centre distance, « is the torsiona angle between two molecular planes of the
chromophores and 6 is the angle between polarisation axes and the centre-to-centre line assuming

the same angles for both dipoles for simplicity (Figure 1.4)."°* From the equation above, it is

important that the chromophores must be close in space as the energy gap between the excitonic
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states is proportional to 1/r®. Note that the maximum exciton coupling is achieved when two
chromophores are planarised (o = 0°, cos « = 1) and their dipoles are oriented along the

centre-to-centreline (6= 0°, cos 6 = 1).

G

Figure 1.5 Exciton coupling of six chromophores which are arranged as aring.

The formalism given above for a pair of chromophores can easily be extended to ring systems.
When six chromophores are arranged as a ring, the six dipoles will interact and split the energy of
the individual chromophores. The splitting of the energy levels of the ring systems can be
structured through the simple Huckel theory which can be described using the symmetry of
molecular orbitalsin benzene. This method provides two non-degenerate (k = 0 and k = 3) and two
pairwise degenerate (k = 1 and k=%2) excitonic states (Figure 1.5). However, only the two
degenerate k = +1 states are allowed while the transitions to the lowest k = 0 state are forbidden
due to the dipole contributions summing to zero. Therefore, once the molecule has relaxed into its
lowest state, the fluorescence will be strongly retarded alowing effective competition from
non-radiative decay processes. This approach can be applied for the larger rings such as the LH
complexes and it explains why rings of chromophores tend to have weak absorption and emission

to the first excited state.™®

1.3 Linear porphyrin oligomerswith butadiyne linkages

Synthesis of models for natural light harvesting systems is of great interest in the broader
context of organic electronic materials. In order to design synthetic chromophore arrays with

strong electronic coupling reminiscent of that in the natural light harvesting complexes, chemists
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link chromophores covalently, either directly or by conjugated bridges, leading to the concept of
n-conjugated oligomers and polymers.®*! The delocalisation of excited states and charge transport
in these structures®®® gives a basis for application of light harvesting systems in photovoltaic
devices.*** Porphyrins are well known as a good candidate for such applications. The choice of
linkers between porphyrin units is flexible with different degrees of eectronic coupling; selected
linker examples include C—C single bonds,® ethyne bonds,?” butadiyne bonds,? and phenylene
(ortho-,%® meta-*** and para-*") groups as shown in Figure 1.6. All work presented in this thesisis
based on butadiyne-bridged porphyrin oligomers; thus, the rest of this section will focus on the

chemistry of these oligomers.

Ar Ar

Ar Ar
R m - m R R w}m R
Ar Ar

.
—
R .- - —_— _——— - ——— ..
, — — —
R
/ \ /
0 . 0
/ \ ’

p-phenylene  o-phenylene m-phenylene vinylene ethyne butadiyne

Figure 1.6 Selected porphyrin dimer linkers include phenylene, vinylene, ethyne, butadiyne groups and C-C
single bonds (fused).

1.3.1 Optoelectronic properties

All porphyrins are highly coloured due to their strong n-r* electronic absorption bands. The
two lowest transitions in the absorption spectrum of an ordinary porphyrin monomer are a strong
transition to the second excited state (Sp—S;) at about 400 nm (the Soret or B band) and a
relatively weak transition to the first excited state (Sp—S;) at about 550 nm (the Q band). Internal
conversion from S, to S; is rapid, resulting in detection of fluorescence only from S,.% The origin
of these t—n* transitions in the B and Q bands can be described using the four orbital model
proposed by Gouterman (Figure 1.7a).%* The four frontier orbitas in D4, Symmetric porphyrins
are two n orbitals: a,, and &, and a degenerate pair of n* orbitals: e;, and g;,. The two highest

occupied 7 orbitals a, and &, have amost the same energy. Both transitions from a;,—e¢4 and
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ap,—eg Would be expected to have coincident absorption bands. However, a process known as
configurationa interaction causes the split of these two transitions, resulting in significantly
different intensities and energies: the more intense B band (S;—S;), and the less intense Q band
(So—S;) (Figure 1.7b and c). Structural modification of the porphyrin core at the meso-positions
influences its electronic properties more than modification at the [ positions due to the higher
frontier orbital coefficients at the former sites. Many synthetic porphyrins have meso-aryl
subgtituents which would be expected to influence the electronic structure of the porphyrin core.

However, alarge dihedral angles between aryl and porphyrin leads to a minimal w conjugation.

5 F | \ r | \ r |

Molecular Orbitals States Absorption Spectrum

Figure 1.7 (Left) The four Gouterman molecular orbitals of a typical D4, symmetrical porphyrin monomer
and configurational interaction between a,,—ey, and a,,—€y« results in (middle and right) two absorption
bands of different intensities? Adapted with permission from ref. 22, Copyright 2016 Roya Society of
Chemistry.

For the butadiyne-linked porphyrin oligomers, the meso—meso butadiyne link alows strong
inter-porphyrin electronic coupling and the extension of conjugation upon oligomerisation results
in a progressively intensified and red-shifted Q-band (Figure 1.8).>* However, the butadiyne link
aso alows a continuous range of torsion angles (6) between the porphyrin units.* The length of
the butadiyne bridge is sufficient to avoid any steric clash between the opposing § hydrogens of the
porphyrins and gives the lowest energy conformer as planar (6 = 0°). The energy difference

between two conformers (planar and perpendicular) leads to different resonance stabilisation
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between porphyrin units via butadiyne-bridge. Increasing length of a porphyrin oligomer causes
the diversity of possible configurations of torsional angles between the porphyrin units, resulting in
the increasing width of Q band absorption (Figure 1.8). Torsion angle-dependence can also be

seen in the B band, despite the presence of severa overlapping transitions.

Figure 1.8 Normalised absorption spectra of P1 (black), P2 (red), P3 (green), P4 (blue), P6 (blue sky) and
P8 (magenta).* Adapted with permission from Ref 33, Copyright 2016 The Royal Society of Chemistry.

In order to enhance rt-conjugation between porphyrin units, the torsion angle can be locked in a
coplanar arrangement using the tools of supramolecular chemistry. By forming ladder complexes
with bidentate ligands such as DABCO or 4,4’ -bipyridine,® or 1 : 1 complexes between oligomers
and designed templates such as T2 (Figure. 1.9b),%° a planar conformation can be promoted. This

leads to the expected red shift and sharpening of the Q band (Figure. 1.9a at 6 = 0°).
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P2-(DABCO),

Figure 1.9 (a) Absorption spectra of linear oligomers: monomer P1 (blue), dimer P2 (red), trimer P3
(yellow) and planar dimer complex P2¢T2 (purple). (Solvent: CH,Cl,/THF/pyridine 10:10:1, except
P2¢T2:CH,Cl,. THS = trihexylsilyl).* Adapted from Ref 34 with permission of the PCCP Owner Societies.
(b) Different strategies applied to restrict the torsion angle in porphyrin dimer P2.

1.3.2 Synthesis of butadiyne-linked porphyrin oligomers

Apart from modification of electronic properties, one of the reasons to synthesise a variety of
butadiyne-linked porphyrin oligomers has been to achieve control over the solubility and
self-assembly or aggregation. The first generation of butadiyne-linked porphyrin dimers was
introduced by Arnold® and Anderson® using p-alkyl solubilising groups in order to obtain good
solubility. However, aggregates still form in the absence of an axial ligand such as pyridine
(Figure 1.10a). The second generation of porphyrin dimers and longer oligomers was modified at
the meso-positions instead of the B-positions, with aryl substituents instead of alkyl groups (Figure

1.10b), introduced by Anderson® and Ogawa.”’ These sol ubilising groups improve the solubility of

11
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porphyrin oligomers and also reduce aggregation, since the aryl side group lies amost
perpendicular to the porphyrin plane. In the Anderson group, the most commonly used aryl
substituents are, in the order of increasing solubility, 3,5-bis-tert-butyl phenyl (t-Bu), 3,5-bis-n-
octyloxy phenyl (C8) and 3,5-bis-trihexylsilyl phenyl (THS) groups. The synthesis of oligomer
series with THS side groups (I-PN+ys) and with C8 side groups (I-PNcg) is detailed here as these

derivatives were used throughout this thesis.

(b)

THST=

R' = t-Bu, OCgHy7, THS

Figure 1.10 (a) The structure of the first generation of butadiyne-linked porphyrin dimer in the Anderson
group.® (b) The structure of linear butadiyne-linked porphyrin oligomers commonly used in the recent years.

A wedl-established synthesis of porphyrins with identical substituents on opposing
meso-positions was presented by Lindsey.** This method is based on the condensation of a
functionalised aldehyde with dipyrromethane (DPM) to initially form a porphyrinogen that is
subsequently oxidized to a free-base porphyrin (Scheme 1.1). The preparation of porphyrin
monomer (I-P1) using DPM 1* and benzaldehyde derivatives 2a® or 2b* is feasible on a multi-
gram scale. Free-base porphyrins 3a/b are quantitatively metallated to zinc porphyrins 4a/b by
treating with Zn(OAC),*2H,0. The eectrophilic bromination at the two available meso-positions
with N-bromosuccinimide (NBS) is selective due to the higher HOMO coefficients at the meso
compared to the B-positions (Section 1.3.1) and gives excellent yields. Then, Sonogashira coupling
between dibromoporphyrins 5a/b and trihexylsilyl-protected acetylene provides porphyrin
monomers |-Plrys(THS THS)/I-Plcg(THS, THS), which can be used as a building block in the

synthesis of porphyrin oligomers.
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/\ ’\ 1 Ar. H Ar Ar Ar
N

N H
+ i) H H ii) iii) iv)
o —_— H H E— e —>Br Br
R/é\R HoAr Ar 3a 48% A 4da 98% Ar 5a 98%
i 3b 29% 4b 99% 5b 98%
2a R = OCgHyy Porphyrinogen ( ( v (
2b R =Si(CgHy3)3 /THS
Arin compounds a Arin compounds b

and /-P1cg (THS,THS)  and /-Plyys (THS,THS)

CgH170” % ~OCgHy7 THS/& THS

Ar
/-Plcg (THS,THS) 89%
[-Plys (THS, THS) 83%

Scheme 1.1 Synthesis of the porphyrin monomer building block. THS = trihexylsilyl. Reagents and
conditions: i) TFA; ii) DDQ; iii) Zn(OAc),*2H,0; iv) NBS; v) (trihexylsilyl)acetylene, THS-acetylene,
Pd,(dba)s, PPhs, Cul, i-ProNH.

Porphyrin oligomers are synthesised by an iterative method using the partial deprotection of
[-PN(THS,THS). The THS groups on porphyrins can statisticaly be removed with
tetra-n-butylammonium fluoride (TBAF), producing the desired mono-deprotected product
I-PN(H,THS) as well as fully-deprotected product |-PN(H,H) and remain starting material which
can be separated by column chromatography. Subsequent oxidative homo-coupling of
I-PN(H,THS) gives a bis-trihexylsilyl acetylene substituted oligomer I-P2N(THS,THS) with a

double length of the starting material in high yield (Scheme 1.2).*

=1y + Remaining
starting material

Ar

I-PNcg (H,THS) /-PNcg (H,H) _
N=1 24 Yield: 30-40% Yield: 5-10% Yield: 40-50%
(b) Ar

CgH170 OCgH17

Ar
I-PNgg (H, THS) -P2N¢g (THS,THS)
N=1,24 Yield: >85%

Scheme 1.2 (a) Statistical deprotection of porphyrin oligomers.®® (b) Oxidative homo-coupling of
mono-deprotected porphyrin oligomers to double the chain length. i) TBAF; ii) Pd(PPhs),Cl,, Cul,
1,4-benzoquinone, i-Pr,NH.
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—_—
OCgHy7
Ar= Al
I-PN¢g (H,H) [-Plcg (H,THS) I-P(N+2)cg (THS,THS)
1 equiv. 4 equiv. forN=1 OCqHy7 27% forN=1
N=1,3,8 5 equiv. forN=3 29% forN=3
28 equiv. forN =8 79% forN =8

Scheme 1.3 Synthesis of linear porphyrin oligomers by “capping” strategy. i) Pd(PPhs),Cl, Cul,
1,4-benzoquinone, i-Pr,NH.

The syntheses of oligomers that cannot be reached simply by doubling the number of
porphyrin units such as trimers require a“capping” strategy (Scheme 1.3).* Oxidative coupling of
fully deprotected porphyrin oligomers |-PN(H,H), with large excess of I-P1(H,THS) (the “cap”)
produces the desired product |-P(N+2)(THS,THS) as well as a mgjor fraction of 1-P2(THS THYS)
from homo-coupling. The excess of the “cap” prevents the polymerisation by homo-coupling of
[-PN(H,H), making the product mixture less complicated and also minimising wasting of precious
material. For the synthesis of long oligomers, the strong aggregation due to n-n stacking should be
taken into account. This could cause a low reactivity of the coupling reaction; the addition of
pyridine to the reaction mixture will inhibit aggregation and enhance the formation of the desired

product.

1.4 Self-assembly of porphyrins

Self-assembly has been defined by Whitesides as “the autonomous or ganisation of components
into patterns or structures without human intervention”.*” Self-assembly is characterised by
reversibility. The binding between Zn(I1) and an amine is one of the commonly used metal-ligand
combinations for porphyrin assemblies. Zn porphyrins can be five-coordinate and can rapidly and
reversibly bind an axial nitrogen-based ligand (Figure 1.11). A sixth coordination in Zn porphyrins

is rare but can sometimes be seen in the solid state® or in solution under particular conditions such

as high concentration as a consequence of a chelate effect.*
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Figure 1.11 Binding of Zn porphyrin monomer with axia pyridine.

1.4.1 Thermodynamic stability of axial coordination

Prior to trying to construct a supramolecular assembly, it is important to understand the
thermodynamic stability of axia coordination compounds. If the condition of coordination is badly
chosen, the system will be unstable and dissociate to the individual building blocks.

For binding of nitrogen-based ligands to Zn-porphyrins, the association constants K, can range
widely from 10 to 10° M, and the higher the binding constant the greater stability of the arrays
that are constructed. At the lower binding constants, systems are dynamic and mixtures of
associated and dissociated species can be observed by spectroscopic analysis. On the other hand,
systems at the higher binding constants strongly bind together, resulting in mostly coordinated
assemblies.

$ e L oW

NH, ~ N
DABCO Piperidine  Imidazole  Propylamine  Pyridine  Dipropylamine  Triethylamine

logK, 5.2 4.8 47 43 3.8 3.1 1.1

Figure 1.12 The order of binding constants (log K;) of nitrogen-based ligands to Zn 5,10,15,20-tetraphenyl
porphyrin (ZnTPP) in toluene at 298 K .>*2

The association constants of porphyrin-nitrogen-based ligand systems are correlated with
basicity and steric hindrance of the ligands. The order of binding affinity of a selection of the
nitrogen-based ligands to Zn porphyrin monomer is shown in Figure 1.12.°% The steric
hindrance increases from primary to secondary to tertiary amines, resulting in a decreasing binding
affinity from propylamine to dipropylamine and then to triethylamine. Similarly, when the steric
hindrance of cyclic secondary and tertiary amines is reduced, their binding constants increase as
seen when comparing DABCO and triethylamine. When the differences in steric interferences

become insignificant, among the aromatic ligands, the relationship between the stability constant
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and the basicity increases. This is evident for the more basic imidazole which has a binding
constant 10 times greater than that of pyridine.

Solvent and temperature also play an important role in binding affinities. The binding constants
of Zn porphyrin monomer with pyridine in various solvents at 25 °C are reported in the order of
decreasing binding constants as follows: cyclohexane > dichloromethane ~ toluene > chloroform.

Increasing the temperature reduces the binding constant.
1.4.2 Pyridyl porphyrin asligands

Substituted pyridines are the most extensively studied classes of ligands for Zn porphyrins.
Functionalised pyridyl substituents can be directly incorporated during porphyrin syntheses in
order to design porphyrins as axial ligands. The meso-pyridine substituted porphyrins are mostly
used in multi-porphyrin arrays in any possible combination of stoichiometries (mono- to tetra-
pyridyl porphyrin) and substitution patterns (for example, 5,10- or 5,15-di—pyridyl porphyrin) as
shown in Figure 1.13, which shows how the different substitution patterns of the pyridyl porphyrin
(arrowed sguare) reflect the overall geometry of the array as linear, angular, T-shape or cruciform

complexes.

I T

—mM— —mM— —mM— —m—
Linear Angular T-shape Cruciform

Figure 1.13 The representation of the porphyrin-as-ligand complexation.

Pyridyl porphyrins are commonly used as free-base porphyrins in the coordination to Zn
porphyrins™ in order to avoid the self-assembly of the pyridyl porphyrins among themselves.
However, zinc metallated porphyrins with pyridyl substituents are also found in self-sorting

assemblies.®®
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As described in Section 1.3.1, butadiyne-linked porphyrins have a distribution of torsional
angles between the porphyrin planes.* However, the formation of a triple-strand porphyrin array
(Figure 1.14a) leads to a stable system in which the porphyrin planes are restricted to a co-planar
arrangement.® This is apparent from the increased red shift of the Q bands in UV-vis absorption
spectrum of the complex compared to the individual components (Figur e 1.14b). The design of the
pyridyl porphyrin structures that are being used throughout this thesis is based on the one in the
triple strand array. Similarly, the studies can be extended to more complex structures like tritopic
porphyrin and hexatopic pyridyl porphyrins binding into the cavities of cyclic porphyrin hexamers
as reported by Gossauer (Figure 1.14c).>” The binding constants of such complexes are in the
range of 10°-10" M™, due to the additive effect of the individual Zn-pyridine binding events. The
hexameric wheels can act as an antenna and about 43% energy transfer from the Zn porphyrin

wheel to the free-base pyridyl porphyrin was observed by fluorescence spectroscopy.*®

a o o f-Bu o - _\_r—EIu
@ gmgms 9 pogmEo-d
" ) / s i .

Z|

g

Figure 1.14 (a) Triple-strand porphyrin array. (b) The UV-vis absorption spectra of (1) the free-base dimer,
(2) the Zn-dimer-(pyridine), complex (3) triple strand complex in DCM. The scale of (2) is multiplied by two
to facilitate comparison with (3). Arrows highlight regions of increased (green) or decreased (red) absorption
in the complex (3). Adapted from Ref 56 with permission of The Royal Society of Chemistry. (c) Tritopic
pyridyl porphyrin complexed with a cyclic Zn-porphyrin hexamer.

In another example, pyridyl porphyrins are used in self-sorting processes. In this case, pyridyl

porphyrins are metallated with Zn, which allows them to bind to themselves. The dimensionality of
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the porphyrin arrays may increase from porphyrin monomers to oligomers as seen in the following
example. meso-Pyridine-substituted porphyrin monomer forms a supramolecular square (Figure
1.15a),” but the corresponding meso-dimer self-assembles into a box (Figure 1.15b)> with

interesting homochiral self-sorting assembly of R and Senantiomers.

n = 0-2; Ar =3,5-dioctyloxyphenyl

Figure 1.15 Self-sorting assemblies of pyridyl Zn porphyrins. (a) Formation of two-dimensional porphyrin
squares from pyridyl porphyrin monomers. (b) Formation of three-dimensional porphyrin boxes from pyridyl
porphyrin dimers. Homochiral self-sorting results in the formation of enantiomers. Adapted with permission
from Ref 55. Copyright 2016 American Chemical Society.

1.5 Energy transfer in synthetic porphyrins

1.5.1 Photophysical processes—the Jablonski diagram

Absorption and emission pathways in molecules after electronic excitation can be explained by
means of a Jablonski diagram. Photoexcitation starts when a molecule in the ground state (Sp)
absorbs a photon. One electron is excited to a higher orbital level (S;, S, Ss...) depending on
photon’s energy. The higher excited singlet states will rapidly relax non-radiatively by interna
conversion (IC) to S;. This excited state can then relax to S, either via IC, or the process called

fluorescence, which emits a photon as shown in Figure 1.16.
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Figure 1.16 Jablonski diagram. Straight arrows indicate radiative pathways and curly lines indicate
non-radiative pathways. Thin linesindicate vibrationa levels.

Alternatively, the S; excited state can undergo spin inversion by (non-radiative) intersystem
crossing (1SC) and generate a different excited state, atriplet state (T1). This triplet state can relax
to the ground state S, by either ISC or photon-emitting phosphorescence (Figure 1.16). As
opposed to fluorescence, this process implies a change of electronic spin, which is forbidden by
spin selection rules, making phosphorescence (radiative decay from T, to S;) much slower than
fluorescence (radiative decay from S; to S;). Therefore, triplet states have lifetimes ranging from
microseconds to seconds while singlet state lifetimes are on nanosecond timescales.® The singlet
and triplet excited states can be deactivated by electron or energy transfer to other chromophores.
Energy transfer is a non-radiative process in which the excited molecule relaxes to the ground state

and another molecule is then elevated to an excited state.

1.5.2 The mechanism of excitation-energy transfer in photosynthetic systems

Energy transfer in supramolecular systems is considered as a non-radiative transition between
two “localised” electronically excited states: the originally excited molecule, the donor (D) and the
finally excited molecule, the acceptor (A). The eectronic coupling between the two excited states
interconverted by the energy transfer process involves the HOMOs and LUMOs of the
energy-donor and energy—acceptor components. This coupling can be split into two terms called an

exchange term and a Coulombic term. The two terms differ greatly in their dependence on spin of
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ground and excited states, donor-acceptor distance, etc. Figure 1.17 represents the exchange and
Coulombic mechanisms.®

The exchange (also called Dexter-type®") mechanism is closely related to electron transfer. It is
allowed even if the energy transfer involves forbidden states on D and A, such as in the case of
triplet excitation transfer, and it requires orbital overlap between D and A, which typically requires
short distances, < 0.5 nm.** Its rate constant exponentially decreases with increasing distance. The

energy transfer rate, Kyeqer 1S given by

—2Rpa
kgexter = K]exp( L ) (eg.1.2)

in which J is the normalised absorption and emission spectral overlap integral, K is an
experimental factor, Rpa isthe distance between D and A, and L is the effective orbital radius.

The exchange interaction can be considered (Figure 1.17) as a double electron transfer
process; one eectron moving from the LUMO of the excited donor (D*) to the LUMO of the

excited acceptor (A*), and the other from the acceptor HOMO to the donor HOMO.

Figure 1.17 The exchange (Dexter) and coulombic (Férster) mechanisms.

The Coulombic (also called Forster-type®?) mechanism is effective over larger distances (up to
~3 nm) and does not require physical contact between D and A. The most important term within
the Coulombic interaction is the dipole—dipole term, following the same selection rules as the

corresponding dipole transitions of the two partners (D*—D and A—A*, Figure 1.17). Thus,
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systems in which each partner has a high probability of transition by photon absorption and
emission (i.e. high oscillator strength) are likely to have efficient Coulombic energy transfer. The
rate constant for the dipole—dipole Coulombic energy transfer can be approximated by the
expression as shown below:*

K?®

4p6
n*Rp,T

Kgsrster = 8.8 x 1072 Jr (eq. 1.3),

where K is an orientation factor which accounts for the directional nature of the dipole-dipole
interaction (it can take values from O for a perpendicular arrangement to 4 for a pardle
arrangement), @ and t are the luminescence quantum yield and lifetime of the donor respectively,
n is the solvent refractive index, Roa is the distance (in A) between donor and acceptor, and Jg is
the Forster overlap integral between the luminescence spectrum of the donor and the absorption

spectrum of the acceptor on an energy scale (cm™).
1.5.3 Synthetic light harvesting molecules

As described in Section 1.1, the energy transfer in photosynthetic organisms is extremely
efficient (> 90%) due to optimal relative positioning of the chromophores. To mimic the structure
and function of the LH antenna complexes of natural systems, cyclic porphyrin arrays have been
developed over the last couple of decades. These cyclic porphyrin arrays can be classified into two
types: closed-ring and dendritic structures.®*** Arrays with closed ring architecture are accessible
by means of covalent bonding and supramolecular self-assembling. The covalent-linked porphyrin
arrays have an advantage in structural robustness while the advantage of self-assembly of cyclic
structures is the relatively easy synthetic accessibility. For the latter, the designed building units
automatically arrange themselves into cyclic structures based on complementary coordination.
However, non-covalently assembled arrays are usually sensitive to their environment. For instance,
dissociation of array occurs in coordinating solvents or in the presence of competing coordination
species like pyridine. Alternatively, dendritic architectures can be used to form petal-like cyclic
structures which benefit from the large number of porphyrin units in three-dimensional space to

provide high absorptivity and also high quantum efficiency of energy transfer as a consequence of
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multiple energy migration pathways. Figure 1.18 shows some selected examples of synthetic
cyclic arrays with closed-ring (including covalent bonding, fully conjugated covalent bonding and

self-assembling) and with dendritic structures.®

Figure 1.18 Selected examples of synthetic cyclic porphyrin arrays with closed ring including (a) covalent
bonding, (b) fully conjugated covalent bonding and (c) self-assembling, and with (d) dendritic structures.
Adapted from Ref 64 with permission of The Royal Society of Chemistry.

Fully conjugated cyclic porphyrin arrays (Figure 1.18b) were first introduced by Anderson
and can be prepared by template-directed synthesis, with sizes up to 50 porphyrin units.*> The
absorption of these porphyrin rings reaches the NIR region due to the delocalisation of the =
system over the entire or at least most of the molecular frameworks (Figure 1.19a). The extent of
m-conjugation also depends on their ring size, and the absorption and fluorescence spectra are
correlated with their electronic structures. For example, for the most symmetric compound

c-P6T6, 6-ring (c-P6) with wheel-like template (T6) inside, the energy-level structure can be
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described by the simple Hickel molecular orbita method of cyclic n-conjugated molecule
mimicking the symmetry of benzene (Figure 1.19b). The absorption spectrum of c-P6¢T6 is
dominated by the strongly allowed, two degenerate (k = +1) states of orthogonal polarisation. The
lowest (k = 0) transition state is essentially forbidden due to the high symmetry of c-P6¢T6 in a
hexagonal arrangement causing dipole contributions summing to zero.®®” Thus, when the
molecule has relaxed back to its lowest (k = 0) state, emission is expected to be strongly
suppressed. However, the emission in the NIR region can be observed. This forbidden transition
becomes allowed by the combination of vibrational and electronic states which creates the new
symmetry, i.e. Herzberg-Teller coupling (Figure 1.19¢).*” Therefore, when c-P6T6 absorbs light
through the degenerate (k = +1) states that are orthogonally polarised, which is followed by a
relaxation to the k = O state, the forbidden emission from this state takes place via the weak
Herzberg-Teller coupling. The low fluorescence quantum yield and small radiative constant of this
complex are observed as a consequence of a fully delocalised lowest excited state over all six

porphyrin units.®

Figure 1.19 (a) Steady-state absorption and emission spectra of c-P6¢T6. Adapted from Ref 66 with
permission of The Royal Society of Chemistry. (b) The Hickel molecular orbital of benzene. (c) Schematic
diagram showing Herzberg-Teller activating transitions from the k = 0 state to ground state.
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Studies of energy transfer from antenna chromophores to a synthetic nanoring have been
limited by the ability to create such a system. In Chapter 2, we present the synthesis and energy
transfer dynamics of two supramolecular antenna-nanoring complexes of a 12-porphyrin ring with
two different free-base porphyrin dimers whose architectures resemble the LH2 complexes in

nature.

1.6 Template-directed synthesis

What is a template? In the context of organic synthesis, Busch gave a definition as “A
chemical template organizes an assembly of atoms with respect to one or more geometric loci, in
order to achieve a particular linking of atoms.” ® This is a genera definition to highlight the
features of a template as an instruction to form a single product from a substrate or substrates

which otherwise tend to assemble and react in uncontrollable ways.
1.6.1 Cyclic and linear templated reactions of functionalised por phyrins

Templates can be classified by their topology as cyclisation, linear and interweaving (Figure
1.20).% The porphyrins in this thesis are prepared by using templates in the first two categories.
Metal coordination allows organic ligands to be used as templates in porphyrin synthesis due to the

fact that metall oporphyrins can bind axial ligands such as pyridine.

Figure 1.20 Classification of templates according to their topology of operation.

Cyclisation templates. A wheel-like template is one of the most widely used shapes to direct

the porphyrin substrates into a conformation in which cyclisation is favoured. The first cyclic
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porphyrin trimer was prepared by Sanders and Anderson in 1989 using Glaser coupling,” by
oxidatively coupling two terminal acetylenes to give a butadiyne bridge. Synthesis of the cyclic
porphyrin trimer c-P3 was effectively templated by tripyridyltriazine T3 (Scheme 1.4). Using
efficient template-directed reactions, Sanders has been successful in preparing a number of cyclic

porphyrin arrays comprised of 2-4 porphyrinslinked by aryl or alkynyl units.”*

c-P3°T3
TFA |_ic
-P3, 47% in two steps

Scheme 1.4 Synthesis of cyclic porphyrin trimer c-P3 was effectively templated by tripyridyltriazine T3.
TFA = trifluoroacetic acid.

Likewise, Anderson has used a variety of radial templates to direct formation of fully
conjugated cyclic porphyrin oligomers comprised of 6, 8 or 12 porphyrin units. The interaction of
Zn-porphyrin subunits with pyridine residues helps to arrange linear porphyrin building blocks
around a circular template before their terminal acetylene ends are oxidatively coupled to yield a
nanoring-template complex. Upon treatment with competing ligands, such as pyridine or DABCO,
the complex can liberate the template resulting in the corresponding metal-free porphyrin nanoring.
Cyclic porphyrin octamer (c-P8) was first synthesised by coupling linear porphyrin octamer (1-P8)
at 60 °C in the presence of a complementary octadentate template T8 in 14% yield, followed by
efficient removal of T8 by treatment with excess pyridine (Scheme 1.5).”” By using a radial
hexadentate template T6 instead, cyclic porphyrin hexamer ¢-P6 can be synthesised in a similar
approach from linear porphyrin dimer 1-P2, giving the desired product (c-P6eT6) in 33% yield

(Scheme 1.6).” Replacing the dimer |-P2 substrate with monomer 1-P1 under the same conditions
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gave only a 5% vyield of c-P6eT6, but further optimisation by replacing iodine with
1,4-benzoquinone’ and lowering the temperature from 60 °C to 20 °C gave c-P6eT6 in 21%
yield.®® Theincreased efficiency of this synthesisis partly a consequence of the stronger interaction

of the zinc porphyrin units with the template at lower temperature.

Pd(PPh3),Cly, 15,
Cul, i-Pr,NH, 60 °C A
—_—» A

Ar=

OCgHy7

ifn=2
Pd(PPh3),Cly, I,
Cul, i-Pr,NH, 60 °C

33%

ifn=1
Pd(PPhg)zClz, p-BQ,
Cul, i-Pr,NH, 20 °C

21%
OCgHi7
Ar=

OCgH17

C-P6eT6

Scheme 1.6 Template-directed synthesis of cyclic porphyrin hexamer c-P6 from various linear porphyrin
precursors such as dimer |-P2 and monomer |-P1. p-BQ = p-benzoquinone.
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Linear templates. DNA replication is a supreme example of linear template-assisted synthesis
that is believed to have played an essential role in the origin of life. Owing to its robust mechanism
in which the duplex can separate into two strands and each individual strand can then act as a
template for the formation of two new duplexes, the synthesis and amplification of any types of
DNA sequence are very efficient.”” Recently, a template-directed synthesis reminiscent of the
DNA system was developed as a powerful strategy in the synthesis of nano-scale 2D or 3D

structures of either organic®™ "

or bio-macromolecules.®**® The template-driven process for the
construction of a wide range of such supramolecular assemblies requires mutual complementarity
of the components to hold them together.

In the synthesis of linear porphyrin oligomers, the simplest strategy is dimerization of partially
deprotected material, but this reaction can be carried out efficiently only in the absence of fully
deprotected molecules to avoid the oligomerisation between themselves together with the partially
deprotected material. Column chromatography is needed to separate the fully deprotected
mol ecul es before coupling but this becomes more difficult with increasing the number of porphyrin
units. As shown in Figure 1.21, the use of templates as scavengers can overcome this problem
since the template induces molecules with two reactive ends to cyclise and mono-deprotected
molecules are left to couple with each other.” After coupling, the separation is much easier
because the desired linear compound is twice the size of either the starting material or the cyclic
by-product. This approach was successfully used to synthesise linear porphyrin oligomers such as
octamer (I-P8). The statistical mixture of mono-deprotected, fully deprotected tetramer and the
remaining starting material from the statistical deprotection of tetramer (I-P4) can be directly used
to oxidatively couple in the presence of the four-legged template (H2-Py4P). As expected, this
templated reaction produced the desired linear octamer (1-P8) in 50% analytica yield while the

cyclised tetramer (c-P4) and the unreacted starting material were provided in 25% analytical yield

each.
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Figure 1.21 (a) A genera strategy for the formation of alinear octamer 1-P8 from a symmetrically protected
tetramer 1-P4. (b) A scavenger template induces molecules with two reactive ends to cyclise, thus allowing
efficient coupling of mono-deprotected material. Capping lines represent protecting groups.

The work of Anderson, Anderson and Sanders has shown how the metal-ligand coordination
between metalloporphyrins and axia amine ligands can be used to form different supramolecular
architectures.”” Chapter 4 describes the attempts to utilise the principles of self-assembly to

synthesise linear conjugated porphyrin oligomers by linear template-directed reactions.
1.6.2 Vernier assembliesand Vernier templated reactions

The use of the Vernier principle in chemical self-assembly was first proposed in 1991; it
exploits the mismatch between binding sites of two complementary components to bind each other
until al binding sites are occupied.®® The total number of binding sitesin a Vernier assembly isthe
lowest common multiple of the number of binding sites in its components. In 1998, Kelly reported
the first example of a 3+2 molecular Vernier complex using H-bonding between two molecules of
triguanidium A and three molecules of dicarboxylate B.* The binding groups in the respective

monomers A and B were held at a fixed distance by a rigid aromatic backbone. The Vernier
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complex is simply obtained in quantitative yield by mixing A and B in the stoichiometry of 2:3

(Scheme 1.7).

t-Bu
(A)22(B)3

Scheme 1.7 The first example of a 3+2 molecular Vernier complex using two molecules of atriguanidium A
and three molecules of dicarboxylate B.

Later, Hunter revealed that the stability of a Vernier complex could be limited by the weakest
link in the chain.®* A triple stranded Vernier approach was proposed as the solution, since the
weakest link now has cooperative interactions to two interstrand bindings, making the whole
Vernier system more stable (Figure 1.22). This approach utilised two types of linear porphyrin
oligomers as the scaffold with identical spacings between monomer binding sites that are
complementary to each other. A tin porphyrin dimer was treated with isonicotinic acid, giving the
complex Sn2L 4, and a zinc porphyrin trimer Zn3 was used as a complementary binding unit to
form athree stranded Vernier assembly (Figure 1.23). The results from fluorescence titration and
size exclusion chromatography (SEC) confirmed formation of the 4:3 Vernier complex, but the
method was highly sensitive to variations in concentration and the relative stoichiometry of two

types of porphyrins.
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Figure 1.22 (@) The stability of double-strand Vernier assembly is limited by a weakest link (monodentate
link) with binding constant (K). (b) A triple-strand Vernier assembly is more stable than a simple double-
strand Vernier assembly asin (a) due to stronger cooperativity. EM is the effective of molarity of the second
intramolecular interaction and statistical factors are ignored for simplicity.

Zn3

Figure 1.23 Tetraisonicotinate tin porphyrin dimer Sn2L 4 and zinc porphyrin trimer Zn3 were used in the
formation of Hunter’ s triple-strand 3+2 Vernier complex.

Anderson showed the novel concept of Vernier template-directed synthesis using subsequent
ligation to connect arranged components of a Vernier assembly into a covalent strand in Vernier
architectures. Recently, we exhibited efficient cyclic Vernier templating using the stoichiometric
combination of a radial hexadentate ligand template T6 and a zinc porphyrin tetramer (1-P4) to

produce a 12-unit porphyrin nanoring c-P12 in 39% isolated yield (Figure 1.24).%% The structure
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of the Vernier product c-P12+(T6), was confirmed by small-angle X-ray scattering (SAXS) and
X-ray crystallography. With the same approach, larger porphyrin nanorings can be synthesised
with the sizes from 30 to 50 units (Figure 1.25a).% The STM images of these nanorings revealed
their topology as shown in Figure 1.25b,c. Inspired by the efficient Vernier template effect in the
synthesis of cyclic porphyrins, we attempted to adapt the approach to synthesise linear Vernier
porphyrin oligomers using the same number of binding sites as in the cyclic Vernier templating;

thisresearch is described in Chapter 4.

Figure 1.24 Vernier template-directed synthesis of cyclic porphyrin dodecamer c-P12 from linear porphyrin
tetramers |-P4 and hexapyridyl ligand template T6. i) Self-assembly; ii) Pd(PPhs),Cl,, Cul,
1,4-benzoquinone, i-Pr,NH; iii) Pyridine. Adapted with permission from ref. 92, Copyright 2016 John Wiley
and Sons.
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Figure 1.25 (a) Vernier-template-directed syntheses of large cyclic porphyrin nanorings: c-P30 (from I-P10
and T6) and c-P40 (from I-P10 and T8). i) Pd(PPhs),Cl,, Cul, 1,4-benzoquinone, i-ProNH; ii) Pyridine. STM
images of (b) c-P30 and (c) c-P40. All scale bars are 5 nm. Adapted by permission from Macmillan
Publishers Ltd: Nature Chemistry (ref. 65), copyright 2016.
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Chapter 2

Biomimetic Multistrand Nanorings

This chapter reports the synthesis of LH2-like supramolecular double- and triple-strand
complexes based upon porphyrin nanorings. Energy transfer from the antenna dimers to
the m-conjugated nanoring occurs on a sub-picosecond timescale, rivalling transfer rates
in natural light harvesting systems. The presence of a second nanoring acceptor doubles
the transfer rate, providing strong evidence for multi-directional energy funnelling. These
complexes are versatile synthetic models for natural light harvesting systems. Additionally,
the double-strand complexes were used to investigate a new approach to porphyrin
nanoring template-directed synthesis. using one ring to template a new complementary

ring.

Parts of the results in this chapter have been published in the following article:

Ultrafast Energy Transfer in Biomimetic Multistrand Nanorings
Parkinson, P.; Knappke, C. E. I.; Kamonsutthipaijit, N.; Sirithip, K.; Matichak, J. D.; Anderson, H.
L.; Herz, L. M. J. Am. Chem. Soc. 2014, 136, 8217-8220.
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2.1 Background information

The architecture and function of natural light-harvesting systems have been thoroughly
investigated, particularly in purple bacteria,* revealing the geometric structure of such molecular
self-assemblies (known as LH1 and LH2) as the key factor to the critical properties of their light-
harvesting processes.> Synthetic biomimics have become a topic of intense research in order to
understand, utilise and possibly surpass the efficiency of the natural system.®’ A variety of
approaches have been explored;®™ most recently, investigation of porphyrin nanorings has
provided an insight into fully conjugated macromolecules with analogous properties to the B850
ring-structures in natural LH2, which exhibit electronic delocalisation around curved surfaces. ™
Research on both natural and synthetic B850-like acceptor nanorings has revealed the importance
of properties such as static and dynamic disorder-induced symmetry breaking.'**> However,
studies of energy transfer from antenna chromophores to a synthetic nanoring have been limited by
the challenges in creating such systems. Investigating energy dynamics in synthetic LH2-like
complexes may give important insights into the working mechanisms of both natural and synthetic
light-harvesting systems. In this study, we describe the synthesis and energy transfer dynamics for
two supramolecular antenna-nanoring complexes of a 12-porphyrin nanoring c-P12:s with two
different free-base porphyrin dimers, P2py2 and P2py4.'#*

Moreover, the development of synthetic LH2-like complexes was further extended to the
following question: is it possible to use a nanoring as a template to make a new
complementary nanoring via double- and triple-strand architectures? The answer of this
guestion was investigated as shown in the last section in this chapter.

The photophysical measurements discussed in this chapter were carried out by Dr. Patrick
Parkinson and Dr. Laura Herz (Department of Physics, University of Oxford) and the synthesis of
the double-strand dimer-nanoring complex and the ring-ring templating synthesis of the
palladium-12-ring were contributed by Dr. Christiane Knappke (Department of Chemistry,

University of Oxford), in close collaboration with me.
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2.2 Molecular design of double and triple strand nanoring complexes

Coordination of the pyridyl substituents to the zinc metal centres drives the self-assembly of
the complexes, as shown in Figure 2.1. The ring-dimer complex c-P12+,5(P2py2)s (Figure 2.1-
top) consists of a porphyrin nanoring and six P2py2 dimers; these free-base porphyrin dimers have
one meso-4-pyridyl substituent on each porphyrin unit to coordinate to the zinc centres of the
nanoring. The 3,5-bis(trihexylsilyl)phenyl substituents on both components provide solubility and
avoid aggregation. The ring-dimer-ring complex (c-P12:ys)>(P2py4)s (Figure 2.1-bottom)
features ana ogous porphyrin dimers with four 4-pyridyl substituents allowing the coordination to
two nanorings forming a barrel-shaped architecture. To enhance the solubility of the dimers,
dodecyl oxy-substituents are attached to the 3 and 5-position of the pyridyl-moiety. During the
work presented in this chapter, we used two types of c-P12, with trihexylsilyl (THS) and OCgH;
(C8) side chains on the aromatic substituents. Both these 12-porphyrin nanorings were synthesised
by Vernier templating.?’ Most of the studies were carried out using 12-ring with THS side chains
c-P1215 but the characterisation of the triple-strand complex; ring-dimer-ring complex by mass
spectrometry used12-ring with OCgH,; side chains c-P12¢g because in this case it gave superior
solubility. The synthesis and full characterisation of these compounds are given in Experimental

section 2.7.
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P2py4 N
C > 1 > (D

R = trihexylsilyl, R' = dodecyl
Ar = 3,5-bis (trihexylsilyl)phenyl (c-P12)2¢(P2py4)e

Figure 2.1 Assemblies of the ring-dimer complex c-P12;s(P2py2)s (top), and the ring-dimer-ring complex
(c-P1275)(P2py4)s (bottom). Ar = 3,5-bis(trihexylsilyl)phenyl, R = trihexylsilyl, R* = dodecyl.

2.3 Characterisations of the complexes

The formation of the complexes can be monitored using fluorescence, UV-vis and *H NMR
titrations, '"H NMR diffusion (DOSY) and MALDI-ToF mass technique. The geometry of the
pyridine-zinc porphyrin interaction was assumed from published structures in Cambridge

Structural Database (CSD).
2.3.1 Fluorescencetitrations

The absorption spectra of the complexes and their components are plotted in Figure 2.2ef
(plotted as molar absorption coefficient, scaled for the number of components). The complexes
show notable shifts when compared with the components; in particular, a sharpening and redshift
in nanoring absorption for the ring-dimer-ring complex, which is attributed to planarisation of the
nanoring.”* The absorption spectrum of the nanoring undergoes less change when it forms the
c-P12+4s (P2py2)s ring—dimer complex, reflecting the greater conformational heterogeneity of this

complex compared with the more rigid ring—dimer—ring complex.
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Figure 2.2(a,b) Chemical structure and (c,d) structural models of the ring-dimer complex ¢c-P12:45(P2py2)s
(top), and the ring-dimer-ring complex (c-P12+4s)>*(P2py4)s (bottom). Ar = 3,5-bis(trihexylsilyl)phenyl, R =
trihexylsilyl, R* = dodecyl. (e,f) The molar absorption coefficients of the components in toluene/1% pyridine
(dimer in blue, c-P12+4s nanoring in green), scaled for their relative number within the complex. The
absorption spectra of the two complexes in toluene (solid red line) are also shown (offset for clarity). The
excitation wavelength used for photoluminescence measurements is indicated as a dashed vertical blue line at
450 nm. The models (c,d) are energy-minimised geometries, calculated using the mm+ forcefield in
HyperChem.

Figure 2.3 PL titrations (excitation: 450 nm) of c-P12:45 with (a,c) P2py2 and with (b,d) P2py4; normalised
to the nanoring emission peak in () and (b). The endpoints are indicated by black arrows at approximately 6
equiv. of P2py2 (c) and 3 equiv. of P2py4 (d) per c-P12ys respectively.

Photoluminescence (PL) titrations were performed and analysed by Dr. Patrick Parkinson and
Dr. Laura Herz (Department of Physics, University of Oxford). All fluorescence spectra were
recorded at concentrations of around 0.1 mM in toluene; under these conditions the dimer is > 99%

bound as described later in binding study. We found that the complexes exhibit efficient energy
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transfer from dimer antennae to the nanoring (Figure 2.3a,b). When complexes are assembled
without additional free dimer in solution, the fluorescence (photoluminescence, PL) spectra are
dominated by the emission from the nanoring acceptors (800-900 nm) due to energy transfer from
the dimer to nanoring, followed by emission. In these measurements, components are excited at a
wavelength of 450 nm which gives approximately 2:1 (1:1) selectivity for dimer excitation in the
ring-dimer (ring-dimer-ring) complex (see dashed blue line in the absorption spectra, Figure
2.2ef). The effective quenching of the dimer PL (710-730 nm) therefore qualitatively
demonstrates the occurrence of efficient energy transfer to the nanoring acceptor. Figure 2.3
shows that an increase of the ratio of dimer to nanoring resultsin an abrupt onset of dimer emission
at the endpoint of the titration, revealing the presence of unbound dimer in the solution. We are
therefore able to utilise the PL measurements as a sensitive tool for determining the association
state of the complexes. As expected, close to 6 dimers per c-P12:5 nanoring for the ring-dimer

complex and close to 3 dimers for the ring-dimer-ring complex were required (Figure 2.3c,d).

2.3.2 Binding study

The binding constant of the dimer P2Py2 to the nanoring c-P12:,s was determined by UV-vis
titration performed by Dr Christiane Knappke (for similar experiments on c-P12 with OCgH37 side
chains see Chapter 3). The dimer was added to the 12-ring and the concentration of the 12-ring
was kept constant during the titration (Figure 2.4). The data (Figure 2.5) were analysed by global
fitting with the software SPECFIT assuming a 1:1 binding situation, i. e. the dimer molecules
behave independently in their binding to the 12-ring and the 12-ring is treated as 6 dimer sites. If
this assumption were fully fulfilled in the actua system, isosbestic behaviour would be expected.
The actual titration shows dlight deviation from isosbestic behaviour, which may be due to dight
initial aggregation of the 12-ring. Nevertheless, using the described 1:1 model an acceptable fit
(Figure 2.5) is obtained and a binding constant of log K = 6.7 results. This binding constant
compares well with the binding constant (log K = 8.7) measured for a dimer-dimer system (detail
of dimer system as described in Chapter 4); as expected the binding to the curved system is

slightly weaker than that of alinear one.
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Figure 2.4 UV-vis titration of c-P12+45 with P2py2. The concentration of c-P121s is kept constant during
the titration (4.26 x10~ mol/L). Valuesin the legend indicate the molar ratio of P2py2 to c-P127ys.
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Figure 2.5 Plot of the molar concentration ratio of dimer P2py2 to 12-ring ¢c-P12+45 against optical density
at various wavelengths. Data are from the UV-vis titration shown in Figure 2.4. Fittings were at various
wavelengths, obtained by global analysis with SPECFIT using a1:1 model.

2.3.3'H NMR titrations

'H NMR titration analysis was performed to confirm the self-assembly of the complexes. Upon

adding dimer P2py2 to 12-ring c-P12ys, the appearance of new species was observed (Figure
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2.6). Figure 2.7 shows the comparison between *H NMR spectra of free c-P121s, free P2py2 and
bound P2py?2 to c-P121,s. The a- and B-protons of the pyridyl substituents of the bound free-base
dimer P2py2 display tremendous high-field shifts: A6 = 5.11 and = 1.55, compared to the
resonances at 7.66 and 8.91 ppm of the corresponding protons in the unbound dimer. This shift is
consistent with the coordination of the pyridyl groups to the Zn centres of the porphyrin. The
porphyrin system possesses a strong ring-current that leads to the high field shift of the bound

pyridyl-protons.

Figure 2.6 "H-NMR formation titration of c-P12r,s with P2py2 (toluene-d8, 298 K, 500 MHz, [c-P12:yg] =
0.08 mM) and assignment of ratio of P2py2/c-P12+4s
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Figure 2.7 Comparison between 'H NMR spectra (toluene-d8, 298 K, 500 MHz) of free c-P127ys, free
P2py2 and bound P2py2 to c-P12:ys. a- and B-protons of the pyridyl substituents of the free-base dimer
P2py2 display tremendous high-field shifts: A6 = 5.11 and = 1.55, respectively.

2.3.4"H NMR DOSY spectra of c-P12rus*(P2py2)s, c-P12r1s and P2py2

Diffusion-ordered spectroscopy (DOSY) is used to separate the NMR signals of different
species according to their diffusion coefficient. The DOSY plot of c-P12r,s(P2py2)s
demonstrates that al protons corresponding to the complex diffuse at the same rate in comparison
to the diffusion of toluene-d8 as the reference, implying all proton-diffusion signals come from the
same object. The diffusion coefficients of the double-ring complex show that the complex diffuses
less rapidly than either c-P12:45 or P2py2, implying that the hydrodynamic radius for the complex

islarger than its components, as expected.
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Figure 2.8'H DOSY of c-P127s (P2py2)s in toluene-d8 at 298 K measured at 500 MHz with A = 100 ms, &
=4 msand g = 0.96-41 G cm™. a) DOSY plot (made by TOPSPIN software version 2.1) b) Fitted diffusion
decay curves and resulting diffusion coefficients. Only diffusion coefficients from four proton resonances at
the core of the molecule (two porphyrin-beta and two aryl of c-P121s) were used to calculate the diffusion

coefficient.
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Figure 2.9 'H DOSY of ¢-P121ys in toluene-d8 at 298 K measured at 500 MHz with A = 100 ms, § = 4 ms
and g = 0.96-41 G cm™. @) DOSY plot was made by TOPSPIN software version 2.1 b) Fitted diffusion decay
curves and resulting diffusion coefficients. Only diffusion coefficients from four proton resonances at the
core of the molecule (two porphyrin-beta and aryl) were used to calculate the diffusion coefficient.
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Figure 2.10 'H DOSY of P2py2 in toluene-d8 at 298 K measured at 500 MHz with A = 100 ms, § = 4 ms
and g = 0.96-41 G cm™. a) DOSY plot was made by TOPSPIN software version 2.1 b) Fitted diffusion decay
curves and resulting diffusion coefficients. Only diffusion coefficients from four proton resonances at the
core of the molecule (two porphyrin-beta and two aryl) were used to calculate the diffusion coefficient.
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2.3.5MALDI-ToF of thering-dimer-ring (c-P12cg)2¢(P2py4)s complex
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Figure 2.11 MALDI-ToF analysis of the (c-P12¢g),-(P2py4)s complex; full range (spectrum acquired by the
EPSRC National Mass Spectrometry Center at Swansea University).
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Figure 2.12 MALDI-ToF analysis of the (c-P12¢g),-(P2py4)s complex; zoom in (spectrum acquired by
EPSRC National Mass Spectrometry Center at Swansea University).

The self-assembly between the 12-ring c-P12cs, which was synthesised from the linear
tetramer by Vernier templating according to the published procedure, and P2py4 was analysed by
MALDI-ToF mass technique. The two major peaks correspond to ¢c-P12¢5 (m/z 13,040, expected
13,018) and (c-P12cg), aggregate (m/z 26,091, expected 26,036). Interestingly, when looking at the

magnified spectrum, six minor peaks were found, corresponding to the expected mass for
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(c-P12cg),- (P2Py4)s (MVz 41,779, expected 41,024), (c-P12cg),-(P2Py4)s (mVz 39,201, expected
38,526), (c-P12:g),-(P2Py4), (m/z 36,508, expected 36,028), (c-P12:g),:(P2Py4); (m/z 33,815,
expected 33,530), (c-P12¢5),- (P2Py4), (Mz 31,122, expected 31,032) and (c-P12¢s),:(P2Py4) (m/z
28,444, expected 28,534), respectively. This mass result confirms the presence of the triple ring

complex.

2.3.6 Geometry of associated complexes

Figure 2.13 Dimensions of ring-dimer complex, c-P12; s (P2Py2)s where h is the dimer-nanoring distance
and d is the nanoring diameter.

Calculations of energy transfer rates within the Férster formalism are extremely sensitive to
length scales (because of the R factor). The critical dimensions of the complex are the distance
from the center of the dimer porphyrin to the mean plane of the ¢c-P12rys nanoring porphyrin
(indicated by h in Figure 2.13) and the diameter of the nanoring (indicated by d). The diameter of
the nanoring has been previously measured to be 47 A using small-angle X-ray scattering (SAXS)
and STM imaging.*? The distance h between the donor dimer porphyrin center and the adjacent
c-P12+s acceptor porphyrin center was estimated by analyzing several related crystal structures. A
search in the Cambridge Structural Database (CSD) resulted in 7 structures that fulfilled the
requirement that a free-base porphyrin with a 4-pyridyl-substituent in the meso-position is bound
to a zinc-porphyrin (Figure 2.14). Table 2.1 shows the distance h between the centroid A

calculated from the coordinates of the four nitrogen atoms of the free-base porphyrin and the
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centroid B of the four nitrogen atoms of the zinc-porphyrin unit (using the program Mercury).
Structures no. 1 and no. 5 were not taken into consideration since the angle formed between the
centroid A, the pyridyl-nitrogen atom and centroid B is strongly deviating from 180°. Taking the
remaining structures into account gives an arithmetic mean of h = 10.16 A (standard deviation =

0.09 A).

Figure 2.14 Crystal structures that contained this motif were used for the determination of h.

Table 2.1 Data used to obtain a value for h. (Structure no. 2 contains the motif shown in Figure 2.14 twice,
each with different parameters.)

Structure h . angle .
NoO (centroid A-  (centroid A-N- Reference
) centroid B)  centroid B)
D. V. Konarev, A. L. Litvinov, I. S. Neretin, N. V.
o Drichko, Y. L. Slovokhotov, R. N. Lyubovskaya,

1 9.84 A 141 J. A. K. Howard, D. S. Yufit, Cryst. Growth Des.
2004, 4, 643.

2 10.06 A 175° E. lengo, E. Zangrando, R. Minatel, E. Alessio; J.

10.07 A 173° Am. Chem. Soc. 2002, 124, 1003.

E. lengo, E. Zangrando, E. Alessio, J.-C.

3 10.12 A 173° Chambron, V. Heitz, L. Flamigni, J.-P. Sauvage,

Chem. Eur. J. 2003, 9, 5879.

A. K. Burrell, B. M. Jones, S. B. Hall, D. L.

4 10.33A 175° Officer, D. C. W. Reid, K. Y. Wild, J. Inclusion
Phenom. Macrocyclic Chem. 1999, 35, 185.

R. K. Kumar, |. Goldberg, Angew. Chem. Int. Ed.

5 9.71A 143 1998, 37, 3027.
M. Beyler, V. Heitz, J.-P. Sauvage, B. Ventura, L.
6 10.20 A 177° Flamigni, K. Rissanen, Inorg. Chem. 2009, 48,
8263.
S. Anderson, H. L. Anderson, A. Bashall, M.
7 10.18 A 177° McPartlin, J. K. M. Sanders, Angew. Chem. Int.

Ed. 1995, 34, 1096.
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2.4 Ultrafast Photophysics

The work presented in this section was performed and analysed in collaboration with Dr.
Patrick Parkinson and Dr. Laura Herz (Department of Physics, University of Oxford). | prepared
the samples and Dr. Parkinson did most of the measurements.

The addition of an excess of a competing ligand such as pyridine (1% by volume) effectively
dissociates ring-dimer c-P12:s(P2py2)s and ring-dimer-ring (c-P1274s),-(P2py4)s complexes. In
this way, we are able to control the association state of the complexes, alowing for unambiguous
isolation of electronic effects leading to energy transfer from dimers to nanorings. Figure 2.15a
and b show the steady-state photoluminescence (PL) spectra for the complexes in their associated
state (blue line) and dissociated state (red line) following addition of excess pyridine. A vertical
dashed red line indicates the dimer PL emission wavelength at 731 nm (716 nm) for the ring-dimer
(ring-dimer-ring) complex, respectively. A qualitative comparison of the PL from the assembled
and disassembled states shows the expected quenching of dimer emission for associated states. In
addition, the effect of decreased planarisation for the ring-dimer complex can be observed through

changes in both spectral position and intensity of the nanoring emission.'?*®

Figure 2.15 (a,b) Steady-state PL spectra for the (@) ring-dimer and (b) ring-dimer complexes in the
associated (blue line) and dissociated (red line) state. The dimer emission is indicated with a vertical dashed
red line. (c,d) Time-resolved PL dynamics for dimer emission for the (c) ring-dimer and (d) ring-dimer-ring
structure are shown for each association state.
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To explore the rates at which energy is transferred in these complexes, we employed ultrafast
time-resolved PL spectroscopy. We experimentally assessed the dimer-to-nanoring energy transfer
process by comparing the dynamics® of dimer emission in the associated state with that of the free
dimer after breaking the complex by adding excess pyridine. These measurements reveal that in the
supramolecular complex, energy transfer to the nanoring provides an additional and dominant
decay channel, leading to rapid PL gquenching. Figure 2.15c and 2.15d show that energy transfer in
the dimer-nanoring complexes is remarkably fast: the dimer PL emission for the associated state
(blue points and line) drops rapidly in comparison to that for the dissociated state (red points and
line). By modelling the ratio of the dimer emission for the assembled and disassembled states, we
are able to determine an energy transfer rate of (1.25 ps)™ and (0.65 ps)™ for ring-dimer
c-P12+4s(P2py2)s and ring-dimer-ring (c-P1274s),-(P2py4)s complexes, respectively. The
effective doubling of the energy transfer rate upon addition of the second nanoring is a striking
demonstration of the effects of adding a second, acceptor deactivation channel. These synthetic
ring assemblies therefore demonstrate the feasibility of both uni- and bi-directional energy
funnelling.

Any excess of unbound dimer contributes a constant offset to the PL intensity (Figure 2.16);
this contribution does not however change the energy transfer rate observed for the dimer emission
from associated complexes. We titrated the donor dimer P2Py2 into a solution of the acceptor
nanoring c-P12rys to reach the stoichiometric ratio in the 6:1 complex. However, due to the
strength of the association constant, at thermodynamic equilibrium it is expected that a
sub-population of unbound dimers will exist in the solution even at the stoichiometric 6:1 mole
ratio. The influence of this population on the energy transfer dynamics was measured using
stoichiometric and super-stoichiometric (excess dimer) mixtures of the ring-dimer complex.
Figure 2.16 demonstrates the effect of changing this ratio; in both cases, identical energy transfer

constants are observed, with a variable baseline depending upon the free-dimer concentration.
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Figure 2.16 Dimer photoluminescence dynamics for (&) stoichiometric c-P12rys (P2py2)s and (b)
super-stoichiometric mixtures of the ring-dimer complex, which excess P2py2. Dynamics for both associated
complex (blue diamonds) and dissociated states formed by adding pyridine (red circles) are shown; the
baseline is indicated by a dashed grey line. (c) The ratio of photoluminescence emission (indicating energy
transfer from dimer to nanoring) is shown for both cases. Excitation wavelength: 450 nm; emission
wavelength: 735 nm

Interesting results have been observed by comparing the energy transfer rates of these synthetic
nanoring assemblies to those of their natural counterparts. We found that energy transfer rates in
the synthetic system is similar to those found in LH2 complexes of purple bacteria in which an
energy transfer rate of (0.9 ps)™ has been established between B800 antenna chromophores and
B850 acceptor chromophores.® This suggests the possibility for gaining further insight into the
natural light harvesting systems through modelling energy transfer in the presented complexes in

the further research.

2.5 Ring-ring template-directed synthesis

After we illustrated successful formation and photophysical properties of double- and
triple-strand complexes (dimer-ring and ring-dimer-ring complexes) in the previous section, our
attention was drawn to the question whether it is possible to use a nanoring as a template to make
another complementary nanoring with the commensurate size via double- and triple-strand
architectures (Figure 2.17). The use of an existing nanoring as a template for a new nanoring could

open an avenue for self-replication of such systems.
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Figure 2.17 Synthesis of porphyrin nanoring. (Top) New approaches using an existing nanoring as a
template for the synthesis of a new ring of the same size via a double-strand complex and (Bottom) via a
triple-strand complex.

While the syntheses of the ring-ring templating via double-strand complexes proved successful
(details provided in the subsequent section), the formation of triple-strand architectures
concentration exhibited solubility problems at micromolar. We decided that it was not worth
investing a considerable amount of time and precursors into the synthesis of a triple-strand ring
complex that was likely to be extremely difficult to purify and characterise, and instead focused
only on the double-strand synthesis. While | was working on the ring-ring templating synthesis of
free-base nanoring c-H,P12py12 from 12-ring template and free-base porphyrin dimer P2py2
substrate, Dr. Christiane Knappke investigated a similar reaction but used palladium porphyrin
tetramer PdP4py4 as a substrate instead to synthesise the palladium nanoring c-PdP12py12. |
worked with her to characterise this ring-ring complex. Preliminary results of ring-ring templating

reactions of c-PdP12py12 and free-base nanoring c-H,P12py12 are shown as follows.

2.5.1 The synthesis of c-PdP12py12 from Pd porphyrin tetramer and 12-porphyrin ring

Initially we attempted the synthesis of the ring-ring complex ¢c-P12sc-PdP12py12 using the
12-nanoring bearing 3,5-bis(trihexylsilyl)phenyl (THS) substituents c-P12+4s as atemplate and the
deprotected tetramer FD-PdP4py4 as a substrate. Unfortunately, after the coupling reaction no
ring-ring complex was observed by UV-vis and GPC analyses. This result indicates that the

c-P12:4s ring is not a suitable template for the synthesis of the ring-ring complex, which might be
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due to seric interactions by the large THS-substituents. It appears that there may be some
unfavourable interaction between the THS-groups of neighbouring porphyrin units, when the

c-P12+ysringisforced into a planar conformation.
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Figure 2.18 The ring-ring templating synthesis of the ring-ring complex c-P12.¢:c-PdP12py12.

Since the use of c-P12;ys proved to be unfruitful, the 12-ring bearing octyloxy aryl
substituents c-P12cg, which are smaller than the THS side groups, was considered. The reaction
was performed under the usual palladium-catalysed coupling conditions (Figure 2.18) and was
monitored by UV-visNIR spectroscopy (Figure 2.19). After the first catalyst addition, both
Q-bands from the zinc-porphyrin 12-ring c-P12cg (from 840 to 870 nm) and from the palladium
porphyrin tetramer FD-PdP4py4 (from 710 to 730 nm) are red shifted. After the second catalyst
addition and heating to 50 °C for 2 h, the Q-band of c-P125 band further red shifts and becomes
more structured. After the third catalyst addition and stirring overnight the structure of the far-red
band further changed, which might be attributed to the disappearance of the initially observed band
around 870 nm. The red shift of the Q-bands is attributed to the formation of a bigger oligomer in
the case of the palladium porphyrins, and the planarisation and therefore enhancement of the

effective conjugation length of the zinc-porphyrin 12-ring c-P12¢.
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Figure 2.19 UV-vis-NIR (CHCI3, 298 K) monitoring of the formation of the ring-ring complex from c-P12.g
and Pd tetramer FD-PdP4py4.

After purification over aluminium oxide and a small SEC column, analytical GPC indicated the
presence of the desired ring-ring complex as the main component at 27.01 min (Figure 2.20). The
side products with different retention times show very similar UV profiles. The desired complex
was further purified on recycling GPC eluting with toluene and isolated in 39% yield. The desired
complex c-P12rusc-PdP12py12 was further identified by 'H NMR, MALDI-ToF mass

spectrometry and small angle X-ray scattering (SAXS) technique.
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Figure 2.20 GPC traces (detection at 533 nm, toluene) of crude product after removal of insoluble materials
and catalysts.

2.5.2 Structural details of c-P12¢¢-c-PdP12py12 complex

MALDI-ToF mass spectrum (Figure 2.21) indicates a signal corresponding to the desired
ring-ring complex c-P12.g-c-PdP12py12 at m/z 31,660 and a signal corresponding to a ring-ring
complex with one additional c-P12-g at m/z 44,603. The template c-P12¢5 (at m/z 13,037) and its
aggregation dimer (at m/z 26,013) are also detected. The aggregation is also seen by broad *H NMR

of this material (Figure 2.22).
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Figure 2.21 MALDI-MS of ring-ring complex (Swansea National MassSpec Service).

Figure 2.22 *H NMR in CDCl; of the purified ring-ring complex c-P12¢g-c-PdP12py12.
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Solution-phase small angle X-ray scattering (SAXYS) is the aternative tool for characterising
synthetic supramolecular structures”?? without growing single crystals. The method gives the
information on the overall size and shape of molecules. The SAXS curve is the electronic pair-
distribution function (PDF), which is the normalised probability of a pair of eectron density at
particular distances. Peaks in the PDF can often be assigned to distances between parts of the
molecule with high electron density (e.g. metal atoms).

SAXS analysis on the complex c-P12cg-c-PdP12pyl12 was performed to further confirm its
identity (Figure 2.23). The scattering data were acquired at Diamond Light Source, UK with the
assistance of Dr. Marc Malfois. The experimental PDF data are in good agreement with those
obtained from the theoretical model (Figure 2.23). The PDF from raw scattering data (Figure
2.23-right) features 12 A and 48 A peaks, values corresponding to the shortest Pd-Zn distance (10
A) in the complex and the diameter of the complex (48 A).

The preliminary identification data presented above suggest that this ring-ring templating is a

promising strategy to prepare a new ring of identical size by using the ring template c-P12¢.

Figure 2.23 left) Molecular models used for fitting of and comparison with experimental data. The geometry
was optimised by molecular mechanics using HyperChem’s MM+ force field. right) Experimenta (black
circles) and model based (red line) pair distribution function (PDF), obtained using the software Ghom.

2.5.3 The synthesis of c-H,P12py12 from free-base por phyrin dimer and 12-porphyrin ring

In the long term, it would be interesting to study energy transfer in the ring-ring complex. Pd

porphyrins, as known in oxygen sensing might not be good candidates for this study because their

26,27

phosphorescence can be quenched by oxygen at room temperature™“" and they also have rapid
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intersystem-crossing from S, to T1.22 Thus, we introduced the free-base porphyrins which are not
only interesting in energy transfer as described in the previous sections, but also because the
synthesis of the corresponding nanorings is challenging.

Similarly to the previous section the ring-ring template effect is applied to the synthesis of
c-H,P12py12 employing the fully deprotected free-base dimer FD-H2P2py?2 as a substrate instead
of the palladium tetramer, and c-P12-5 as atemplate. The challenge liesin the fact that the standard
Pd-catalysed coupling catalysts: Pd(PPh3),Cl, and Cul previously used for c-P12¢g-c-PdP12py12
can easily lead to Cu insertion in the free-base porphyrins of the dimer substrate. The Cu-free
Glaser coupling conditions were thus considered in the ring-ring templated synthesis of free-base
12-nanoring c-H2P12py12.

Initially, we tested the published Cu-free condition” on a model system, by treatment of a
monodeprotected Zn porphyrin monomer with stoichiometric amount of Pd(PPhs3),Cl, in
toluene/triethylamine (5:1) in air at 50 °C, affording the butadiyne-linked porphyrin dimer (Figure
2.24) in 70% isolated yield.

Pd(PPh3),Cl,

Ar
NEts:Toluene 1:5
_ 0°C
O e
Ar

5
Ar =

FD-P1,g,

70% isolated yield

Figure 2.24 Synthesis of a Zn porphyrin dimer with stoichiometric amount of Pd(PPhy),Cl, in
toluene/triethylamine (5:1) in air at 50 °C
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Pd(PPh3),Cl,
NEtz Toluene 1:5
50 °C

Cc-P12cgec-H2P12py12

R =dodecyl
Ar = 3,5-bis (octyloxy)phenyl

C—P12C8

Figure 2.25 The ring-ring templating reaction of the free-base nanoring c-H2P12py12 with stoichiometric
amount of Pd(PPhs),Cl, in toluene/triethylamine (5:1) in air at 50 °C

Following the promising initial result, similar conditions were used to test the ring-ring
synthesis of c-H2P12py12 (Figure 2.25). The reaction was monitored by UV-vis spectroscopy
(Figure 2.26). Additiona coupling reagent was added until no absorption change was observed. In
the fina absorption spectrum, the Q-bands of the free-base dimer P2py2 at 638 and 720 nm are
dlightly red-shifted, indicating the formation of longer free-base oligomers and the Q-band of the
12-ring at 825 nm does not shift, reflecting no planarisation. Then, the reaction mixture was passed
through an alumina plug to remove all the coupling reagents. Purification of the crude mixture by
GPC €luting with toluene/1% pyridine was not successful since the solubility of the free-base
porphyrin oligomers bearing pyridyl groups is poor in this solvent system. Thus, the crude product

was investigated without further purification.
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Figure 2.26 UV-vis absorption spectra of the ring-ring templating reaction of the free-base nanoring
c-H2P12py12: before addition of the coupling reagents (black) and after several times of addition of
the coupling reagents and heating at 50 °C until the absorption spectra remain unchanged (red).

Investigation of the crude mixture was performed by MALDI-ToF and *H NMR. For MALDI-
ToF, no mass signal at myz 17,184 corresponding to the free-base nanoring c-H2P12py12 was
observed in the spectrum. Only two signals corresponding to free-base dimer at m/z 3,183
(expected 2,868) and c-P12¢; at m/z 13,050 (expected 13,018) were detected. *H NMR spectrum of
the ring-ring templating product is also inconclusive due to the broadening in the spectrum (Figure

2.28).
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Figure 2.27 MALDI-ToF analysis of the crude product from the ring-ring templating synthesis of the free-

base nanoring c-H2P12py12; full range (spectrum acquired by the EPSRC National Mass Spectrometry
Center at Swansea University).

Ring-ring
templating

Figure 2.28 'H NMR spectra of the crude product from the ring-ring templating synthesis of the free-base
nanoring c-H2P12py12 (bottom) compared to unbound c-P12¢g (top) (CDCl5, 298 K, 400 MHZz)

In contrast to the synthesis of Pd 12-ring with the template c-P12.5 in which the ring-ring
template effect is clearly present, for the synthesis of free-base 12-nanoring, preliminary results
from MALDI-ToF and *H NMR are still inconclusive, and careful consideration must be given to

the system under investigation. Heating at 50 °C in the Cu-free coupling conditions might decrease
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the binding strength of the dimer-ring complex before coupling, which may induce the
polymerisation of the free-base dimer substrate. Unfortunately, due to a lack of time and shortage
of material, no further experimental work was completed on this project and my focus switched to
linear templating where the same concept can be utilised with more promising results as described

in Chapter 4.

2.6 Summary

In summary, we studied two synthetic supramolecular complexes with analogies to naturd
LH2 antenna systems. Extremely rapid energy transfer from porphyrin dimer antenna molecules to
the 12-porphyrin nanoring acceptor was observed in time-resolved PL measurements, which
doubles in rate upon the addition of a second acceptor nanoring. These systems have energy
transfer rates that are comparable to those observed in natura light harvesting systems, making
them interesting models for understanding energy transfer in natural light harvesting systems.

The extension of this project in the ring-ring template-directed synthesis by using one ring to
produce another complementary ring is effective for the formation of the metalloporphyrin
nanoring. The free-base porphyrin nanoring which may be a promising candidate for fluorescence

applications, however, still needs further investigation.

2.7 Experimental section

2.7.1 General methods

All chemicals were purchased from commercia suppliers and used without further purification
unless otherwise noted. Dry THF, CH.Cl,, chloroform and toluene were obtained by passing
through alumina under N, pressure. Diisopropylamine (DIPA) was dried over calcium hydride,
digtilled and stored under nitrogen over molecular sieve. All manipulations of air- or water-
sensitive compounds were performed using standard high-vacuum techniques. Flash column
chromatography was performed on Merck silica gel 60 (40—63 pum). For TLC Merck silica gel 60

F.s4 @uminum sheets were used. Aluminum oxide, activated, basic, Brockmann |, standard grade,
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~150 mesh, 58 A from Sigma Aldrich was used. For size exclusion chromatography Biobeads SX 1
(crosslinked polystyrene) were used under gravity eution. “Petrol ether” (PE) always refers to
petrol ether 40/60. 'H and *C NMR spectra were recorded on a BrukerAvance 400 (400.13 and
100.64 MHz), a Bruker DQX 400 (400.13 and 100.64 MHz), a Bruker DRX 500 and
BrukerAvance 1l 500 (500.13 and 125.77 MHz) at 298 K unless otherwise stated. TopSpin
(Verson 2.1) and Spinworks was used. Chemical shifts (6 in ppm) are referenced to solvent
residual peaks (CDCl; at 8y 7.24, 8¢ 77.0). Abbreviations for *H-NMR data: s = singlet, d =
doublet, t = triplet, m = multiplet, “t” = pseudo triplet, br = broad. Abbreviations for *C-DEPTQ-
NMR data: u = up (CH; or CH), d = down (CH, or C,). Peaks were assigned based on H,H-COSY,
H,C-HMQC and H,C-HMBC correlation spectra. MALDI-TOF-M S were measured with a Waters
MALDI Micro MX or by Swansea National Mass Spectrometry Service. Absorption spectra were
recorded at 25 °C with a Perkin—Elmer Lambda 20 photospectrometer using quartz 1 cm cuvettes
(3mL).

For GPC the following systems were used:

a) Analytical System: VWR Hitachi Lachrom Elite (pump L-2130, Autosampler L-2200,
Diode Array Detector L-2450, Column oven L-2350)

b) Recycling System: Shimadzu (prominence communication bus module CBM-20A,
prominence UV-vis detector SPD-20A, prominence liquid chromatograph LC-20AD,
prominence degassing unit DGU-20A3z, Shimadzu valve unit FCV-20AH,), detection
wavelengths: 371 nm and 500 nm

The following GPC column systems were used:

@) Analytical: PL columns in sequence: precolumn PLgel, PLgel 3 um MIXED-E (2 x 30
cm), PLgel 5 pm MIXED-D (2 x 30 cm), PLgel 5 pum 1000 A (30 cm)

b) Preparative (recycling): Japan Analytica Industry columns in sequence: precolumn
JAIGEL-H-P, JAIGEL-3H, JAIGEL -4H

¢) Analytical: Japan Analytical Industry columns in sequence: precolumn JAIGEL-H-P,
JAIGEL-3H-A, JAIGEL-4H-A
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2.7.2 Synthetic procedures

2.7.2.1 Synthesis of free-base pyridyl-substituted porphyrin dimer P2Py2

THS O THS THS O THS THS O THS

H.__O THS THS
+ =—THS
| = 1. TFA Pd(dba)s,
= 2.DDQ Zn(OAc), NBS PPhs, Cul
N H S0 — _~THS
|

— Br Br
12% 93 % 79% 89%
4
N
H

l

IZ/

43% | TBAF

1. Pd(PPh3),Cly, Cul,
1 ,4-benzoquinone
2. TFA _
THS—

90%

Scheme 2.1 Overview of the synthesis of free-base pyridyl-substituted porphyrin dimer P2Py2 (THS =
Si(CgH13)3). The starting aldehyde, 3,5-bis(trihexylsilyl)benzaldehyde, was synthesised as published
literature.

5-(4-pyridyl)-15-(3,5-bis(trihexylsilyl)phenyl)-porphyrin 1

In a 3-L round-bottom-flask, equipped with a stir bar DCM (1900 mL) was placed. The flask
was sedled with a suba-seal and evacuated down to 1 mbar followed by backfilling with nitrogen
three times. Light was excluded by wrapping the flask with aluminium foil. 3,5-Bis-(trihexylsilyl)-
benzaldehyde (3.04 g, 4.51 mmol, 1.0 equiv.) was dissolved in some of the DCM and added.
Dipyrromethane (2.02 g, 13.8 mmol, 3.06 equiv.) was added. The flask was sedled again and
flushed with nitrogen. 4-Pyrridylcarbaldehyde (0.85 mL, 9.02 mmol, 2.0 equiv.) was added. The
mixture was deoxygenated again by evacuating and backfilling with nitrogen. Trifluoroacetic acid
(2.14 mL, 28.0 mmol, 6.20 equiv.) was added over a period of 10 min under vigorous stirring.
Stirring was continued for 3h. DDQ (3.89 g, 17.1 mmol, 3.8 equiv.) was added. After 30 min
stirring, triethylamine (11.4 mL, 81 mmol, 18 equiv.) was added. After stirring for 30 min, the
volume was reduced and the remaining dark solution filtered over a plug of silica eluting with

DCM/MeOH (98:2). The solvent was removed from the filtrate. The dark residue was purified by
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column chromatography on silica initialy eluting with petrol ether/DCM 19:1 collecting a red
fraction, that consists of 5,15-bis-(3,5-bis(trihexylsilyl)phenyl)-porphyrin (662 mg, 0.416 mmol,
18%). Eluent was changed to DCM/Et;N (99:1) and then DCM/MeOH/EtsN (97:2:1). A dark
fraction was collected that contained the desired product. After removing the solvent this fraction
was subjected again to flash chromatography (silica, eluent: DCM/Et3N 99:1). A red fraction was
collected containing pure 1 (444 mg, 0.432 mmol, 10%). Another fraction that contained 1 was
again purified by column chromatography, allowing the separation of additional product (129 mg,
0.126 mmol, 3%; contains minor impurities). Total yield: 573 mg (12%). TLC: R (DCM/MeOH
98:2) = 0.42; 'H-NMR (500 MHz, CDCls): & = 10.35 (s, 2H, meso-H), 9.43 (d, J = 4.6 Hz, 2H, B-
H), 9.40 (d, J=4.6 Hz, 2H, B-H), 9.10 (d, J=4.6 Hz, 2H, B-H), 9.08 (m, 2H, py-H), 9.03 (d,
J=4.6 Hz, 2H, B-H), 8.34 (s, 2H, 0-H), 8.22 (m, 2H, py-H), 8.02 (s, 1H, p-H), 1.57-1.47 (m, 12H,
alkyl-H), 1.45-1.25 (m, 36H, alkyl-H), 1.01-0.93 (m, 12H, alkyl-H), 0.93-0.86 (m, 18H, alkyl-H),
-3.10 (s, 1H, NH), =3.12 (s, 1H, NH); *C-DEPTQ-NMR (125 MHz, CDCl5): § = 149.8 (d, 1C, py-
C), 148.5 (u, 2C, py-C), 147.5 (d, 2C, a-C), 146.1 (d, 2C, 0-C), 145.4 (d, 2C, 0-C), 145.2 (d, 2C, o-
C), 141.0 (u, 2C, 0-C), 139.4 (u, 1C, p-C), 139.3 (d, 1C, ipso-C), 1355 (d, 2C, m-C), 132.2 (u, 2C,
B-C), 131.6 (u, 2C, B-C), 131.5 (u, 2C, B-C), 130.1 (u, 2C, B-C), 129.8 (u, 2C, py-C), 121.4 (d, 1C,
meso-C), 115.0 (d, 1C, meso-C), 105.6 (u, 2C, meso-C), 33.5 (d, 6C, alkyl-C), 31.6 (d, 6C, alkyl-
C), 24.1 (d, 6C, dkyl-C), 22.7 (d, 6C, dkyl-C), 14.2 (u, 6C, akyl-C), 12.7 (d, 6C, akyl-C); m/z

(MALDI-TOF): 1028.4 (Co;Ho7NsSi, requires 1028.74).

[5-(4-pyridyl)-15-(3,5-bis(trihexylsilyl)phenyl)-porphyrinato] zinc(l1) 2

Porphyrin 1 (251 mg, 0.244 mmol, 1.0 equiv.) was dissolved in chloroform (21 mL). A
solution of zinc acetate-dihydrate (270 mg, 1.23 mmol, 5.0 equiv.) in methanol (3 mL) was added.
The mixture was stirred at 40 °C for 2 h. The mixture was filtered over a plug of silica eluting with
DCM/pyridine (99:1). The solvent was removed from the pink filtrate. The pink residue was dried
in high vacuum vyielding the desired product 2. Yield: 0.264g (93 %). '"H NMR (500 MHz,
CDCl3+1% pyridine-ds): 8 = 10.22 (s, 2H, meso-H), 9.36 (d, J=4.3 Hz, 2H, B-H), 9.35 (d,

J=4.2 Hz, 2H, B-H), 9.07 (d, J= 4.4 Hz, 2H, B-H), 8.89 (d, J = 4.4 Hz, 2H, B-H), 8.42 (br, 2H, py-
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H), 8.29 (d, J=0.8 Hz, 2H, o-H), 8.03 (m, 2H, py-H), 7.98 (t, J= 1.0 Hz 1H, p-H), 1.52-1.43 (m,
12H, CH,), 1.39-1.31 (m, 12H, CH,), 1.31-1.22 (m, 24H, CH,), 0.95-0.89 (m, 12H, CH,), 0.87-
0.81 (m, 18H, CHs); *C-DeptQ-NMR (125 MHz, CDCl3+1% pyridine-ds): & = 151.8 (d, 1C, py-
C), 150.4 (d, 2C, a-C), 149.6 (d, 2C, a-C), 149.3 (d, 2C, a-C), 148.6 (d, 2C, a-C), 147.1 (u, 2C, py-
C), 141.1 (d, 1C, ipso-C), 140.9 (u, 2C, 0-C), 138.8 (u, 1C, p-C), 134.5 (d, 2C, m-C), 132.7 (u, 2C,
B-C), 131.9 (u, 2C, B-C), 131.4 (u, 2C, B-C), 131.0 (u, 2C, B-C), 129.8 (u, 2C, py-C), 121.7 (d, 1C,
meso-C), 115.1 (d, 1C, meso-C), 106.0 (u, 2C, meso-C), 33.5 (d, 6C, CH,), 31.6 (d, 6C, CH,), 24.0
(d, 6C, CH,), 22.6 (d, 6C, CH,), 14.1 (u, 6C, CH3), 12.6 (d, 6C, CH,); m/z (MALDI-TOF): 1090.7

(CG7H95N55i 2ZNn reqm res 109065)

[5,15-dibromo-10-(4-pyridyl)-20-(3,5-bis(trihexyl silyl)phenyl)-porphyrinato] zinc(l1) 3

Porphyrin 2 (0.230 g, 0.196 mmol, 1.0 equiv.) was dissolved in chloroform (6.6 mL). Pyridine
(0.13 mL) was added. N-Bromosuccinimide (69.0 mg, 0.388 mmol, 1.98 equiv.) was dissolved in
chloroform (9.5 mL) and added to the stirred red solution of the porphyrin 2 via a dropping funnel
over a period of 15 min. The reaction mixture turned green during the addition. The mixture was
stirred for further 10 min. Acetone (0.2 mL) was added. The mixture was filtered over a plug of
silica eluting with DCM/pyridine (99:1). The solvent was removed from the filtrate. The product 3
was precipitated by dissolving in DCM and layering with MeOH. The green precipitate was
washed with methanol and dried in high vacuum. Yield: 194 mg (79%). ‘*H-NMR (500 MHz,
CDCl3+1% pyridine-ds): 5 = 9.57 (d, J=4.7 Hz, 2H, B-H), 9.56 (d, J= 4.6 Hz, 2H, B-H), 8.84 (m,
2H, py-H), 8.77 (d, J= 4.6 Hz, 2H, p-H), 8.67 (d, J= 4.7 Hz, 2H, B-H), 8.10 (s, 2H, 0-H), 7.94 (m,
2H, py-H), 7.90 (s, 1H, p-H), 1.42-1.33 (m, 12H, CH,), 1.29-1.22 (m, 12H, CH,), 1.21-1.13 (m,
24H, CH,), 0.85-0.79 (m, 12H, CH,), 0.77-0.71 (m, 18H, CHy); *C-DeptQ-NMR (125 MHz,
CDCl3+1% pyridine-ds): & = 150.8 (d, 2C, 0-C), 150.7 (d, 1C, py-C), 150.1 (d, 2C, 0-C), 149.8 (d,
2C, 0-C), 149.2 (d, 2C, a-C), 147.7 (u, 2C, py-C), 140.4 (u, 2C, 0-C), 140.3 (d, 1C, ipso-C), 138.8
(u, 1C, p-C), 134.5 (d, 2C, m-C), 133.4 (u, 2C, B-C), 133.2 (u, 2C, B-C), 132.6 (u, 2C, B-C), 132.1

(u, 2C, B-C), 129.3 (u, 2C, py-C), 123.8 (d, 1C, meso-C), 117.5 (d, 1C, meso-C), 104.8 (d, 2C,
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meso-C), 33.2 (d, 6C, CH,), 31.3 (d, 6C, CH,), 23.7 (d, 6C, CHy), 22.3 (d, 6C, CH,), 13.9 (d, 6C,

CHy), 12.4 (d, 6C, CH,); Mz (MALDI-TOF): 1249.3 (Cs7HesBrNsSi»Zn requires 1250.47).

[5-(4-pyridyl)-10,20-bis(trihexylsilylethynyl)-15-(3,5-bis(trihexyl silyl)-phenyl)-
porphyrinato]zinc(Il) 4

Porphyrin 3 (0.182 g, 0.146 mmol, 1.0 equiv.), Pd,(dba); (13.8 mg, 0.015 mmol, 10 mol%),
PPh; (11.5 mg, 0.044 mmol, 30 mol%) and Cul (8.3 mg, 0.044 mmol, 30 mol%) were placed in a
heat-dried 2-neck 50 mL round-bottom-flask equipped with a tap and a stir bar. The second
opening was sealed with a suba seal and the flask was evacuated and backfilled with nitrogen three
times. In a heat-dried 2-neck round-bottom-flask with nitrogen inlet and septum dry toluene
(10 mL), dry diisopropylamine (12 mL) and THS-acetylene (170 pL, 0.438 mmol, 3.0 equiv.) were
freeze-pump-thaw degassed. The solution was cannulated to the solids. The reaction mixture was
heated under nitrogen to 50 °C and kept at this temperature for 2.3 h. The reaction mixture was
filtered over a plug of silica eluting with DCM/pyridine (99:1). The solvents were removed from
the green filtrate under reduced pressure. The residue was subjected to column-chromatography on
silica eluting with petrol ether/EtOAc/pyridine (10:1:1). The desired product 4 (232 mg, 89 %) was
isolated in form of a dark purple semi-solid. TLC: Rs (petrol ether/EtOAc/pyridine 10:1:1) = 0.50;
'H-NMR (500 MHz, CDClz+1% pyridine-ds): & = 9.65 (d, J=4.5Hz, 2H, B-H), 9.62 (d,
J=4.5Hz, 2H, B-H), 8.80 (d, J=4.5 Hz, 2H, B-H), 8.69 (d, J=4.5 Hz, 2H, B-H), 8.61 (br s, 2H,
py-H), 8.18 (d, J=0.7 Hz, 2H, o-H), 8.00 (d, J=5.4 Hz, 2H, py-H), 7.96 (br s, 1H, p-H), 1.78—
1.69 (m, 12H, alkyl-CH,), 1.55-1.41 (m, 24H, alkyl- CH,), 1.41-1.21 (m, 60H, alkyl-CH,) 1.03—
0.95 (m, 12H, akyl-CH,), 0.94-0.79 (m, 48H, alkyl-CH, and alkyl-CH); *C-deptQ-NMR (125
MHz, CDCls+1% pyridine-ds): § = 152.4 (d, 2C, a-C), 152.3 (d, 2C, a-C), 151.2 (d, 1C, py-C),
150.5 (d, 2C, a-C), 148.7 (d, 2C, 0-C), 147.5 (u, 2C, py-C), 140.7 (d, 1C, ipso-C), 140.3 (u, 2C, o-
C), 139.0 (u, 1C, p-C), 134.6 (d, 2C, m-C), 132.8 (u, 2C, B-C), 131.5 (u, 2C, B-C), 131.3 (u, 2C, B-
C),131.0 (u, 2C, B-C), 129.5 (u, 2C, py-C), 124.3 (d, 1C, meso-C), 118.1 (d, 1C, meso-C), 109.2 (d,
2C, meso-C), 101.2 (d, 1C, ethynyl-C), 99.7 (d, 1C, ethynyl-C), 33.5 (d, 6C, CH,), 33.3 (d, 6C,

CHy), 316 (d, 6C, CH,), 315 (d, 6C, CH,), 24.3 (d, 6C, CH,), 24.0 (d, 6C, CH,), 22.6 (d, 6C,
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CH,), 22.6 (d, 6C, CH,), 14.1 (u, 6C, CHs), 14.1 (u, 6C, CH5), 13.8 (d, 6C, CH,), 12.6 (d, 6C,
CH,); m/z (MALDI-TOF): 1705.1 (Cip7H171NsSisZn requires 1705.20); UV-ViS: Agax [NM]

(CHCl3+1% pyridine) = 440, 577, 629.

[5-ethynyl-10-(4-pyridyl)-15-trihexylsilylethynyl-20-(3,5-bis(trihexylsilyl ) phenyl)-
porphyrinato]zinc(l1) 5

Porphyrin 4 (467 mg, 0.262 mmol, 1.0 equiv.) was dissolved in dry DCM (8 mL) and CHCl;
(8 mL). Pyridine (0.21 mL) was added. Under stirring TBAF solution (1.0 M in THF; 0.18 mL,
0.18 mmol, 0.7 equiv.) was added drop-wise. The reaction was monitored by TLC. After 20 min a
good product ratio was reached. Calcium chloride (50 mg) was added and the mixture was filtered
over a plug of slica eluting with DCM/pyridine (50:1). The solvent was removed from the green
filtrate and the residue was subjected to column-chromatography on silica eluting with petrol
ether/EtOACc/pyridine 20:2:1 > 20:8:1. Recovered starting material 4 (108 mg, 23%), desired
product 5 (170 mg, 43%), and fully deprotected material (87.3 mg, 27%) were isolated in form of
their pyridyl-complexes as dark purple semi-solids. TLC: R; (petrol ether/EtOAc/pyridine 10:1:1) =
0.34; *H-NMR (400 MHz, CDCl3+1% pyridine-ds): & = 9.66 (d, J=4.6 Hz, 1H, B-H), 9.65 (d,
J=4.6 Hz, 1H, B-H), 9.62 (d, J=4.6 Hz, 1H, p-H), 9.61 (d, J=4.6 Hz, 1H, p-H), 8.97 (m, 2H, py-
H), 8.81 (d, J= 4.5 Hz, 1H, B-H), 8.80 (d, J= 4.5 Hz, 1H, B-H), 8.76 (d, J = 4.6 Hz, 1H, B-H), 8.75
(d, J=4.6 Hz, 1H, B-H), 8.16 (d, J= 0.8 Hz, 2H, 0-H), 8.08 (m, 2H, py-H), 7.94 (br, 1H, p-H),
4.12 (s, 1H, ethynyl-H), 1.77-1.67 (m, 6H, alkyl-H), 1.54-1.19 (m, 66H, akyl-H), 1.01-0.94 (m,

6H, alkyl-H), 0.92-0.79 (m, 39H); Mz (MALDI-TOF): 1422.3 (CagH155NsSisZn requires 1422.9).

Dimerisation of 5-ethynyl-10-(4-pyridyl)-15-trihexylsilylethynyl-20-(3,5-
bis(trihexylsilyl)-phenyl)-porphyrin (Synthesis of porphyrin dimer 6, P2py2)
Pd(PPh3).Cl, (2.0 mg, 2.9 umol, 8.1 mol%), copper(I) iodide (3.3 mg, 17 pmol, 0.49 equiv.)
and 1,4-benzoquinone (7.8 mg, 72 umol, 2.1 equiv.) were dissolved in dry toluene (3 mL) and dry
DIPA at 20 °C. The yellow solution was added to porphyrin 5 (52.6 mg, 35.0 umol, 1.0 equiv.).
The reaction mixture was stirred at 20 °C for 3 h. The reaction mixture was filtered over a plug of

silica eluting with DCM/pyridine (50:1). Solvents were removed from the filtrate under reduced
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pressure. The resulting dark purple/green solid was dissolved in chloroform (5mL). TFA
(0.15mL, 1.9 mmol, 100 equiv.) was added dropwise under stirring. After 10 min pyridine
(0.4 mL) was added and the green mixture was directly filtered over a plug of silica eluting with
DCM/pyridine (99:1). Solvents were removed from the filtrate under reduced pressure. The dark
purple residue was dissolved in chloroform and filtered. The volume was reduced and the product
was precipitated by layering methanol. The dark purple precipitate was washed with methanol and
dried in high vacuum affording dimer 6, P2Py2 (42.8 mg, 90 %). *H NMR (500 MHz, CDCl3): § =
9.87 (d, J=4.7 Hz, 2H, B-H), 9.82 (d, J= 4.7 Hz, 2H, B-H), 9.65 (d, J= 4.7 Hz, 2H, B-H), 9.61 (d,
J=4.6 Hz, 2H, p-H), 9.08 (d, J=4.8 Hz, 4H, py-H), 8.90 (d, J =4.7 Hz, 2H, B-H), 8.86 (d, J
=4.6 Hz, 2H, B-H), 8.81 (d, J= 4.4 Hz, 2H, B-H), 8.75 (d, J = 4.5 Hz, 2H, B-H), 8.26 (s, 4H, 0-H),
8.18 (m, 4H, py-H), 8.01 (s, 2H, p-H), 1.80-1.69 (m, 12H, alkyl-H), 1.52-1.19 (m, 132H, alkyl-H),
1.05-0.98 (m, 12H, alkyl-H), 0.97-0.76 (m, 78H, alkyl-H), —1.91 (s, 4H, N-H); *C-deptQ-NMR
(125 MHz, CDCls): § = 149.5 (d, 2C, py-C), 148.5 (u, 4C, py-C), 140.5 (u, 4C, 0-C), 139.6 (u, 2C,
p-C), 139.2 (d, 2C, ipso-C), 135.5 (d, 4C, m-C), 129.3 (u, 4C, py-C), 124.4 (d, 2C, meso-C), 118.3
(d, 2C, meso-C), 107.5 (d, 2C, meso-C), 102.5 (d, 2C, meso-C or ethynyl-C), 102.4 (d, 2C, meso-C
or ethynyl-C), 99.5 (d, 2C, ethynyl-C), 87.3 (d, 2C, ethynyl-C), 82.9 (d, 2C, ethynyl-C), 33.5 (d,
12C, CH,), 33.3 (d, 6C, CH,), 31.6 (d, 18C, CH,), 24.3 (d, 6C, CH,), 24.0 (d, 12C, CH,), 22.7 (d,
18C, CH,), 14.2 (u, 18C, CH5), 13.7 (d, 6C, CH,), 12.6 (d, 12C, CH,) [Signals for a- and B-carbons
are not visible due to the chemical exchange of the N-H protons]. m/z (MALDI-TOF): 2715.1
(Ci7sH26sN10Sis requires 2717.0); UV-Vis: A [NM] (e/mol™ L cm™) (DCM) = 419 (144,000), 449
(285,000), 483 (141,000), 538 (16,300), 606 (45,200), 626 (59,000), 641 (47,700), 729 (81,200);
Amex [NM] (e/mol™ L cm™) (toluene) = 451 (336,000), 486 (137,000), 608 (54,700), 628 (59,700),

732 (84,000); Fluorescence: Ame [NM] (CHCI3) = 732 (excitation Ae = 475 nm).
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2.7.2.2 Synthesis of c-P12r,s

THS O THS

=—CPDIPS
Pd,(dba),
Cul, PPhg TBAF
Br Br -
86% 41%
THS I THS
8
Pd(PPh3),Cl,, Cul,
91% | 1,4-benzoquinone
toluene/DIPA
Pd(PPhs),Cl,,
Cul,
1,4-benzo-
—CPDIPS guinone CPDIPS

90%

1

[

95% | TBAF

1. template T6,
Pd(PPhj),Cl,, Cul,
1,4-benzoquinone
2. biobeads,
_ toluene/pyridine 10:1
H

14%

c-P1,-THS

Scheme 2.2 Overview of the synthesis of c-P1275 (THS = Si(CgH13)3, CPDIPS = Si(C3HgCN)(CH(CHs),),).

[5,15-bis-((3-cyanopropyl)diisopropylsilyl)ethynyl-10,20-bis-(3,5-bis-(trihexylsilyl)-
phenyl)porphyrinato]zinc(ll) 7

Dibromoporphyrin® (646 mg, 0.356 mmol, 1.0 equiv.), Pdy(dba); (34.8 mg, 0.038 mmol,
0.11 equiv.), triphenylphosphine (28.0 mg, 0.107 mmol, 0.30 equiv.) and copper(l) iodide
(21.4 mg, 0.112 mmol, 0.32 equiv.) were placed in a heat-dried Schlenk flask equipped with a
magnetic stirrer bar. The flask was sealed and evacuated and backfilled with nitrogen three times.
Dry, freeze-pump-thaw degassed toluene (27 mL) was added. CPDIPS-acetylene® (259 mg,
1.24 mmol, 3.5equiv.) was dissolved in dry DIPA (22.5mL). The mixture was degassed by

bubbling through nitrogen. The degassed solution was added to the reaction mixture. The resulting
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mixture was stirred at 50 °C for 2 h. The reaction mixture was filtered over a plug of silica eluting
with DCM. The solvent was removed from the filtrate. The residue was purified be column
chromatography on silica eluting with PE/DCM 2:1 - 3:2. The product 7 was obtained in form of a
green-purple oil (631 mg, 86%). TLC: R; (PE/DCM 2:1) = 0.23; *H-NMR (500 MHz, CDCl5): & =
9.67 (d, J=4.5 Hz, 4H, B-H), 8.89 (d, J = 4.6 Hz, 4H, B-H), 8.20 (s, 4H, 0-H), 7.97 (s, 2H, p-H),
2.52 (t, J =6.9 Hz, 4H, propyl-CH,), 2.21-2.13 (m, 4H, propyl-CH,), 1.51-1.22 (m, 124H, CH,,
isopropyl-CH and isopropyl-CHz), 1.17-1.12 (m, 4H, propyl-CH,), 0.94-0.87 (m, 24H, CH,),
0.87-0.81 (m, 36H, CHy); *C-deptQ-NMR (125 MHz, CDCl3): & = 152.2 (d, 4C, a-C), 150.6 (d,
4C, a-C), 140.2 (d, 2C, ipso-C), 140.1 (u, 4C, 0-C), 139.3 (u, 2C, p-C), 134.9 (d, 4C, m-C), 133.1
(u, 4C, B-C), 130.9 (u, 4C, B-C), 124.1 (d, 2C, meso-C), 119.6 (d, 2C, CN), 110.0 (d, 2C, akyl-C),
101.1 (d, 2C, meso-C), 97.0 (d, 2C, akyl-C), 33.5 (d, 12C, CH,), 31.6 (d, 12C, CH,), 24.0 (d, 12C,
CH,), 22.6 (d, 12C, CH,), 21.6 (d, 2C, propyl-CH,), 21.0 (d, 2C, propyl-CH,), 18.6 (u, 4C,
isopropyl-CHs), 18.3 (u, 4C, isopropyl-CHs), 14.1 (u, 12C, CHy), 12.6 (d, 12C, CH,), 12.3 (u, 4C,
isopropyl-CH), 10.1 (d, 2C, propyl-CH,); mVz (MALDI-TOF): 2066.2 (Ci2sH210NsSisZN requires

2066.46).

[5-((3-cyanopropyl)diisopropyl silyl)ethynyl-15-ethynyl-10,20-bis-(3,5-bis-(trihexylsilyl)-
phenyl)porphyrinato] zinc(I1) 8

Porphyrin 7 (140 mg, 0.067 mmol, 1.0 equiv.) was dissolved in DCM (8 mL), chloroform
(8 mL) and pyridine (1.3 mL). The solution was cooled in an ice-water bath. TBAF solution, 1.0 M
in THF, (0.054 mL, 0.054 mmol, 0.8 equiv.) was added and the reaction monitored by TLC (silica,
eluent: PE/DCM 2:1). When a good product ratio had been reached the mixture was filtered over a
plug of silica eluting with DCM+1% pyridine. The solvent was removed from the filtrate. The
resdue was purified by column chromatography on silica eluting with PE/chloroform + 0.5%
pyridine 20:1 - 1:1, providing di-deprotected product (18 mg, 15%), desired product 8 (54.9 mg,
41%) and, after additional precipitation from chloroform/methanol, starting material (54.8 mg,
0.022 mmoal, 33%). (The fraction obtained from column chromatography that contained the starting

material also contained CPDIPSF, which was easily removed by precipitation from chloroform
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with methanol.) TLC: R (PE/DCM 2:1) = 0.52; *H-NMR (200 MHz, CDCl3): & = 9.63 (d, J = 4.6
Hz, 2H, B-H), 9.61 (d, J=4.5 Hz, 2H, B-H), 8.84 (d, J = 4.7 Hz, 2H, B-H), 8.82 (d, J = 4.7 Hz, 2H,
B-H), 8.18 (s, 4H, 0-H), 7.95 (s, 2H, p-H), 4.12 (s, 1H, ethynyl-H), 2.51 (t, J = 6.9 Hz, 2H, propyl-
CHy), 2.24-2.09 (m, 2H, propyl-CH,), 1.51-1.21 (m, 110H, CH,, isopropyl-CH and isopropyl-
CHa), 1.18-1.08 (m, 2H, propyl-CH,), 0.95-0.78 (m, 60H, CH, and CHs); mVz (MALDI-TOF):

1884.6 (C]_]_gH 191N5Si 5ZN reqUi res 188433)

Dimerisation of [5-((3-cyanopropyl)diisopropylsilyl)ethynyl-15-ethinyl-10,20-bis-(3,5-bis-
(trihexylsilyl)-phenyl)porphyrinato] zinc(11) (Synthesis of porphyrin dimer 9)

Pd(PPh3),Cl, (1.5 mg, 2.1 umol, 0.16 equiv.), copper(I) iodide (3.3 mg, 17 umol, 1.3 equiv.)
and 1,4-benzoquinone (5.5 mg, 51 pmol, 3.8 equiv.) were dissolved in dry toluene (2.4 mL) and
dry DIPA (0.75mL). The solution was added to porphyrin 8 (54 mg, 27 umol, 2.0 equiv.). The
mixture was stirred at RT for 40 min (TLC-control (silica, eluent PE/DCM 2:1) indicated full
conversion after 20 min). The reaction mixture was filtered over a plug of silica eluting with
chloroform+1% pyridine. The solvent was removed from the filtrate. The residue was purified by
passing over a SEC eluting with toluene producing a dark green product (48.2 mg, 91%). TLC: R
(PE/DCM 2:1) = 0.41; *H-NMR (500 MHz, CDCly): § = 9.91 (d, J = 4.6 Hz, 4H, B-H), 9.66 (d, J
=4.6 Hz, 4H, p-H), 8.96 (d, J=4.6 Hz, 4H, B-H), 8.90 (d, * J = 4.6 Hz, 4H, B-H), 8.26 (s, 8H,
0-H), 7.99 (s, 4H, p-H), 2.54 (t, J = 6.9 Hz, 4H, propyl-CH,), 2.23-2.14 (m, 4H, propyl-CH,),
1.53-1.22 (m, 220H, CH,, isopropyl-CH and isopropyl-CHs), 1.19-1.13 (m, 4H, propyl-CH,),
0.96-0.89 (m, 48H, CH,), 0.88-0.83 (m, 72H, CHs); *C-deptq-NMR (125 MHz, CDCly): & =
153.0 (d, 4C, 0-C), 152.2 (d, 4C, a-C), 150.7 (d, 4C, a-C), 150.4 (d, 4C, a-C), 140.4 (u, 8C, 0-C),
140.2 (d, 4C, ipso-C), 139.2 (u, 4C, p-C), 135.0 (d, 8C, m-C), 133.3 (u, 4C, B-C), 133.1 (u, 4C, -
C), 130.9 (u, 8C, B-C), 124.5 (d, 4C, meso-C), 119.7 (d, 2C, CN), 110.3 (d, 2C, alkynyl-C), 101.4
(d, 2C, meso-C), 100.2 (d, 2C, meso-C), 97.0 (d, 2C, akynyl-C), 87.5 (d, 2C, alkynyl-C), 82.5 (d,
2C, akynyl-C), 335 (d, 24C, CHy-hexyl), 31.6 (d, 24C, CH-hexyl), 24.0 (d, 24C, CH,-hexyl),
22.7 (d, 24C, CHx-hexyl), 21.6 (d, 2C, CH,-cyanopropyl), 21.0 (d, 2C, CH,-cyanopropyl), 18.6 (u,

4C, CHs-isopropyl), 18.3 (u, 4C, CHs-isopropyl), 14.2 (u, 24C, CHs-hexyl), 12.6 (d, 24C, CH,-
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hexyl), 12.3 (u, 4C, CH-isopropyl), 10.1 (d, 2C, CHy-cyanopropyl); m/z (MALDI-TOF): 3765.2

(ngeHggoN 109102 ra:]Ui res 37686) .

Monodeprotected porphyrin dimer 10

Dimer 9 (48.2mg, 12.3 umol, 1.0 equiv.) was dissolved in chloroform (1.6 mL), DCM
(1.6 mL) and pyridine (0.25 mL). The mixture was cooled in an ice-water bath. TBAF solution,
1.0 M in THF, (0.01 mL, 10 pmol, 0.8 equiv.) was added. The reaction was monitored by TLC
(silica, eluent: PE/DCM 3:1). Once a good product ratio had been reached the mixture was filtered
over a plug of silica eluting with chloroform+1% pyridine. The solvent was removed from the
filtrate. The residue was purified by column chromatography on silica eluting with PE/chloroform
+ 0.5% pyridine 20:1>1:1. This afforded di-deprotected dimer (5.3 mg, 12%), desired mono-
deprotected dimer 10 (16 mg, 34%) and starting material 9 (18 mg, 37%). TLC: R (PE/DCM 3:1)
= 0.38; 'H-NMR (400 MHz, CDCl5): 5 = 9.86 (d, J = 4.6 Hz, 2H, B-H), 9.85 (d, J = 4.6 Hz, 2H, B-
H), 9.65 (d, J = 4.6 Hz, 2H, B-H), 9.61 (d, J = 4.6 Hz, 2H, B-H), 8.93 (d, J = 4.6 Hz, 2H, B-H), 8.90
(d, J=4.6 Hz, 2H, B-H), 8.85 (d, J=4.8 Hz, 2H, B-H), 8.84 (d, J = 4.6 Hz, 2H, B-H), 8.24 (s, 4H,
0-H), 8.23 (s, 4H, 0-H), 7.97 (s, 4H, p-H), 4.15 (s, 1H, alkynyl-H), 2.53 (t, J = 6.9 Hz, 2H, propyl-
CHy), 2.23-2.13 (m, 2H, propyl-CH,), 1.51-1.21 (m, 206H, CH,, isopropyl-CH and isopropyl-
CH,), 1.17-1.11 (m, 2H, propyl-CH,), 0.96-0.78 (m, 120H, CH, and CH3); mz (MALDI-TOF):

3584.7 (ngGnglNgSi oy ra]Ui res 35875)

Protected porphyrin tetramer 11

Pd(PPh3),Cl, (1.0 mg, 1.4 pmol, 0.3 equiv.), copper(I) iodide (1.4 mg, 7.4 pmol, 1.8 equiv.)
and 1,4-benzoquinone (1.8 mg, 17 pmol, 4.0 equiv.) were dissolved in dry toluene (0.5 mL) and
dry DIPA (0.15 mL). The solution was added to porphyrin dimer 10 (16 mg, 4.2 umol, 1.0 equiv.).
The mixture was stirred at 20 °C for 3.5 h. The reaction mixture was filtered over a plug of silica
eluting with chloroform+1% pyridine. The solvent was removed from the filtrate. The residue was
dissolved in chloroform and filtered over a microfilter. The volume of the filtrate was reduced and
the product precipitated by layering methanol. The precipitate was washed with methanol and dried

in vacuum affording the desired product 11 (14 mg, 90%). *H-NMR (500 MHz, CDCl3): § = 9.97—
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9.95 (m, 12H, p-H), 9.71 (d, J= 4.5 Hz, 4H, B-H), 9.04-9.03 (m, 8H, B-H), 9.00 (d, J = 4.5 Hz, 4H,
B-H), 8.94 (d, J= 4.7 Hz, 4H, B-H), 8.35 (s, 8H, 0-H), 8.29 (s, 8H, 0-H), 8.04 (s, 4H, p-H), 8.02 (s,
4H, p-H), 2.55 (t, J=6.7 Hz, 4H, propyl-CH,), 2.24-2.17 (m, 4H, propyl-CH,), 1.55-1.15 (m,
416H, CH,, isopropyl-CH, isopropyl-CH; and propyl-CH,), 1.01-0.79 (m, 240H, CH, and CHjy);
BC-deptg-NMR (125 MHz, CDCl3): 6 = 153.1 (d, 12C, a-C), 152.3 (d, 4C, a-C), 150.8 (d, 4C, a-
C), 150.7 (d, 8C, a-C), 150.5 (d, 4C, a-C), 140.7 (u, 8C, 0-C), 140.4 (u, 8C, 0-C), 140.1 (d, 4C,
ipso-C), 140.0 (d, 4C, ipso-C), 139.4 (u, 4C, p-C), 139.3 (u, 4C, p-C), 135.2 (d, 8C, m-C), 135.1 (d,
8C, m-C), 133.5 (u, 16C, B-C), 133.2 (u, 4C, B-C), 131.1 (u, 4C, B-C), 131.0 (u, 8C, B-C), 125.0 (d,
4C, meso-C), 124.6 (d, 4C, meso-C), 119.7 (d, 2C, CN), 110.0 (d, 2C, alkynyl-C), 101.6 (d, 2C,
meso-C), 100.9 (d, 2C, meso-C), 100.8 (d, 2C, meso-C), 100.3 (d, 2C, meso-C), 97.3 (d, 2C,
akynyl-C), 87.5 (d, 4C, akynyl-C), 87.4 (d, 2C, akynyl-C), 82.8 (d, 4C, akynyl-C), 82.5 (d, 2C,
alkynyl-C), 33.6 (d, 24C, CH,-hexyl), 33.5 (d, 24C, CH,-hexyl), 31.7 (d, 24C, CH,-hexyl), 31.6 (d,
24C, CHx-hexyl), 24.1 (d, 24C, CH,-hexyl), 24.0 (d, 24C, CH,-hexyl), 22.8 (d, 24C, CH,-hexyl),
22.7 (d, 24C, CH,-hexyl), 21.6 (d, 2C, CH,-cyanopropyl), 21.1 (d, 2C, CH,-cyanopropyl), 18.6 (u,
4C, CHs-isopropyl), 18.4 (u, 4C, CHs-isopropyl), 14.2 (u, 48C, CHs-hexyl), 12.7 (d, 48C, CH,-
hexyl), 12.3 (u, 4C, CH-isopropyl), 10.1 (d, CH,-cyanopropyl); miz (MALDI-TOF): 7164.1
(CasoH720N18Si 1820, requires 7174.0); UV-vis. Anax [NM] (rel. intensity) (toluene) = 441 (0.68,

shoulder), 466 (1.0), 491 (0.69, shoulder), 592 (0.07), 773 (0.44), 805 (0.40, shoulder).

Deprotected porphyrin tetramer 12

Protected porphyrin tetramer 11 (43.3 mg, 5.78 umol, 1.0 equiv.) was dissolved in DCM
(3 mL) and pyridine (0.07 mL). Under stirring TBAF-solution (1.0 M in THF, 0.015 mL, 15 umol,
2.5 equiv.) was added. The reaction was monitored by TLC (eluent: PE/DCM 3:1). After 15 min
the mixture was filtered over silica euting with DCM+1% pyridine. The solvent was removed
from the filtrate. The residue was dissolved and filtered over a plug of silica eluting with PE/DCM
10:1 +0.5% pyridine (to remove CPDIPS-fluoride). Yield: 39 mg (95%). TLC: R (PE/DCM 3:1) =
0.97; 'H-NMR (400 MHz, CDCl3): 9.90-9.87 (m, 12H, B-H), 9.67 (d, J=4.7 Hz, 4H, p-H), 8.97—

8.94 (m, 12H, B-H), 8.88 (d, J= 4.5 Hz, 4H, p-H), 8.30 (s, 8H, 0-H), 8.26 (s, 8H, 0-H), 8.00 (s, 4H,
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p-H), 7.98 (s, 4H, p-H), 4.16 (s, 2H, akynyl-H), 1.55-1.20 (m, 384H, CH,), 0.99-0.82 (m, 240H,

CH, and CHy); UV-ViS. Ay [nM] (CHCI3) = 457, 584, 755.

Porphyrin nanoring c-P127ys

The template T6% (3.7 mg, 3.7 umol, 1.0 equiv.) was dissolved in chloroform (3.6 mL) and
methanol (20 puL) under sonication. The clear solution was added to the porphyrin tetramer 12
(39.3 mg, 5.51 umol, 1.5 equiv.), which had been dissolved in chloroform (8.5 mL). The mixture
was sonicated for 20 min. The solvent was removed and the residue dried under vacuum.
Afterwards the complex was dissolved in dry chloroform (33.5mL). Pd(PPhs),Cl, (5.5 mg,
7.8 umol, 2.1 equiv.), copper(I) iodide (7.2 mg, 38 wmol, 10 equiv.) and 1,4-benzoquinone
(15.7 mg, 145 umol, 40 equiv.) were dissolved in dry chloroform (3.6 mL) and dry DIPA (0.1 mL)
under sonication. The solution was added to the porphyrin/template mixture. The reaction mixture
was stirred at 20 °C and monitored by UV-vis. After 2 h more catayst (Pd(PPhs).Cl, (5.6 mg,
8.0 umol, 2.2 equiv.), copper(l) iodide (7.2 mg, 38 umol, 10 equiv.) and 1,4-benzoquinone
(15.3 mg, 142 pmol, 39 equiv.) dissolved in dry chloroform (3.6 mL) and dry DIPA (0.1 mL)) was
added. After 50 min no change was observed so the mixture was heated to 50 °C for 70 min. Then
more catalyst (Pd(PPhg).Cl, (5.7 mg, 8.1 pumol, 2.2 equiv.), copper(I) iodide (7.0 mg, 37 umol,
10 equiv.) and 1,4-benzoquinone (16.8 mg, 155 pmol, 42 equiv.) dissolved in dry chloroform
(3.6 mL) and dry DIPA (0.1 mL)) was added and the reaction mixture stirred at 50 °C for 2 h.
Subsequently the reaction mixture was stirred at 20 °C over night. Since further change was
observed by UV-vis catalyst (Pd(PPhs3),Cl, (5.7 mg, 8.0 umol, 2.2 equiv.), copper(l)iodide (7.3 mg,
38 umol, 10 equiv.) and 1,4-benzoquinone (16.4 mg, 152 umol, 41 equiv.) dissolved in dry
chloroform (3.6 mL) and dry DIPA (0.1 mL)) was added again and the reaction mixture heated to
50 °C for 2.75 h. The reaction mixture was filtered over a plug of silica eluting with PE/chloroform
9:1. The solvent was removed from the filtrate. The residue was dissolved in PE/chloroform 10:1
and passed over a plug of silica eluting with PE/chloroform 10:1. The solvent was removed from
the filtrate. The resulting brown solid was dissolved in toluene/pyridine 9:1 and passed over a SEC

column eluting with toluene/pyridine 9:1. The brown band was collected and the solvent removed.
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The brown residue was dissolved in toluene+1%pyridine, filtered over amicrofilter and purified by
recycling GPC. The product was precipitated from chloroform by layering methanol repeatedly to
remove residual pyridine to yield ¢c-P12rys (5.3 mg, 14%). TLC: R (PE/CHCl3/py 8:1:1) = 0.83;
'H NMR (500 MHz, CDCl3): & = 9.85 (d, J=4.6 Hz, 48H, B-H), 8.93 (d, J=4.4 Hz, 48H, B-H),
8.27 (s, 48H, o-H), 7.99 (s, 24H, p-H), 1.51-1.44 (m, 288H, CH,), 1.38-1.24 (m, 864H, CH,),
0.94-0.90 (m, 288H, CH,), 0.85-0.82 (m, 432H, CHs); *C{*H}-NMR (125 MHz, CDCly): § =
152.8 (48C, a-C), 150.5 (48C, a-C), 140.6 (48C, 0-C), 140.1 (24C, ipso-C), 139.3 (24C, p-C),
135.0 (48C, m-C), 133.3 (48C, B-C), 130.9 (48C, B-C), 124.9 (24C, meso-C), 100.7 (24C, meso-C),
89.3 (24C, alkynyl-C), 84.0 (24C, alkynyl-C); mz (MALDI-TOF): 20597 (Cyo06H2040N2sSissZ 12
requires 20425); UV-vis. Ama [nM] (toluene) = 471, 489, 588, 779; Amax [NM] (toluene+1%

pyridine) = 473, 489, 597, 822.
2.7.2.3 Synthesis of free-base tetrapyridyl-substituted porphyrin dimer

H. O

=
CiaHas0- - _-OC12Hzs5 C12H250 OCiaHas  CiaHps0
‘ —
N 1. TFA
2.DDQ Zn(OAc),
+
20% 95%
/ TN
N N
H H C12H250 OCioHzs  CiHpsO

40% | TBAF

1. Pd(PPh3),Cly, Cul,
1,4-benzoquinone

2. TFA _

~THS THS —=

52%

TBAF

96%

Scheme 2.3 Overview of the synthesis of free-base tetrapyridyl-substituted porphyrin dimer (THS =
Si(CgH13)3). The starting aldehyde, 3,5-bis-(dodecyloxy)isonicotinaldehyde, was synthesised according to
publications,®*
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3,5-Bis(dodecyl oxy)isonicotinal dehyde

A solution of 3,5-bis(dodecyloxy)pyridine (0.500 g, 1.12 mmol) in dry THF (6 mL) was
degassed by pumping and feeding N, back three times and then n-BuLi (2.5 M in hexane, 0.600
mL, 1.45 mmol) was added slowly at 0 °C under N,. (Do not |et the solution freeze while adding
the BuLi). The reaction mixture was stirred for 30 min at room temperature. Dry DMF was added
(0.13 mL, 1.68 mmol). After stirring for 24 h, water (0.2 mL) was added to stop the reaction. The
aqueous layer was extracted with diethyl ether (3 x 5 mL). The combined organic layers were
washed with water (2 x 5 mL) and dried over MgSO, and then the solvent was removed under
reduced pressure. Chromatography through a short silica column and recrystallisation from hot
methanol afforded the desired product as a white solid (269 mg, 50% yield). *H-NMR (500 MHz,
CDCl3): § = 10.52 (s, 1H, CHO), 8.10 (s, 2H, py-H), 4.15 (t, J = 6.4 Hz, 4H, OCH,), 1.87-1.80 (m,
4H, alkyl-H), 1.50 —1.43 (m, 4H, alkyl-H), 1.31-1.20 (m, 32H, alkyl-H), 0.87 (t, *Juy = 6.4 Hz, 6H,
akyl-H); *C{*H}-NMR (125 MHz, CDCl;): § = 181.8 (1C, CHO), 154.6 (2C, py-C), 128.6 (2C,

py-C), 69.9 (2C, OCH,), 31.9-22.6 (40C, CH,), 14.1 (4C, CH.).

5,15-bis-(3,5-bis(dodecyl oxy)pyridyl)-porphyrin 13

Dipyrromethane (307 mg, 2.10 mmol, 1.0 equiv.) and 3,5-bis-(dodecyloxy)-isonicotinal dehyde
(1.0 g, 2.1 mmol, 1.0 equiv.) were dissolved in CH,Cl, (375 mL). The reaction mixture was
deoxygenated by evacuating and feeding back N,. Trifluoroacetic acid (0.50 mL, 6.30 mmol, 3.0
equiv.) was added. After stirring in the dark for 3 h DDQ (906 mg, 3.99 mmol, 1.90 equiv.) was
added and the mixture stirred for 20 min before EtsN (1.14 mL, 8.19 mmol, 3.90 equiv.) was added
to quench the acid. The mixture was passed through a short silica gel column eluting with
CH,Cl,/pyridine (90: 10) to separate the tarry side products. The solvent was removed from the
filtrate under reduced pressure. The residue was subjected to column-chromatography on silica
eluting with petrol ether/CH,Cl,/pyridine (60:40:2->50:50:2). The product was recrystalised by
layer addition (CH,Cl,/MeOH) to give abright purple powder (256 mg, 20%). *H NMR (400 MHz,
CDCls): & = 10.21 (s, 2H, meso-H), 9.31 (d, J = 4.4 Hz, 4H, B-H), 8.94 (d, J = 4.4 Hz, 4H, p-H),

8.52 (s, 4H, py-H), 3.97 (t, J = 6.4 Hz, 8H, OCH,), 1.37— 0.47 (m, 92H, alkyl-H), —3.11 (s, 2H,
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NH); C{*H}-NMR (125 MHz, CDCly): & = 155.6 (4C, py-C), 146.5 (4C, 0-C), 145.2 (4C, a-C),
131.5 (4C, B-H), 130.1 (4C, B-H), 128.9 (4C, py-C), 127.0 (2C, py-C), 108.4 (2C, meso-C), 104.6
(2C, meso-C), 69.5 (4C, OCH,), 31.9-22.6 (40C, CH,), 14.1 (4C, CHs); m'z (MALDI-TOF):

1202.44 (C78H 114N604 I’equi res 120191)

[5,15-bis-(3,5-bis(dodecyloxy)pyridyl)-porphyrinato] zinc(l1) 14

A solution of Zn(OAc),2H,0 (214 mg, 1.17 mmol, 5.00 equiv.) in methanol (1 mL) was
added to a solution of 5,15-bis-(3,5-bis-(dodecyloxy)pyridyl)-porphyrin (13) (280 mg, 0.233
mmol, 1.0 equiv.) in CHCI; (25 mL). The mixture was stirred at 50 °C for 5 h. The solvent was
removed and the residue purified by passing over a short silica plug, eluting with CH,Cl»/pyridine
99:1. Precipitation from CH,CI, by layering MeOH afforded the desired product as a bright purple
powder (281 mg, 95% yield). The product was used in the next step without further purification.
'H-NMR (500 MHz, CDCl3+1% pyridine-ds): 5 = 10.03 (s, 2H, meso-H), 9.25 (d, J = 4.4 Hz, 4H,
B-H), 8.92 (d, J = 4.4 Hz, 4H, B-H), 8.36 (s, 4H, py-H), 3.89 (t, J = 6.4 Hz, 8H, OCH,), 1.27-0.40

(m, 92H, akyl-H); m/z (MALDI-TOF): 1264.96 (C:gH116NsO4ZnN requires 1263.83).

[5,15-dibromo-10,20-(3,5-bis(dodecyl oxy)pyridyl)-porphyrinato] zinc(I1) 15

A solution of N-bromosuccinimide (78.8 mg, 0.44 mmol, 2.0 equiv.) in CHCI; (12 mL) was
added dropwise to a solution of porphyrin 14 (281 mg, 0.221 mmol, 1.0 equiv.) in CHCI; (10 mL)
and pyridine (0.17 mL) under exclusion of light. After the addition, the reaction mixture was
stirred for further 10 min before acetone (0.2 mL) was added to quench the reaction. The mixture
was filtered over aplug of silica eluting with PE:EtOAc:pyridine 10:1:1. The solvent was removed
under reduced pressure. The product was precipitated from chloroform by layer addition of
methanol to give a purple powder (256 mg, 81% yield). "H-NMR (400 MHz, CDCl5+1% pyridine-
ds): §=9.54 (d, J=4.7 Hz, 4H, B-H), 8.73 (d, J= 4.7 Hz, 4H, B-H), 8.47 (s, 4H, py-H), 3.94 (1, J =
6.4 Hz, 8H, OCH,), 1.22-1.06 (m, 24H, CH,), 0.99-0.78 (m, 40H, CH,), 0.75-0.66 (m, 10H, CH.,),
0.54-0.39 (m, 18H, CH,, CH3). ®*C{*H}-NMR (125 MHz, CDCl5): & = 155.5 (4C, py-C), 150.0

(4C, a-C), 149.8 (4C, 0-C), 133.1 (4C, B-H), 131.8 (4C, p-H), 128.7 (4C, py-C), 128.4 (2C, py-C),
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110.8 (2C, meso-C), 104.1 (2C, meso-C), 69.3 (4C, OCH,), 31.8-22.6 (40C, CH,), 14.0 (4C, CH);

m/z (MALDI-TOF): 1422.67 (CgH11,Br,NsOsZn requires 1423.65).

[5,15-bis-(3,5-bis(dodecyl oxy)-pyridyl)-10,20-trihexyl silylethynyl-porphyrinato] zinc(I1) 16
Porphyrin 15 (255 mg, 0.179 mmol, 1.0 equiv.), Pdy(dba); (16.5 mg, 0.018 mmol, 10 mol%),
PPh; (14.2 mg, 0.054 mmol, 30 mol%) and Cul (10.3 mg, 0.054 mmol, 30 mol%) were combined
in a heat dried 2-neck round bottom flask and then evacuated and back filled with N, three times.
Dry toluene (15 mL) and pyridine (0.7 mL) were added and freeze-pump-thaw degassed 3 times.
Dry DIPA (18 mL) and THS-acetylene (0.17 mL, 0.448 mmol, 2.50 equiv.) were added at 20 °C.
The reaction mixture was stirred at 50 °C for 2.5 h, then filtered over a plug of silica eluting with
CH.Cl,/pyridine 99:1. The solvent was removed under reduced pressure. The residue was
subjected to column-chromatography on silica eluting with petroleum ether: EtOAc: pyridine
15:1:0.5 to afford the desired product as a green solid (265 mg, 79% yield). *"H-NMR (400 MHz,
CDCl3+1% pyridine-ds): 8 = 9.52 (d, J = 4.4 Hz, 4H, B-H), 8.68 (d, J = 4.4 Hz, 4H, p-H), 8.46 (s,
4H, py-H), 3.90 (t, J = 6.4 Hz, 8H, OCH,), 1.50-1.43 (m, 8H, CH,), 1.36-1.29 (m, 66H, CH,),
1.17-0.75 (m, 66H, CH,), 0.68-0.43 (m, 44H, CH, CH3). *C{'H}-NMR (125 MHz, CDCls): 5 =
155.6 (4C, py-C), 152.1 (4C, 0-C), 149.3 (4C, a-C), 131.2 (4C, B-H), 130.9 (4C, B-H), 128.9 (4C,
py-C), 128.7 (2C, py-C), 111.2 (2C, meso-C), 109.5 (2C, meso-C), 100.3 (2C, ethynyl-C), 98.3(2C,
ethynyl-C), 69.6 (4C, OCH,), 33.4-22.6 (64C, CH,), 14.1 (4C, CH,), 13.8 (6C, CHs), 13.0 (6C,

S|CH2), m'z (MALD' 'TOF) 1877.25 (C118H190N604Si »ZNn reqUi res 18784)

[5,15-bis-(3,5-bis(dodecyloxy)pyridyl)-10-ethynyl -20-trihexyl silyl ethynyl—porphyrinato] zinc(l1)
17

TBAF (1.0 M in THF, 0.097 mL, 0.097 mmol, 0.70 equiv.) was added to a solution of
protected pyridyl porphyrin monomer 16 (260 mg, 0.138 mmol, 1.0 equiv.) in 1:1 CH,Cl,:CHCl;
(10 mL). The reaction mixture was stirred at 20 °C and monitored by TLC. Upon completion (1 h),
the reaction mixture was passed immediately over a short plug of silica (DCM/pyridine 99:1).
Purification by column chromatography (petrol ether:EtOAc:pyridine 10:1:0.5) provided the

desired product as a green solid (220 mg, 43%yield). '"H-NMR (400 MHz, CDCls+1%
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pyridine-ds): & = 9.56 (“t”, J = 4.4 Hz, 4H, B-H), 8.72 (dd, J = 4.4 Hz, 4H, p-H), 8.48 (s, 4H, py-
H), 4.03 (s, 1H, ethynyl-H), 3.90 (m, 8H, OCH,), 1.73-1.71 (m, 6H, CH,), 1.55-1.47 (m, 6H,
CHy), 1.40-1.04 (m, 38H, CH,), 0.99-0.80 (m, 47H, CH,, CH,), 0.74-0.60 (m, 6H, CH,), 0.57—

0.46 (m, 28H, CHZ, CHg), m'z (MALD"TOF) 1596.10 (C100H152N604Si Zn reCIUi res 159518)

Dimerisation of 5,15-bis-(3,5-bis(dodecyl oxy) pyridyl)-10-ethynyl-20-trihexyl silyl ethynyl—
porphyrin (Synthesis of porphyrin dimer 18)

Pd(PPh3),Cl, (3.3 mg, 4.7 umol, 8.1 mol%), Cul (4.1 mg, 0.03 mmol, 0.49 equiv.) and
benzoquinone (13.4 mg, 0.124 mmol, 2.10 equiv.) were combined. The reagents were dissolved in
dry toluene (5.5 mL) and dry DIPA (1.25 mL) and then added into a stirred solution of
monodeprotected porphyrin monomer 17 (94.0 mg, 0.06 mmol, 1.0 equiv.) in dry toluene (5.5 mL)
and dry DIPA (1.25 mL). The reaction mixture was stirred at 20 °C and monitored by TLC
(10:1:0.5 PE:EtOAC:pyridine). Upon completion (2 h), the mixture was passed over aplug of silica
(CH.Cl,/pyridine 99:1). Solvents were removed from the filtrate under reduced pressure. The
residue was further purified by chromatography on SEC-column eluting with toluene producing a
green solid. The green solid was dissolved in chloroform (8.0 mL). TFA (0.34 mL, 4.46 mmol, 100
equiv.) was added under stirring. The mixture was stirred for 10 min, and then quenched with
pyridine (0.5 mL). The mixture was filtered directly over a plug of silica eluting with chloroform.
The solvent was removed from the filtrate and the residue dried in vacuum to obtain the desired
product as green solid (47 mg, 52% yield). *H-NMR (400 MHz, CDCls): 6 = 9.79 (d, J = 4.8 Hz,
4H, B-H), 9.57 (d, J= 4.8 Hz, 4H, p-H), 8.81 (d, J = 4.8 Hz, 4H, p-H), 8.71 (d, J = 4.8 Hz, 4H, B-
H), 8.53 (s, 8H, py-H), 4.01 (t, J = 5.6 Hz, 16H, OCH,), 1.81-1.78 (m, 12H, CH,), 1.60-1.36 (m,
40H, CH,), 1.01-0.81 (m, 128H, CH,), 0.76-0.73 (m, 34H, CH, CH,), 0.68-0.57 (m, 48H, CH,,
CH,). *C-deptQ-NMR (125 MHz, CDCly): § = 155.5 (d, 8C, py-C), 128.9 (u, 8C, py-C), 126.9 (d,
4C, py-C), 111.8 (d, 4C, meso-C), 107.7 (d, 2C, meso-C), 101.5 (d, 2C, meso-C or ethynyl-C),
101.1 (d, 2C, meso-C or ethynyl-C), 98.8 (d, 2C, ethynyl-C), 87.0 (d, 2C, ethynyl-C), 82.4 (d, 2C,
ethynyl-C), 69.7 (d, 8C, OCH,), 33.4-22.6 (d, 128C, CH,), 14.2 (u, 8C, CHg), 14.0 (u, 6C, CHj),

12.6 (d, 6C, SICH,) [Signals for a- and B-carbons are not visible due to the chemical exchange of
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the N-H protons]. m/z (MALDI-TOF): 3062.00 (Ci00H15:NsO4SiZn requires 3063.36); Amax [NM]
(e/mol™ L cm™) (toluene) = 453 (3.33 x 10°), 486 (1.94 x 10°), 533 (2.38 x 10%), 606 (6.75 x 107,

625 (7.60 x 10%), 641 (6.42 x 10%), 726 (1.05 x 10°).

Deprotected porphyrin dimer 19

The protected porphyrin dimer 18 (10.0 mg, 3.26 uM, 1.0 equiv.) was dissolved in CH,Cl, (2
mL). TBAF (1.0 M in THF, 0.013 mL, 0.013 mmol, 4.0 equiv.) was added to the solution. The
mixture was stirred for 30 min. Methanal (4 mL) was added, which resulted in the precipitation of
the product that was filtered off and washed with methanol. The desired product was afforded as a
green solid (7.8 mg, 96% yield). *H-NMR (400 MHz, CDCl3): & = 9.80 (d, J= 4.6 Hz, 4H, B-H),
9.59 (d, J= 4.6 Hz, 4H, B-H), 8.83 (d, J= 4.6 Hz, 4H, B-H), 8.75 (d, J= 4.6 Hz, 4H, B-H), 8.53 (s,
8H, py-H), 4.17 (s, 2H, ethynyl-H), 4.02 (t, J = 6.4 Hz, 16H, OCH)), 1.16-0.56 (m, 184H, CH.,
CHs): ®C{*H}-NMR (125 MHz, CDCly): § = 155.5 (8C, py-C), 128.0 (12C, py-C), 111.6 (4C,
meso-C), 99.7 (2C, meso-C or ethynyl-C), 99.1 (2C, meso-C or ethynyl-C), 87.0 (2C, ethynyl-C),
85.2 (2C, meso-C or ethynyl-C), 84.4 (2C, meso-C or ethynyl-C), 82.5 (2C, ethynyl-C), 69.8 (8C,
OCHy,), 31.8-22.6 (80C, CH,), 14.1 (8C, CHa) [Signals for a- and B-carbons are not visible due to
the chemical exchange of the N-H protons]. Ams [nM] (e/mol™ L cm™) (toluene) = 450 (2.62 x
10°), 483 (1.79 x 10°, 530 (2.28 x 10%, 719 (7.64 x 10%. m/z (MALDI-TOF): 2498.30

(C164H230N 1208 I’equi res 249781) .

2.7.3 The ring-ring templating synthesis of the complex c-P12c¢-c-PdP12py12 from Pd

tetramer FD-PdP4py4

Cc-P12cg (7.9 mg, 0.61 pumol, 1.0 equiv.) and fully deprotected Pd tetramer FD-PdP4py4 (11.7
mg, 1.89 umol, 3.10 equiv.) were dissolved in dry chloroform (7 mL). Pd(PPhy).Cl, (1.6 mg, 2.3
umol, 3.8 equiv.), Cul (2.1 mg, 11 umol, 18 equiv.) and 1,4-benzoquinone (4.9 mg, 45 umol, 74
equiv.) were dissolved in dry chloroform (0.6 mL) and dry DIPA (0.07 mL). The solution was
added to the reaction mixture. The reaction was monitored by UV-vis. The mixture was stirred for

1 hat rt. Then, Pd(PPhs),Cl, (1.7 mg, 2.4 umol, 3.9 equiv.), Cul (2.1 mg, 11 umol, 18 equiv.) and
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1,4-benzoquinone (4.5 mg, 41 umol, 67 equiv.) were dissolved in dry chloroform (0.6 mL) and dry
DIPA (0.07 mL). The solution was added to the reaction mixture, which was then heated to 50 °C
for 2 h. Subsequently, Pd(PPhs),Cl, (1.9 mg, 2.7 umol, 4.4 equiv.), Cul (2.4 mg, 13 pmol, 21
equiv.) and 1,4-benzoquinone (4.9 mg, 45 pumol, 74 equiv.) were dissolved in dry chloroform (0.6
mL) and dry DIPA (0.07 mL). The catalyst solution was added to the reaction mixture, which was
then stirred over night at rt in the dark. The reaction mixture was filtered over a plug of
aluminiumoxide eluting with chloroform. The solvent was removed from the filtrate and the
residue dissolved in toluene. The solution was filtered over a paper filter. The solvent was removed
from the filtrate. The residue was purified over a small SEC column eluting with toluene to remove
benzoquinone. The brown product band was collected and the solvent removed (14.8 mg). The
residue was purified by recycling GPC eluting with toluene. 7.7 mg (0.24 pmol, 39%) of the ring-
ring complex were isolated. The characterisation of the ring-ring complex is described in the main

text.

2.7.4 Synthesis of dimer P2, g,

TBAF

Pd(PPhj),Cl,
NEts: Toluene 1:5
50°C

FD-P1li gy
96% isolated yield

|:’2t-Bu
70% isolated yield

Scheme 2.4 Synthesis of dimer P2, g,

Fully deprotected monomer FD-P1, g,

The protected monomer Pl g, was synthesised as published.34 P1, s, (20.0 mg, 0.022 mmol)
was dissolved in DCM (0.8 mL) and then added pyridine (35.0 uL). TBAF (1 M in THF) (0.088
mL, 0.088 mmol) was added to the solution mixture. The reaction mixture was stirred for 30 min.
Upon reaction was complete, methanol was added and the product precipitated. Then filtered the
product and washed with methanol. It afforded the product as green solid (18.0 mg, 96% yield).

H-NMR (400 MHz, CDCl3+1% ds-pyridine, 298 K): 8,19.68 (d, 2H, J = 8.0 Hz, 8-H), 8.94 (d, 2H,
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J = 4.0 Hz, p-H), 8.78 (dd, 4H, J = 8.0, 4.0 Hz, B-H), 8.12 (m, 2H, p-H), 7.99 (s, 4H, o-H), 7.74

(m, 2H, Ph-H), 7.65 (m, 4H, Ph-H), 4.11 (s, 1H, ethinyl-H), 1.49 (s, 36H,CH>).
Porphyrin Dimer P2, g,

Fully deprotected monomer FD-P1,g, (2.0 mg, 5.0 mM, 1.0 equiv.) was coupled in a 0.5 mL
solution of toluene/triethylamine (5:1) in 5 mL reaction flask at 50 °C equipped with a reflux
condenser open to the air. A stoichiometric amount (0.83 mg, 2.5 mM, 2.0 equiv.) of Pd(PPhs),Cl,
was added into the reaction flask. The reaction was monitored by TLC. Upon completion, the
solution mixture was passed through a short silica gel plug (DCM+1%pyridine). After that,
chromatography on SEC-column (toluene) gave the desired product as green solid (1.4 mg, 70%
yield). "H-NMR (400 MHz, CDCl3+1% ds-pyridine, 298 K): 8 9.95 (d, 4H, J = 4.6 Hz, 8-H), 9.04
(d, 4H, J= 4.6 Hz, B-H), 8.82 (d, 4H, J = 4.0 Hz, B-H), 8.78 (d, 4H, J = 4.0 Hz, B-H), 8.17 (m, 4H,

p-H), 8.06 (d, 8H, J = 1.6 Hz, 0-H), 7.79 (m, 4H, Ph-H), 7.70 (m, 6H, Ph-H), 1.54 (s, 72H,CH).

2.7.5 Thering-ring templating synthesis of the complex c-P12cg-c-PdP12py12 from free-base

dimer FD-P2py2

The protected porphyrin dimer P2py2 (34.6 mg, 10.0 pmol, 1.0 equiv.) was dissolved in
CH,Cl, (2.5 mL). TBAF (1.0 M in THF, 25.0 uL, 25.0 umol, 2.5 equiv.) was added to the solution.
The mixture was stirred for 30 min. Methanol (5 mL) was added, which resulted in the
precipitation of the product that was filtered off and washed with methanol. The desired product
FD-P2py2 was afforded as a green solid (30.1 mg, 87% yield).
'H-NMR (400 MHz, CDCl3): § = 9.83 (t, J= 4.4 Hz, 4H, B-H), 9.62 (t, J = 4.4 Hz, 4H, B-H), 8.93
(d, J=4.5 Hz, 2H, B-H), 8.83 (t, J= 5.4 Hz, 4H, B-H), 8.75 (d, J= 3.6 Hz, 2H, B-H), 8.53 (s, 4H,
py-H), 8.29 (s, 4H, 0-H), 8.03 (s, 2H, p-H), 4.19 (s,2H, ethinyl-H), 4.02 (t, J = 6.0 Hz, 8H, OCH),),
1.52-1.24 (m, 200H, alkyl-H), 1.09-0.47 (m, 300H, alkyl-H), -1.90 (s, 4H, NH).
Mz (MALDI-TOF): 2889.56 (C1g0H28sN1004Si4 requires 2889.19)

c-P12cg (4.9 mg, 0.38 umol, 1.0 equiv.) and fully deprotected Pd tetramer FD-P2py2 (6.6 mg,

2.3 umol, 6.0 equiv.) were dissolved in dry toluene (5.0 mL). Pd(PPh3),Cl, (1.9 mg, 2.6 umol, 3.8
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equiv.) and NEt; (1.0 mL) were added into the reaction mixture. Then the reaction was heated at
50 °C and was monitored by UV-vis spectroscopy. The catalyst was added to the reaction mixture
again at the same amount after 3, 6 and 24 h. When there is no change in UV-vis spectra, the
reaction mixture was filtered over a plug of aluminiumoxide eluting with chloroform. The solvent
was removed from the filtrate and the residue dissolved in toluene. The solution was filtered over a
paper filter. The solvent was removed from the filtrate. The residue was purified over a small SEC
column eluting with toluene to remove undesired polymers. The crude product band was collected
and the solvent removed. The residue was purified by recycling GPC eluting with toluene/1%

pyridine. The characterisation of the ring-ring complex is described in the main text.
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Size-Independent  Energy  Transfer In
Biomimetic Nanoring Complexes
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Supramolecular antenna-ring complexes are of great interest due to their presence in natural
light-harvesting complexes. While such systems are known to provide benefits through robust and
efficient energy funnelling, the relationship between molecular structure, strain and energy
dynamics is highly complex. This chapter presents a synthetic antenna-nanoring system based on a
series of conjugated porphyrin chromophores so as to explore such effects. By varying the size of
the acceptor nanoring, we reveal the interplay between antenna-nanoring binding, local strain and
energy dynamics on the picosecond timescale. Binding of the antenna unit creates a local strain in
the nanoring, and this strain was measured as a function of the size of the nanoring, by
UV-vis-NIR titration, providing information on the conformational flexibility of the system.
Surprisingly, the energy transfer rate is independent of nanoring size, indicating the existence of
strain-localised acceptor states, spread over about six porphyrin units, arising from the

non-covalent antenna-nanoring association.

Parts of the results in this chapter will be published in the following article:

Size-Independent Energy Transfer in Biomimetic Nanoring Complexes
Parkinson, P.; Kamonsutthipaijit, N.; Anderson, H. L.; Herz, L. M. ACS Nano. 2016, [Online early
access]. DOI: 10.1021/acsnano.6b01265. Published online: May 13, 2016.
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3.1 Background information

Supramolecular complexes of chromophores arranged in a cyclic structure are of interest for
energy harvesting applications, due to their occurrence in natural light harvesting systems such as
the LH2 complex of Rhodopseudomo-nas acidophilia.! While it might be presumed that the size of
the natural systems are optimised for solar light harvesting in their specific environments, studies
of the relationship between the rate of energy transfer and the size of the acceptor nanoring are
extremely challenging. Previous investigations on dendritic synthetic light harvesting molecules
have revealed a decrease in transfer efficiency as molecule size increases,>® however until now,
systematic study has typically been prohibited by synthetic challenges.

In this chapter we investigate the energy transfer from a porphyrin dimer antenna (P2py2) to
nanorings of different sizes (c-P6, c-P8, c-P10, c-P12 and c-P30, Figure 3.1).>*" These systems
provide a highly controlled synthetic framework with a well-defined supramolecular topology. The
binding constants for these complexes, determined by UV-vis-NIR titration, provide a direct
experimental measure of the mechanical rigidity of the nanorings, and of the strain imposed by
binding the antenna unit to each nanoring. By combining stoichiometry, photophysics, binding
constant and strain calculations with modelling of energy transfer rates, we demonstrate the
existence of strain-localised acceptor states that remarkably cause the energy transfer rate to be
independent of nanoring size.

Time-resolved photoluminescence and modelling energy transfer from dimer-nanoring
complexes were performed and analysed in collaboration with Dr. Patrick Parkinson and Dr. Laura

Herz (Department of Physics, University of Oxford).
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Ni2- X

(c-PN)- (P2py2) x

R = trihexylsilyl, R' = dodecyl
Ar = 3,5-bis (trihexylsilyl)phenyl

¢-PN (N =6, 8,10, 12 or 30)

Figure 3.1 Formation of supramolecular double strand porphyrin nanoring complexes from c-PN and
P2py2. Ar = 3,5-bis(trihexylsilyl)phenyl, Ar’ = 3,5-bis(octyloxy)phenyl, R = trihexylsilyl, R” = dodecyl.

3.2 Synthesis of self-assembled components

The porphyrin nanorings were synthesised according to the established procedures using Pd/Cu
catalysed-oxidative coupling of linear porphyrin oligomers with templates.®>** The free-base dimer
was prepared following the methods developed in Anderson’s group as shown in Scheme 3.1 (see

more detail in the experimental section).
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Pd(PPhs);Cl,, Cul,
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Scheme 3.1 Overview of the synthesis of free-base dipyridyl-substituted porphyrin dimer P2py2.
THS = Si(C6H13)3 and R = n-C12H25.

3.3 Determination of stoichiometry

3.3.1 Job plot method

Each free-base P2py2 antenna unit can bind to the zinc-porphyrin nanorings via two Zn-N
coordination sites, so that a c-PN nanoring with N zinc centres might be expected to bind up to N/2

antenna units to form a complex of the type c-PN-(P2py2)n, (Figure 3.1 when X = N/2). We
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started this study by testing whether complexes of this stoichiometry are formed, using the Job plot
method of continuous variation,"*** by means of UV-vis-NIR spectroscopy. In these titrations, the
total concentration of all the components was kept constant while varying the molar ratio of host
(c-PN) to guest (P2py2). The stoichiometry of each complex was obtained from the abscissa of the
maximum of the Job plot, where the x- and y-axes are given by

x = [H]/([H] + [G]) (eq. 3.1)
V= Aops — ew[H] — e6'[G] (eq. 3.2)

where [H] and [G] are the total concentrations of host (c-PN) and guest (P2py2) at the initial state,
respectively; Aqs is the observed absorbance at a specific wavelength; ¢4 and &g are the molar
absorption coefficients of the host and guest at that wavelength, respectively. The x error bars
reflect uncertainty in [H] and [G] (originating from uncertainty in gy and &g).

The resulting Job plots and UV-vis-NIR spectra are shown in Figure 3.2a—e. The changes in
the absorption spectra on binding show that the dimers absorb at shorter wavelengths than the
nanorings, and that complexation results in a slight red-shift of the Q-bands, due to the effects of
local planarisation on exciton delocalisation.

The Job plot for c-P6 shows that a 1:2 complex is formed instead of the expected 1:3 complex.
This conclusion was confirmed by *H NMR titration (see the details in the next Section 3.3.2). The
formation of a 1:2 complex, but not a 1:3 complex, can be explained by the increased strain in the
ring upon binding P2py2 to c-P6.

The three medium-sized nanorings c-P8, c-P10 and c-P12 give the expected Job peaks at 0.20,
0.17 and 0.14 respectively, indicating that the stoichiometries of their complexes are 1:4 (c-P8),
1:5 (c-P10) and 1:6 (c-P12). The largest nanoring tested in this study, c-P30, gave a Job peak at
0.20 indicating formation of a 1:4 complex, instead of the expected 1:15 complex. This surprising
behaviour may be attributed to aggregation of the very large nanoring, either intermolecularly or

intramolecularly, to form a hairpin folded conformation.**
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Figure 3.2 Job plots for nanorings-dimer complexes (all in toluene at 298 K). (Left) The UV-vis-NIR spectra
upon varying mole fraction of nanoring from 0 to 1 in thick red to black lines. (Right) Job plots of the
complex formations with red and black dots corresponding to the absorbance difference as shown in the

legend. Red and black dashed lines are given as a guide to the eye.
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3.3.2'H NMR of c-P6+P2py2 complex to confirm the stoichiometry

A 'H NMR titration was performed to test the conclusion of the Job plot on the formation of a
1:2 complex between c-P6 and P2py2 Upon adding dimer P2Py2 to c-P6, the appearance of a new
complex and the shifting of all peaks corresponding to c-P6 were observed (Figure 3.4). The rate
of exchange is intermediate between fast and slow, resulting in broadening of the resonances, so
that it was not possible to gain much information directly from the resonances of c-P6 or P2py2.
At the start of the titration, 6.0 equivalents of pyridine were present and bound to the 6-ring. (The
amount of pyridine was determined from the *H NMR spectrum at 0.0 equivalent of P2py2 using
the integration of the pyridine in comparison to the value of the porphyrin c-P6.) The pyridine that
was initially bound to c-P6 was replaced by dimer during the titration, because when P2Py2
chelates to c-P6 it binds much more strongly than monodentate pyridine (Figure 3.3). Therefore,
the shift of the peaks corresponding to the pyridine could be used to monitor the fraction of bound

pyridine, and thus to determine how many equivalents of dimer bind to each 6-ring.

P2py2

Yy

(cP6)- (Py)s (cP6)- (P2py2),

Figure 3.3 Possible displacement of pyridine (green arrows) with P2py2 during *H NMR titration of c-P6
with P2Py2 when pyridine is present.
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Figure 3.4 'H NMR titration of c-P6-(Py)s with P2Py2 (toluene-dg, 298 K, 500 MHz, [c-P6] = 0.22 mM)

and assignment of ratio of P2Py2/c-P6. Red and green peaks correspond to - and y-protons on pyridine,
respectively.

We calculated the chemical shift of the peaks corresponding to the - and y-pyridine protons
during the titration using the equation:

[PY] free [PY] bound

obs = [PY]tot Jree [PY]tot Obound

(eq. 3.3)

where [Pyltree, [PYlbouna @nd [Pyl are concentrations of free, bound and total pyridine in the
titration, respectively; Sps, Sfree @Nd Shouna (PPM) are chemical shifts corresponding to B- or vy-
protons of observed, free and fully bound pyridine, respectively. The chemical shifts corresponding
to free B- and y-pyridine are &= 6.67 and 6.99 ppm, respectively (measured by recording the *H
NMR spectrum of pyridine in toluene-dsg).

As there is no consumption of components, it is true that

[ PYltot = [PY]lbound + [PY]free (eq. 3.4).

[PY]bouna Can be obtained from the binding constant K, making the following assumptions.

Prior to additional of dimer, all 6 sites of Zn on the 6-ring are available for binding pyridine. After

additional of up to two equivalents of dimer, some of the Zn sites bind dimer to form a 1:2
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complex, making them unavailable for binding weak ligands such as pyridine. When more than
two equivalents of dimer are added, only two Zn sites are available for binding pyridine; they can
bind to either pyridine and/or excess dimer which acts as the competitive ligand. We assume that
the dimer can bind to these remaining sites as a non-chelating ligand, so the concentration of these
pyridine sites is twice the concentration of excess dimer. Thus, after more than two equivalents of
dimer, the effective pyridine concentration is not only obtained from the concentration of simply
pyridine but also two times of concentration of excess dimer.

Then, [eff. PY]young IS given from

[eff PY] bound

(Kpy ([eff. Zn]or + [eff. Pyliop) + 1) — \/(pr([eff. Zn].o + [eff. Pylior) + 1)2 — 4K2 [eff. Zn] o [eff. Py]¢or

2K,y

(eq. 3.5)
where K, is the association constant between pyridine and porphyrin monomer (K, =
(2.58 + 0.26) x 10 M, see detail in the determination of reference constants Section 3.4.3a); [eff.
Zn]y is the total concentration of the available Zn sites to weak binding of ligands such as
pyridine; [eff. Py]i is the total concentration of the effective pyridine sites. [eff. Zn] and [eff.
PyJio: are derived from the 1:2 assumption below:

For [eff. ZNn]
Condition a) if the amount of dimer is less than or equal to 2 equivalents, then all dimers are
bound to the 6-ring, giving:

[eff.Zn] o = 6[cP6]ior — 2[P2PY2] 0t (eq. 3.6)
Condition b) if the amount of dimer is more than 2 equivalents, then there are only 2 sites of
zinc available on each 6-ring, giving:

[eff.Zn]i o = 2[cP6]ior (eq. 3.7)

For [eff. Py]t
Condition a) if the amount of dimer is less than or equal to 2 equivalents, then all dimers are
bound to the 6-ring and the total concentration of effective pyridine is just the total

concentration of ordinary pyridine, [Py]t, giving
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[eff. PY]ior = [PY]tot (eq. 3.8)
and [PY]bouna = [eff.PY]bound (eq. 3.9).

Condition b) if the amount of dimer is more than 2 equivalents, then the excess dimer can also
compete with the pyridine to bind to the zinc site. If we consider the dimer as two sites of
pyridine, we obtain

[eff. PY]iot = [PY]iot + 2[non- chelating dimer],, (eq. 3.10).
Since we assume that two dimers can be bound on the 6-ring, it is true that

[non- chelating dimer],; = [P2PY2]or — 2[CP6]ot (eq. 3.11).
Then,

[eff. Py]ior = [PY]tor + 2[P2PY2]ior — 4[cP6]iot (eq. 3.12)

[PYltot )

(eq. 3.13).
[PYlot + 2[P2PY2]cor — 4[CP6] o 1

and [PY]bouna = [ff.PY]bouna X (

This equation was combined with Equations 3.5 and 3.3 to calculate the chemical shifts of the
pyridine signals over the course of the titration as shown in Figure 3.5. The predicted chemical
shifts of pyridine are in very good agreement with the empirical data from the titration, indicating
that the 1:2 assumption is valid and only two dimers are bound to 6-ring. This 1:2 ratio can be
explained by the increased strain in the ring upon binding P2py2 to c-P6, which may straighten out

the binding sites on c-P6. This may disfavour the formation of the 1:3 (c-P6:P2py2) complex.

7.0 1
n..@
6.5 __Q---D'
tm— O
0o-° 9..2--°
6.0 A - L
g' "I
6Py,obs ’,' e
554 "” o"’ O B'HPy(exp)
&’ B - B-pr (cal)
5.0 1 ’l” O Y'HPy(exp)
’,' coe Y'HPy (cal)
@
4.5 T T T T T T T T T
0 1 2 3 4

Equivalent of dimer
Figure 3.5 Changes in the chemical shift of the pyridine protons on titration of c-P6e(py)s with P2py2,

showing the y-proton (green square) and B-proton (red circle) with various equivalent of dimer P2py2. The
simulated data were calculated by equation 3.3 (green dash line, y-proton and red dash line, B-proton).
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3.4 Investigation of binding strain

We investigated the thermodynamic stabilities of the c-PN-(P2py2)x complexes, as a function
of ring-size, to probe the flexibility of the nanorings and to study the role of the non-covalent
dimer-nanoring association on the acceptor state. The binding constants of complexes can be
determined by UV-vis-NIR titrations and these values can be used to calculate the strain energy of

complex formation as will described in Section 3.4.4.
3.4.1 UV-vis-NIR formation titration

At the first attempt to determine the binding constant (Ks) in toluene at 25 °C, UV-vis-NIR
formation titrations of (c-PN)-(P2py2)n,, complexes were performed. The dimer was added to the
nanoring and the total concentration of the nanorings was kept constant during the titration to
inspect the isosbesticity and to simplify the analysis of the data. Binding constants were
determined from the titration curves using a 1:1 binding model (i.e. the dimer ligands behave
independently in their binding to N-ring, and N-ring is treated as N/2 dimer sites). Isosbestic
behaviour would be observed if this assumption were fulfilled in the actual system. The binding
isotherm was analysed by fitting in Origin® software, assuming a 1:1 binding situation. K; was

evaluated by

A-Ay (Kf([L]0+[P]o)+1)—\/(Kf([L]o+[P]o)+1)2—4K1=2[P]0[L]0

As—Ag 2K¢[P]o

: (eq. 3.14)

where A is the observed absorption at a specific wavelength or difference of absorption at two
wavelengths; A, is the starting absorption at this wavelength or difference of absorption in these
two wavelengths; A¢ is the asymptotic final absorption at this wavelength or difference of
absorption in these two wavelengths; K; is the association constant between ligand and porphyrin
host; [L] is the concentration of ligand; [P]o is the concentration of porphyrin host. The detailed

derivation of the equation is shown in Appendix.
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For the formation titration of c-P10 and c-P12-dimer complexes, we encountered aggregation
problems between the nanorings at the initial points of the titration, so these initial points were
excluded from the analysis.

The UV-vis-NIR formation titration spectra are shown in Figures 3.6-3.9. The binding
constants of the complexes are mostly too strong (K; > 10’ M as listed in Table 3.1) to be
determined from formation titrations. Thus, denaturation titrations were used to determine K;
indirectly by quantifying the ability of pyridine to break up the complexes, via the denaturation
constant Kq, as described in the next section.

Table 3.1 Binding constants of c-PN with P2py2 (1:1 association constant, M) determined by direct
titration

Ky, M
c-PN
Run 1 Run 2 Average
c-P6 (1.26 £ 0.33) x 10’ (1.05 + 0.15) x 10’ (1.16 + 0.18) x 10’
c-P8 (2.88 £ 0.41) x 10’ (3.07 £ 0.47) x 10’ (2.98 + 0.31) x 10’
c-P10 (1.70 £ 0.19) x 10’ (1.43+£0.18) x 10’ (1.57 £ 0.13) x 10’
c-P12 (2.79 £ 0.59) x 10’ (2.71 + 0.47) x 10’ (2.75 + 0.37) x 10’

Absorbance
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Figure 3.6 UV-vis-NIR formation titration of c-P6 ([c-P6] = 4.31 x 10’ M) with P2py2 in toluene at 298 K
(Run 1: R? = 0.989; Run 2: R? = 0.995). (left) Changes in absorption upon addition of P2py2. Arrows
indicate areas of increasing and decreasing absorption during the titration; (right) Binding isotherm (black
dots) derived from absorption data at A = 850 — 950 nm and fit obtained from Origin® (red line).
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Figure 3.7 UV-vis-NIR formation titration of c-P8 ([c-P8] = 2.50 x 10" M) with P2py2 in toluene at 298 K
(Run 1: R? = 0.999; Run 2: R? = 0.998). (left) Changes in absorption upon addition of P2py2. Arrows
indicate areas of increasing and decreasing absorption during the titration; (right) Binding isotherm (black
dots) derived from absorption data at . = 825 — 950 nm and fit obtained from Origin® (red line).
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Figure 3.8 UV-vis-NIR formation titration of c-P10 ([c-P10] = 1.40 x 10~ M) with P2py2 in toluene at 298
K (Run 1: R? = 0.995; Run 2: R? = 0.992). (left) Changes in absorption upon addition of P2py2. Arrows
indicate areas of increasing and decreasing absorption during the titration; (right) Binding isotherm (black
dots) derived from absorption data at » = 825 — 950 nm and fit obtained from Origin® (red line).
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Figure 3.9 UV-vis-NIR formation titration of with c-P12 ([c-P12] = 3.02 x 10" M) with P2py2 in toluene at
298 K (Run 1: R? = 0.992; Run2: R? = 0.996). (left) Changes in absorption upon addition of P2py2. Arrows
indicate areas of increasing and decreasing absorption during the titration; (right) binding isotherm (black
dots) derived from absorption data at A = 830 — 950 nm and fit obtained from Origin® (red line).
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3.4.2 UV-vis-NIR denaturation titration

The self-assembled complexes were generated by titrating solutions of c-PN (N = 6, 8, 10 and
12) in toluene with pyridyl substituted-porphyrin dimer P2py2. UV-vis-NIR denaturation titrations
were used to determine K; indirectly via the denaturation constant Kg,. At approximately 10° M in
toluene at 25 °C, a large excess of pyridine was titrated to the complexes of (c-PN)e(P2py2)ny.
(except for c-P6, which is a (c-P6)e(P2py2), complex) to displace bidentate ligand P2py2. The
denaturation data were analysed by fitting in Origin® software, assuming a 1:1 binding situation.

KgnWas evaluated by

_ [c=PN-Py,|[P2py2]
[c—PN-P2py2][Py]*

an (eq. 3.15)

where [Py] is the concentration of pyridine. The corresponding binding isotherm was given by

Acay  —Kan[PYI+ [KG,[PYI*+4Kan[PYP2[Plo

Af—Ag 2[P]o '

(eq. 3.16)

where A is the observed absorption at a specific wavelength or difference of absorption at two
wavelengths; A, is the starting absorption at this wavelength or difference of absorption in these
two wavelengths; A¢ is the asymptotic final absorption at this wavelength or difference of
absorption in these two wavelengths; Ky, is the denaturation constant between P2py2 and the
porphyrin nanoring complex; [Py] is the concentration of pyridine and [P], is the concentration of
porphyrin nanoring complex. Since we are using a 1:1 binding model, the [P], is a 2, 4, 5 or 6-fold
multiple of the concentration of c-P6, ¢c-P8, c-P10 and c-P12, respectively as they have multiple
porphyrin units inside each molecule. The detailed derivation of this equation is shown in the
Appendix.

The UV-vis-NIR denaturation titrations are shown in Figures 3.10-3.13. Binding isotherms
derived from the changes in absorption at two specific wavelengths. Wavelengths were chosen
which gave the greatest increase and decrease in absorption during each titration, within the same
region of the spectrum. We use a difference in absorption, resulting from complexation, to avoid

any effects that might cause variation in the baseline, since such artefacts would cause a rise or fall
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in the absorption at both wavelengths. Binding isotherms were analysed by simulation with
Equation 3.14 to give the smooth curves plotted in Figures 3.10-3.13 (right), with just three free

parameters (Ao, As, and Kgy,). The resulting values of Ky, are listed in Table 3.2 in Section 3.4.3b.
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Figure 3.10 UV-vis-NIR denaturation titration of (c-P6)e(P2py2), ([complex] = 4.31 x 10° M) with
pyridine in toluene at 298 K (Runl: R*=0.999; Run2: R*=0.999). (left) Changes in absorption upon addition
of pyridine. Arrows indicate areas of increasing and decreasing absorption during the titration; (right)
Binding isotherm (black dots) derived from absorption data at A = 606 — 644 nm and fit obtained from
Origin® (red line).
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Figure 3.11 UV-vis-NIR denaturation titration of (c-P8)e(P2py2), ([complex] = 2.89 x 10" M) with
pyridine in toluene at 298 K (Run 1: R?* = 0.997; Run 2: R® = 0.997). (left) Changes in absorption upon
addition of pyridine. Arrows indicate areas of increasing and decreasing absorption during the titration;
(right) Binding isotherm (black dots) derived from absorption data at A = 604 — 644 nm and fit obtained from

Origin® (red line).
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Figure 3.12 UV-vis-NIR denaturation titration of (c-P10)e(P2py2)s ([complex] = 1.83 x 10 M) with
pyridine in toluene at 298 K (Run 1: R? = 0.997; Run 2: R® = 0.996). (left) Changes in absorption upon
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addition of pyridine. Arrows indicate areas of increasing and decreasing absorption during the titration;
(right) Binding isotherm (black dots) derived from absorption data at A = 602 — 655 nm and fit obtained from
Origin® (red line).
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Figure 3.13 UV-vis-NIR denaturation titration of (c-P12)e(P2py2)s ([complex] = 3.02 x 10" M) with
pyridine in toluene at 298 K (Run 1: R®> = 0.996; Run 2: R* = 0.998). (left) Changes in absorption upon
addition of pyridine. Arrows indicate areas of increasing and decreasing absorption during the titration;
(right) Binding isotherm (black dots) derived from absorption data at A = 604 — 661 nm and fit obtained from
Origin® (red line).

3.4.3 Calculation of the formation constant K;

P2py2

cPN
! ? 9 !N/Z N ﬂ
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Kf(NIZ) N2

Figure 3.14 Generic thermodynamic cycle for the formation of a double strand complex.

The formation constants K; for nanoring-dimer complexes were calculated indirectly using the

denaturation constants from

KZ
Kf:ﬂ

(eq. 3.17),
Kdn

where K, is the formation constant for the binding of pyridine to porphyrin monomer (detail of
determination of K, as described below) and Ky, is the denaturation constant of the

nanoring-dimer complexes with pyridine.
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As a result, to derive K of nanoring-dimer complexes by Equation 3.15, K, is needed and the
binding constant of P2py2 to porphyrin dimer is also required as a reference in comparison to the

binding constants of the family of nanoring-dimer complexes as follows.

a) Determination of reference constants

The binding constant of pyridine to porphyrin monomer complex (K,) was derived by

UV-vis-NIR formation titration of pyridine with porphyrin monomer (Figure 3.15).

Figure 3.15 Formation of pyridine and porphyrin monomer complex (PlePy). Ar =
3,5-bis(octyloxy)phenyl, R = trihexylsilyl.
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Figure 3.16 UV-vis-NIR formation titration of P1 ([P1] = 2.75 x 10 ® M) with pyridine in toluene at 298 K;
(Run 1, R* = 0.9999; Run2, R? =0.9998); K,, = (2.58 + 0.26) x 10* M. (left) Changes in absorption upon
addition of pyridine. Arrows indicate areas of increasing and decreasing absorption during the titration;
(right) Binding isotherm (black dots) derived from absorption data at A = 647 — 622 nm and fit obtained from
Origin® (red line).

The empirical data were in excellent agreement with the theoretically derived 1:1 binding
Equation 3.14, resulting in to K,, = (2.58 + 0.26) x 10" M (Figure 3.16). Monomer was used
instead of the cyclic porphyrin oligomers to model this interaction in order to avoid the initial
aggregation of the nanorings during this titration.

Likewise, the binding constant of P2py2 to porphyrin dimer was also elucidated as a reference

in comparison to the binding constants of the family of nanoring-dimer complexes (Figure 3.17).
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P2. P2py2

Figure 3.17 Formation of P2py2 and porphyrin dimer complex (P2eP2py2). Ar =
3,5-bis(trihexylsilyl)phenyl, Ar’ = 3,5-bis(octyloxy)phenyl, R = trihexylsilyl, R* = dodecyl.
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Figure 3.18 UV-vis-NIR formation titration of P2 ([P2] = 8.71 x 10"’ M) with P2py2 in toluene at 298 K (K¢
= (1.74 £ 0.20) x 10® M™). (left) Changes in absorption upon addition of P2py2. Arrows indicate areas of
increasing absorption during the titration; (right) Binding isotherm (dots) derived from absorption data at
various wavelengths and fit obtained from SPECFIT (line). The increment after addition of 1 equivalent of
P2py?2 is attributed to the absorption overlapping between excess P2py2 and the complex.
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Figure 3.19 UV-vis-NIR denaturation titration of P2¢P2py2 ([complex] = 8.71 x 10”" M) with pyridine in
toluene at 298 K (Runl: R? = 0.9996; Run2: R? =0.999). (left) Changes in absorption upon addition of

pyridine. Arrows indicate areas of increasing and decreasing absorption during the titration; (right) Binding
isotherm (black dots) derived from absorption data at A = 451 — 434 nm and fit obtained from Origin® (red

line).
The binding isotherm of dimer-dimer formation was too sharp and the increment after addition

of 1.0 equivalent of dimer due to the overlapping absorption between the complex and excess

107



Chapter 3

dimer. This makes the difficulty to obtain a curve fitting a 1:1 model for formation from Equation
3.14 (Figure 3.18). The first attempt to fit the data using a 1:1 model calculated by SPECFIT
provided good agreement between the empirical data and simulated data, giving
K= (1.74 £ 0.20) x 10° M". Nevertheless, the binding constant of this complex is too strong
(K¢> 10" M™). The breakup titration was therefore performed to confirm K; from SPECFIT again
and fitted successfully using Equation 3.16 (Figure 3.19), giving Kg = 3.98+ 0.10 M.
Ks = (1.67 £ 0.34) x 10° M* was calculated using the thermodynamic cycle (Equation 3.17) and is
listed in Table 3.2. The two values of K; from SPECFIT and from the breakup titration are in good

agreement.
b) Summary of denaturation and formation constants of nanoring-dimer complexes

Kgn evaluated by Equation 3.16 and K; calculated by Equation 3.17 are listed in Table 3.2.
The binding constants for the various sizes of porphyrin nanoring with dimer are compared
graphically in Figure 3.20.

Table 3.2 Denaturation constants of nanoring-dimer complexes with pyridine and formation constants of
nanoring-dimer complexes determined via denaturation titrations

Kdny Mil
PN K, M
Run 1 Run 2 Average
P2 4.04 £0.20 3.92+0.20 3.98+0.14 (1.67 £ 0.34) x 10°
c-P6 25.0+1.25 26.0+1.30 25,5+ 0.90 (2.60 £ 0.53) x 10’
c-P8 8.73 £ 0.66 8.23+0.60 8.48 £ 0.45 (7.82 + 1.60) x 10’
c-P10 5.16 £ 0.52 5.29 £0.53 5.23+0.37 (1.27 £ 0.27) x 10°
c-P12 4.42 £0.44 455+ 0.46 4.49 +0.32 (1.48 £ 0.31) x 10°
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Figure 3.20 Comparison of the formation constants as a function of ring size. The red dash line is the level
of binding constant of linear dimer-dimer complex. The green line is a guide for the eye.

Comparison of the binding constants of the various nanorings with P2py2 reveals that Ky
increases as the nanoring becomes larger. The binding constant of ¢c-P12 with P2py2 is close to the
affinity of the linear zinc porphyrin dimer P2 for P2py2 [(1.7 + 0.3) x 10° M "], implying that each

segment of c-P12 behaves almost like a linear oligomer.
3.4.4 Calculation of strain energy

The strain energy, AGgyin Of complex formation was estimated by comparing the stability of
c-PN-P2py2 with that of the unstrained dimer complex P2-P2py2, using Equation 3.18,

AGiirain = AGuinding, p2— AGbinding, c-pN (eq. 3.18)

where AGyinging = —RT In(Ky). The results, listed in Table 3.3 and plotted against ring-size in Figure

3.21, show that AGgy,in decreases with the size of the rings.
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Table 3.3 Formation constants and binding strain of nanoring-dimer complexes®

porphyrin host K, M AGiirain, KJ mol ™’
I-P2 (1.7+03)x10° 0

c-P6 (26+0.5)x107  4.60+0.71
c-P8 (7.8+1.6)x 10"  1.87+0.72
c-P10 (13+£03)x10°  0.67+0.73
c-P12 (1.5+£03)x10°  0.30+0.73

& Errors estimated from at least two replicates.
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Figure 3.21 Calculated strain energy of ring-dimer complexes from binding constants as a function of the
number of the porphyrin units N. The blue line is a guide to the eye.

The strain in the nanorings, and the increase in strain caused by binding P2py2, was analysed
using molecular mechanics calculations. The geometries of all nanoring structures were calculated
using the MM+ force field in HyperChem (Figure 3.22). The decrease in curvature as the rings
become larger results in a change in distance between neighbouring zinc centers; the Zn-Zn
distances are 12.1, 12.2, 12.4 and 12.5 A for c¢-P6, c-P8, c-P10 and c-P12, respectively. The
structure of c-P12 is the most flexible and its calculated Zn-Zn distance is close to that of the linear
dimer P2 (12.8 A). The finding that only two P2py2 dimer antenna units bind to the zinc porphyrin

sites on c-P6 raises the question of whether the dimers sit close (1,3) or opposite (1,4) to each other
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on the 6-ring. Models of these complexes from molecular mechanics calculations (Figure 3.23)

indicate that the geometry with the dimers further apart (1,4) is lower in energy.
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Figure 3.22 The models of c-PN from 6- to 12-rings are energy minimised geometries calculated using
MM+ force field in HyperChem. R is the radius measured to Zn centres.

Figure 3.23 Geometries of two possible isomers of the 6-ring-dimer complex from molecular mechanics
calculations (MM+ force field; HyperChem). (a) Close dimers-ring complex (1,4); (b) Opposite dimers-ring
complex (1,3); the aryl groups and side chains were omitted to simplify the calculations.

3.5 Energy transfer study

This section was most carried out by Dr. Patrick Parkinson and Dr. Laura Herz (Department of
Physics, University of Oxford).

Porphyrin nanorings generally show fully delocalization lengths for nanoring acceptors of
between 6 and 12 units, resulting in a redshift in absorption with increasing nanoring size,* along
with a reduction in radiative rate linked to a symmetry-forbidden ground state.’® In the antenna-
nanoring complex, one would expect this to cause a decrease in energy transfer rate within the
Forster framework, because of the increased ‘centre-of-mass’ distance between the donor and

acceptor states. However, we demonstrate here that, surprisingly, the non-covalent binding of an

111



Chapter 3

antenna molecule instead leads to strain-induced localisation of the exciton state on the nanoring,
resulting in energy transfer from the dimer antenna to the nanoring being independent of nanoring

size.

3.5.1 Time-resolved photoluminescence

|17

Upon photoexcitation of antennae in complexes of both natural'’ and synthetic systems,®

energy transfer occurs to the nanoring with almost 100% efficiency, suggesting ultrafast quenching

of the antenna emission resulting from energy transfer to the nanoring acceptor.

N N
t@j %}3: |
Ar Ni2-1
c-PN- P2py2

c-PN (N =6, 8,10, 12 or 30)

R = trihexylsilyl, R' = dodecyl
Ar = 3,5-bis (trihexylsilyl)phenyl

Figure 3.24 Formation of dimer-nanoring complexes from one P2py2 bound per c-PN for energy transfer
study.

We experimentally evaluate the energy transfer dynamics in complexes consisting of one
porphyrin dimer (P2py2) bound per porphyrin nanoring (Figure 3.24), by monitoring the relative
photoluminescence decay of the dimers, as described in the experimental section. The complexes
were prepared at millimolar concentrations in toluene. The dimer was also displaced from the
complex by the addition of an excess of pyridine (>1% v/v) to give a reference sample. Figure 3.25
shows the photoluminescence ratio of the dimer between the assembled and disassembled states
along with mono-exponential fits. The energy transfer rate for each complex is given in Figure
3.25; strikingly, there is no significant deviation from a (1.3 ps)* transfer rate as the nanoring size
is varied between 6 and 30 porphyrin units. A constant energy transfer rate as a function of
acceptor size is unexpected in porphyrin nanoring systems, as the absorbing (initially generated)

lowest lying excited state is thought to be highly delocalised for most of the studied molecules.®
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Such delocalisation introduces an increasing spatial separation between the donor molecule and the
‘centre-of-mass’ of the exciton generated on the acceptor nanoring, reducing the coupling in the

Forster resonance energy transfer framework.
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Figure 3.25 The ratio between the time-resolved dimer photoluminescence in the assembled and
disassembled state isolating the dimer to nanoring energy transfer pathway is shown for the five nanoring
sizes (circles; vertically offset for clarity). A mono-exponential fit (dashed line) is also shown, with the time
constant for each complex given. An excitation wavelength of 627 nm was used.

The experimental result suggests that there is a preferred acceptor state that is essentially
unchanging with nanoring size. Such constant energy transfer could arise from coupling to a
localised absorbing state on the nanoring which would, however, have to be statically correlated
with the antenna position. Uncorrelated localisation would lead to a reduction in transfer rate with
nanoring size, as a randomly placed acceptor site would be further from the antenna (on average)
for larger rings. It is therefore proposed that the attachment of an antenna dimer induces a localised
acceptor state immediately below the attachment point. The formation of this state is therefore

most likely directly related to the binding process itself.

3.5.2 Modelling energy transfer

While the importance of structural disorder on the energy transfer dynamics in conjugated
molecules is well known, the specific influence of a small change — such as introducing an antenna
molecule — is typically hard to assess. Here we present a sensitive probe of how the exciton state

on the nanoring is influenced by associated structural changes that in turn impact on the energy
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landscape. By combining ultrafast spectroscopy with associated modelling, we are able to link the
observed energy dynamics with explicit models representing fundamentally different acceptor
states.

We have demonstrated that there is no significant change in energy transfer rate with nanoring
size, and that coupling to a donor dimer leads to non-negligible strain on the nanoring, with a local
planarisation and suppression of torsional motion. To quantitatively assess the influence of
localisation, strain and choice of absorbing states we have calculated the energy transfer rates in
this system as a function of ring size for three different models as shown in Figure 3.26, as
follows:

(1) Model 1 takes the standard Forster point-dipole approach, for which we assume an acceptor
dipole to be situated at the centre of the nanoring and calculate the energy transfer rate using the
traditional point-dipole model,*

(2) Model 2 assumes a fully delocalised (k =1, see the explanation of this delocalised state in
Chapter 1) absorbing state on the nanoring, with the energy transfer between dimer and nanoring
evaluated using the line-dipole model,? and

(3) Model 3 assumes an absorbing state of extent N, localised below the dimer, with the energy
transfer rate calculated using the line-dipole approach.

For Model 3, the effect of partial localisation of the absorbing state over N, units of the ring
below the donor dimer is considered. We use absorption spectra for a range of complementary
porphyrin oligomers on a suitable template to compute energy transfer rates that are then
contrasted with the experimental data (see Figures 3.26). By use of the oligomer as a model, we
find that a description of the localised distorted state extending over N, = 6 units offers best match
between experimental data and calculations for Model 3, suggesting that strain resulting from

dimer attachment weakens the effective conjugation of the absorption state only to a certain extent.
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Figure 3.26 Calculation of overall transfer rate for different choices of acceptor state. The experimental
results match most closely to energy transfer to a linear 6-porphyrin acceptor state, used for the modelling.
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Figure 3.27 (Top) Schematic of three energy transfer models for the dimer c-P8 system; (left) point-dipole
model, (centre) line-dipole model with fully delocalised nanoring state and (right) line-dipole model with
partially localised (N, = 6) acceptor state. Arrows indicate sub-dipole coupling elements. (Bottom) Modelled
data for energy transfer rate. The (1) point-dipole model is shown in blue, (2) line-dipole model in green and
(3) localised dimer model in black. Experimental data is shown in red (bottom panel only). The inset shows
the dimer model and experimental data only. All lines are guides to the eye.
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Figure 3.26 shows the predicted energy transfer rate as a function of nanoring size from three
models: Model 1 and 2 for full-nanoring absorbing state and Model 3 for localised absorbing state.
It can be seen that Model 3 provides both a qualitative and quantitatively excellent agreement with
the experimental data, strongly supporting the emergence of a localised state upon non-covalent
binding of an antenna molecule. In particular, Model 3 is the only approach that mirrors the
observed independence of energy transfer rates on ring size.

The origin of the emergence of a localised state can be related to two effects; firstly, the strain
applied during binding, and secondly, the local suppression of torsional motion. Deviation from
perfect circular shape is known to create localised states'® due to backbone distortion. Torsional
motion has also been related as a key driver towards disorder and (de-)localisation in a number of
conjugated systems.??* These features are highly relevant, as in the assembled dimer-nanoring
complexes the torsional angle between the two bound porphyrins is locked, which often generates
a higher conjugation, localised state,”® as experimentally shown for cyclic oligothiophene
molecules with planarising linkers* and porphyrin dimers.” It is logical therefore, that the non-
covalent addition of an antenna molecule onto a nanoring structure induces significant strain,
resulting in the distortion of the energetic environment and the emergence of localised states. The
use of strain in the synthetic nanoring systems presented here provides a new tool to control local

exciton states in multi-chromophoric complexes.

3.6 Summary

We present the energy transfer in a family of synthetic porphyrin light-harvesting complexes
reminiscent of the natural LH2 antenna systems. Our ability to vary the ring size five-fold between
6 and 30 porphyrin units has enabled validity tests of energy transfer models. We were able to
explore the effect of strain resulting from donor binding to the porphyrin nanorings via a study of
binding affinities. Binding constants were shown to increase significantly with the size of the ring,
consistent with host distortion and strain effect decreasing from the rigid 6-ring to the more
flexible 12-ring. Our subsequent investigation shows that such strain also has significant impact on

the energy transfer rates in the assembled systems. Upon varying the size of the nanoring from 6 to
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30 porphyrin units, no change in energy transfer rate between the attached dimer and the nanoring
was observed. These experimental results indicate that the absorbing state is independent of
nanoring size, acting as a localised state centred below the antenna molecule. Simulation of energy
transfer rates qualitatively and quantitatively agrees with the existence of a localised acceptor state
limited to approximately 6 porphyrin units. Our work highlights an approach to exploit strain in
large conjugated materials, to create efficient, size-independent synthetic energy funnelling for

light-harvesting applications.

3.7 Experimental section

3.7.1 General methods

All chemicals were purchased from commercial suppliers and used without further purification
unless otherwise stated. Dry toluene, THF, chloroform and CH,CI, were obtained by passing
through a column of activated alumina under nitrogen pressure. Diisopropylamine (DIPA) was
dried over calcium hydride, distilled and stored under nitrogen over molecular sieves (3 A, 8-12
mesh). All manipulations of oxygen- or water-sensitive compounds were performed using standard
high-vacuum techniques. Size exclusion chromatography was carried out on Biobeads SX1
(cross-linked polystyrene) under gravity elution. “Petrol ether” (PE) always refers to 40/60 petrol
ether.

'H and **C NMR spectra were recorded on a Bruker Avance 400 (400.13 and 100.64 MHz), a
Bruker DQX 400 (400.13 and 100.64 MHz), a Bruker DRX 500 and Bruker Avance I1 500 (500.13
and 125.77 MHz) at 298 K unless otherwise stated. TopSpin (Version 3.1) and Spinworks were
used. Chemical shifts (6 in ppm) are referenced to solvent residual peaks (CDCl; at 6y 7.26, oc
77.16 and toluene-ds at &y 2.08, 6.97, 7.01 and 7.09). Abbreviations for 'H NMR data: s = singlet,
d = doublet, t = triplet, m = multiplet, “t” = pseudo triplet, br = broad. Abbreviations for
BC-DEPTQ-NMR data: u = up (CH; or CH), d = down (CH, or Cq).

MALDI-TOF-MS was measured with a Waters MALDI Micro MX spectrometer. Trans-2-[3-

(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DTCB) was used as a matrix for all
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MALDI-TOF measurements.

All UV-vis-NIR spectra were recorded at 25 °C on a Perkin-Elmer Lambda 25
photospectrometer using quartz 1 cm cuvettes. The concentration was calculated using the known
extinction coefficient of the oligomer. For denaturation titrations, the volume of the ligand required
was calculated and added to the cuvette. To this solution, aliquots of a stock solution of pyridine
were added. The titrations were performed at a constant temperature of 25 °C, controlled by a

thermostat. The curve fitting was carried out using Origin 8.5.1.
3.7.2 Synthetic procedures

3.7.2.1 Synthesis of known compounds

The porphyrin nanorings were synthesised according to the established procedures using Pd/Cu

catalysed-oxidative coupling of linear porphyrin oligomers with templates.®**

3.7.2.2 Synthesis of free-base dipyridyl-substituted porphyrin dimer (P2py2)

=—THS
Pd,(dba),,

Pd(PPha),Cly, Cul,
1,4-benzoquinone

95%

Scheme 3.2 Overview of the synthesis of free-base dipyridyl-substituted porphyrin dimer P2py2.
THS =Si(C¢Hy3)s and R =n-CioH,s. The starting aldehydes, 3,5-bis(trihexylsilyl)benzaldehyde and
3,5-bis-(dodecyloxy)isonicotinaldehyde, were synthesised according to references”®?" %,
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5-(3,5-Bis(dodecyloxy)-4-pyridyl)-15-(3,5-bis(trihexylsilyl)phenyl)-porphyrin 1

In a 3 L round-bottom-flask, equipped with a stir bar DCM (1900 mL) (freshly opened bottle)
was placed. The flask was sealed with a subaseal and evacuated down to 1 mbar followed by
backfilling with nitrogen three times. Light was excluded by wrapping the flask with aluminium
foil. 3,5-Bis-(dodecyloxy)isonicotinaldehyde (4.34 g, 9.12 mmol), 3,5-bis-
(trihexylsilyl)benzaldehyde (3.10 g, 4.56 mmol) and dipyrrolemethane (2.0 g, 13.68 mmol) were
added. The mixture was degassed again as described above. Trifluoroacetic acid (2.20 mL, 28.3
mmol) was added slowly over 5 min under vigorous stirring. The reaction mixture was stirred for 3
h. DDQ (4.66 g, 20.5 mmol) was added and stirring continued for 40 min. Triethylamine (11.4 mL,
82.1 mmol) was added and stirring continued for 30 min. The volume was reduced and the
resulting dark solution filtered over a plug of silica eluting with DCM/MeOH (98:2). The solvent
was removed from the dark filtrate. The dark residue was dissolved in DCM/MeOH (99:1) and
purified by column chromatography (silica, eluent: DCM), resulting in two fractions. The second
fraction was collected that contained the desired product. After removal of solvent, this fraction
was dissolved in chloroform and precipitated with MeOH, producing compound 1 in the form of a
purple oil (2.75 g, 43%).
TLC: Rf (DCM) = 0.31; *H-NMR (500 MHz, CDCls): & = 10.24 (s, 2H, meso-H), 9.33 (d, *Ju =
4.6 Hz, 2H, B-H), 9.31 (d, *Jy = 4.5 Hz, 2H, B-H), 9.04 (d, *Juy = 4.6 Hz, 2H, B-H), 8.91 (d, *Jn =
4.5 Hz, 2H, p-H), 8.50 (s, 2H, py-H), 8.31 (s, 2H, 0-H), 7.99 (s, 1H, p-H), 3.94 (t, 3J,4 = 6.3 Hz,
4H, OCH,), 1.53-1.44 (m, 12H, CH,), 1.40-0.70 (m, 96H, CH, and CHs), 0.62-0.54 (m, 4H, CH,),
0.52-0.34 (m, 12H, CH,), -3.04 (s, 1H, NH), -3.07 (s, 1H, NH); *C{*H}-NMR (125 MHz, CDCls):
§=155.6 (2C, py-C), 146.9 (4C, 0-C), 145.2 (4C, a-C), 140.9 (2C, 0-C), 139.5 (1C, ipso-C), 139.2
(1C, p-C), 135.2 (2C, m-C), 131.8 (2C, B-C), 131.1 (2C, B-C), 131.0 (2C, B-C), 130.0 (2C, B-C),
129.1 (2C, py-C), 127.1 (1C, py-C), 120.9 (1C, meso-C), 107.6 (1C, meso-C), 104.8 (2C, meso-C),
69.6 (2C, OCH;), 33.5 (6C, CH,), 31.8 (2C, CH,), 31.6 (6C, CH;), 29.3 (2C, CH},), 29.2 (2C, CH,),
29.1 (2C, CH,), 29.0 (2C, CH,), 28.9 (2C, CH,), 28.5 (2C, CH,), 28.5 (2C, CH}), 25.1 (2C, CH,),

24.0 (6C, CH,), 22.6 (6C, CHy), 22.6 (2C, CH,), 14.1 (6C, CHy), 14.1 (2C, CH3), 12.7 (6C, CH,).
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[5-(3,5-Bis(dodecyloxy)-4-pyridyl)-15-(3,5-bis(trihexylsilyl)-phenyl)-porphyrinato]zinc(ll) 2

A solution of zinc acetate-dihydrate (1.77 g, 9.66 mmol) in MeOH (18.0 mL) was added into a
solution of porphyrin 1 (2.75 g, 1.96 mmol) in CHCI; (140 mL). The mixture was stirred at 40 °C
for 2 h then filtered over a plug of silica, eluting with DCM/pyridine (99:1). The solvent was
removed from the pink filtrate and the residue was dried in high vacuum, yielding the desired
product 2 (2.84 g, 99%) in the form of a pink, sticky solid.
'H-NMR (500 MHz, CDCl3+1% pyridine-ds): & = 10.08 (s, 2H, meso-H), 9.28 (d, *J.y = 4.4 Hz,
2H, B-H), 9.25 (d, *Jun = 4.5 Hz, 2H, p-H), 9.02 (d, J,y = 4.4 Hz, 2H, B-H), 8.89 (d, *Jyn = 4.4 Hz,
2H, B-H), 8.45 (s, 2H, py-H), 8.30 (s, 2H, 0-H), 7.95 (s, 1H, p-H), 3.86 (t, *Juy = 6.4 Hz, 4H,
OCH,), 1.51-1.42 (m, 12H, CH,), 1.38-0.77 (m, 96H, CH, and CHs), 0.71- 0.63 (m, 4H, CH,),
0.48-0.43 (m, 8H, CH,), 0.36-0.27 (m, 4H, CH,); *C-deptQ-NMR (125 MHz, CDCls+1%
pyridine-ds): 6 = (not all C detected) 155.8 (d, 2C, py-C), 149.8 (d, 2C, a-C), 149.2 (d, 2C, a-C),
140.9 (u, 2C, 0-C), 138.6 (u, 1C, p-C), 134.4 (d, 2C, m-C), 132.1 (u, 2C, B-C), 131.8 (u, 2C, B-C),
130.9 (u, 2C, B-C), 130.9 (u, 2C, B-C), 129.1 (u, 2C, py-C), 120.9 (d, 1C, meso-C), 107.5 (d, 1C,
meso-C), 105.3 (u, 2C, meso-C), 69.4 (d, 2C, OCH,), 33.5 (d, 6C, CH,), 31.8 (d, 2C, CH,), 31.6 (d,
6C, CH,), 29.4 (d, 2C, CH,), 29.4 (d, 2C, CH,), 29.2 (d, 2C, CH,), 29.1 (d, 2C, CH,), 29.0 (d, 2C,
CHy,), 28.6 (d, 2C, CH,), 28.5 (d, 2C, CH,), 25.0 (d, 2C, CH,), 24.0 (d, 6C, CH,), 22.6 (d, 6C,
CH,), 14.1 (u, 6C, CH,), 14.1 (u, 2C, CHs), 12.7 (d, 6C, CH,); m/z (MALDI-TOF): 1460.39

(C91H143N5028i22n reqUi res 146102)

[5,15-Dibromo-10-(3,5-bis(dodecyloxy)-4-pyridyl)-20-(3,5-bis(trihexylsilyl)-phenyl)-
porphyrinato]zinc(Il) 3

A solution of N-bromosuccinimide (NBS) (0.69 g, 3.89 mmol) in chloroform (180 mL) was
added dropwise over 10 min to a stirred solution of zinc porphyrin 2 (2.84 g, 1.94 mmol) in
pyridine (1.25 mL) and chloroform (70.0 mL). The reaction mixture was stirred at room
temperature for 15 min before adding acetone (2 mL) to quench any excess NBS. The solution was
concentrated and passed through a short silica plug, eluting with DCM/pyridine (99:1). The solvent

was removed from the green filtrate. The green residue was dissolved in chloroform and
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precipitated by layering methanol. The precipitate was washed with methanol and dried in high
vacuum, affording the desired porphyrin 3 (2.80 g, 89%) in the form of purple highly viscous oil.

'H-NMR (500 MHz, CDCl5+1% pyridine-ds): & = 9.58 (d, *Ju = 4.6 Hz, 2H, B-H), 9.55 (d, *Ju =
4.6 Hz, 2H, B-H), 8.81 (d, *Juy = 4.6 Hz, 2H, B-H), 8.70 (d, *Jyy = 4.7 Hz, 2H, B-H), 8.36 (s, 2H,
py-H), 8.18 (s, 2H, 0-H), 7.95 (s, p-H), 3.88 (t, *J = 6.3 Hz, 4H, OCH,), 1.49- 1.41 (m, 12H,
CHy,), 1.37-0.76 (m, 96H, CH, and CHj3), 0.72-0.64 (m, 4H, CH,), 0.53-0.44 (m, 8H, CH,), 0.39-
0.29 (m, 4H, CH,); *C-deptQ-NMR (125 MHz, CDCl3+1% pyridine-ds): 8 = 155.5 (d, 2C, py-C),
150.6 (d, 2C, a-C), 150.4 (d, 2C, a-C), 149.9 (d, 4C, a-C), 140.8 (d, 1C, ipso-C), 140.6 (u, 2C, o-
C), 139.0 (u, 1C, p-C), 134.6 (d, 2C, m-C), 133.3 (u, 2C, B-C), 133.2 (u, 2C, B-C), 132.4 (u, 2C, B-
C), 132.0 (u, 2C, B-C), 128.7 (u, 2C, py-C), 128.5 (d, 1C, py-C), 123.7 (d, 1C, meso-C), 110.1 (d,
1C, meso-C), 104.3 (d, 2C, meso-C), 69.3 (d, 2C, OCH,), 33.5 (d, 6C, CH,), 31.8 (d, 2C, CH,),
31.6 (d, 6C, CHy), 29.4 (d, 2C, CHy,), 29.3 (d, 2C, CH,), 29.2 (d, 2C, CH,), 29.2 (d, 2C, CH,), 29.0
(d, 2C, CH,), 28.7 (d, 2C, CH,), 28.6 (d, 2C, CH,), 25.1 (d, 2C, CH,), 24.0 (d, 6C, CH,), 22.6 (d,

6C, CHy), 22.6 (d, 2C, CHy), 14.1 (u, 6C, CHs), 14.1 (u, 2C, CH3), 12.6 (d, 6C, CH.).

[5-(3,5-Bis(dodecyloxy)-4-pyridyl)-15-(3,5-bis(trihexylsilyl)-phenyl)-10,20-(trihexylsilylethynyl)-
porphyrinato]zinc(ll) 4

Dibromoporphyrin 3 (2.80g, 1.73 mmol, 1.0 equiv.), Pd,(dba); (155.7 mg, 0.17 mmol,
10 mol%), PPhs (136.4 mg, 0.52 mmol, 30 mol%) and Cul (99.0 mg, 0.52 mmol, 30 mol%) were
placed in a heat-dried 2-neck 500 mL round-bottom-flask equipped with a tap and a stir bar. The
second opening was sealed with a subaseal and the flask was evacuated and backfilled with
nitrogen three times. In a heat-dried 2-neck round-bottom-flask with nitrogen inlet and septum, dry
toluene (150 mL), dry diisopropylamine (180 mL) and THS-acetylene (1.35 mL, 5.19 mmol, 3.0
equiv.) were freeze-pump-thaw degassed. The solution was cannulated to the solids. The reaction
mixture was heated under nitrogen to 50 °C and kept at this temperature for 2 h then filtered over a
plug of silica eluting with DCM/pyridine (99:1). The solvents were removed from the green filtrate

under reduced pressure. The residue was subjected to column-chromatography on silica eluting
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with petrol ether/EtOAc/pyridine (10:0.5:1). Purification afforded the desired product 4 (3.06 g,
85 %).

'H-NMR (400 MHz, CDCl3+1% pyridine-ds): & = 9.59 (d, *Juy = 4.0 Hz, 2H, B-H), 9.57 (d, *Juy
= 4.0 Hz, 2H, B-H), 8.79 (d, *Jun = 4.0 Hz, 2H, p-H), 8.56 (d, *Jun = 4.0 Hz, 2H, B-H), 8.47 (s, 2H,
py-H), 8.21 (s, 2H, 0-H), 7.96 (s, 1H, p-H), 3.90 (t, *Ju = 6.4 Hz, 4H, OCH,), 1.77-1.69 (m, 12H,
alkyl-CH,), 1.55-1.44 (m, 24H, alkyl- CH,), 1.41-0.76 (m, 48H, alkyl-CH,) 0.70-0.63 (m, 6H,
alkyl-CH), 0.50-0.40 (m, 12H, alkyl-CHs); *C-deptQ-NMR (125 MHz, CDCl;+1% pyridine-ds):
§=155.7 (d, 2C, py-C), 152.3 (d, 2C, a-C), 152.1 (d, 2C, a-C), 150.0 (d, 2C, a-C), 149.7 (d, 2C, a-
C), 141.0 (d, 1C, ipso-C), 140.4 (u, 2C, 0-C), 139.0 (u, 1C, p-C), 134.5 (d, 2C, m-C), 132.4 (u, 2C,
B-C), 131.5 (u, 2C, B-C), 131.1 (u, 2C, B-C), 130.6 (u, 2C, p-C), 129.0 (u, 2C, py-C), 128.9 (d, 1C,
py-C), 124.0 (d, 1C, meso-C), 110.7 (d, 1C, meso-C), 109.5 (d, 2C, alkynyl-C), 100.6 (d, 2C, meso-
C), 98.7 (d, 2C, alkynyl-C), 69.6 (d, 2C, OCH,), 33.5 (d, 6C, CH,), 33.4 (d, 6C, CH,), 31.8 (d, 2C,
CH,), 31.7 (d, 6C, CH,), 31.6 (d, 6C, CH,), 29.4 (d, 2C, CH,), 29.2 (d, 2C, CH,), 29.2 (d, 2C,
CH,), 29.1 (d, 2C, CH,), 28.9 (d, 2C, CH,), 28.7 (d, 2C, CH,), 28.6 (d, 2C, CH,), 25.1 (d, 2C,
CH,), 24.4 (d, 6C, CH,), 24.0(d, 6C, CH,), 22.7 (d, 6C, CH,), 22.6 (d, 2C, CH,), 14.2 (u, 6C, CHy),
14.2 (u, 6C, CHy), 14.1 (u, 2C, CHy), 13.9 (d, 6C, CH,-Si), 12.7 (d, 6C, CH,-Si); m/z (MALDI-

TOF): 2071.90 (Cy131H219N50,SisZn requires 2070.56).

[5-(3,5-Bis(dodecyloxy)-4-pyridyl)-10-ethinyl-15-(3,5-bis(trihexylsilyl)-phenyl)-20-
(trihexylsilylethynyl)-porphyrinato]zinc(ll) 5

Porphyrin monomer 4 (3.0 g, 1.48 mmol, 1.0 equiv.) was dissolved in dry DCM (40 mL) and
CHCI; (40 mL). Pyridine (4.0 mL) was added. Under stirring TBAF solution (1.0 M in THF;
1.03 mL, 1.03 mmol, 0.7 equiv.) was added dropwise. The reaction was monitored by TLC. After
20 min a good product ratio was reached. The mixture was filtered over a plug of silica eluting
with DCM/pyridine (50:1). The solvent was removed from the green filtrate and the residue was
subjected to column-chromatography on silica eluting with petrol ether/EtOAc/pyridine 20:2:1.

Recovered starting material porphyrin monomer 4 (1.74 g, 57%), desired product 5 (893 mg, 34%),
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and fully deprotected material (156.2 mg, 27%) were isolated in form of their pyridyl-complexes as
dark purple semi-solids.

'H-NMR (400 MHz, CDCl+1% pyridine-ds): 8 = 9.59 (m, 4H, B-H), 8.82 (t, 3Juu = 4.0 Hz, 2H, B-
H), 8.71 (t, *Jun = 4.4 Hz, 2H, B-H), 8.45 (s, 2H, py-H), 8.21 (s, 2H, 0-H), 7.95 (s, 1H, p-H), 4.06
(s, 1H, ethynyl-H), 3.90 (t, *Ju4 = 6.4 Hz, 4H, OCH,), 1.77-1.69 (m, 6H, alkyl-CH,), 1.53-0.37

(m, 83H, alkyl-CHz); m/z (MALDI-TOF): 1790.29 (C113H18:N50,SisZn requires 1788.28).

Dimerisation of [5-(3,5-bis(dodecyloxy)-4-pyridyl)-10-ethinyl-15-(3,5-bis(trihexylsilyl)-phenyl)-
20-(trihexylsilylethynyl)-porphyrinato]zinc(ll) (synthesis of dimer 6, P2py2-Zn)

Pd(PPh3),Cl, (28.1 mg, 0.04 mmol, 8.0 mol%), copper(l) iodide (45.0 mg, 0.32 mmol,
0.65 equiv.) and 1,4-benzoquinone (102.7 mg, 0.95 mmol, 1.90 equiv.) were dissolved in dry
toluene (50 mL) and dry DIPA (15 mL) at 20 °C. The yellow solution was added to
monodeprotected-porphyrin 5 (893.0 mg, 0.5 mmol, 1.0 equiv.). The reaction mixture was stirred
at 20 °C for 2 h then filtered over a plug of silica eluting with DCM/pyridine (99:1). Solvents were
removed from the filtrate under reduced pressure and then the residue was purified by SEC-column
chromatography, affording the desired dimer 6 in 95% yield (848.2 mg).

'H-NMR (400 MHz, CDCl3+1% pyridine-ds): & = 9.81 (d, J=4.5Hz, 2H, p-H), 9.78 (d,
J=45Hz, 2H, p-H), 9.61 (d, J=4.5Hz, 2H, B-H), 9.58 (d, J=4.5Hz, 2H, p-H), 8.90 (d,
J=45Hz, 2H, p-H), 8.81 (d, J=4.5Hz 2H, B-H), 8.79 (d, J=4.5Hz, 2H, B-H), 8.71 (d,
J =45 Hz, 2H, B-H), 8.49 (s, 4H, py-H), 8.25 (s, 4H, 0-H), 7.98 (s, 2H, p-H), 3.95 (t, J = 6.3 Hz,
8H, OCH,), 1.77-1.69 (m, 12H, alkyl-H), 1.55-1.24 (m, 150H, alkyl-H), 1.00-0.45 (m, 230H,
alkyl-H).; *C-deptQ-NMR (125 MHz, CDCl3+1% pyridine-ds): 5 = 155.7 (d, 4C, py-C), 153.1 (d,
2C, a-C), 152.8 (d, 2C, a-C), 152.3 (d, 2C, a-C), 152.1 (d, 2C, a-C), 150.3 (d, 2C, a-C), 150.0 (d,
2C, 0-C), 149.9 (d, 2C, 0-C), 149.7 (d, 2C, a-C), 140.9 (d, 2C, ipso-C), 140.6 (u, 4C, 0-C), 139.1
(u, 2C, p-C), 134.7 (d, 4C, m-C), 132.9 (u, 2C, B-C), 132.5 (u, 2C, p-C), 131.7 (u, 2C, B-C), 131.6
(u, 2C, B-C), 131.3 (u, 2C, B-C), 131.2 (u, 2C, B-C), 130.8 (u, 2C, B-C), 130.4 (u, 2C, B-C), 129.0
(u, 4C, py-C), 128.7 (d, 2C, py-C), 124.7 (d, 2C, meso-C), 111.4 (d, 2C, meso-C), 109.5 (d, 2C,

alkynyl-C), 101.4 (d, 2C, meso-C), 99.3 (d, 4C, meso-C and alkynyl-C), 88.1 (d, 2C, alkynyl-C),
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82.1 (d, 2C, alkynyl-C), 69.7 (d, 4C, OCH},), 33.6 (d, 12C, CH,), 33.4 (d, 6C, CH,), 31.8 (d, 4C,
CH,), 31.7 (d, 6C, CH;), 31.7 (d, 12C, CH,), 29.5 (d, 4C, CH,), 29.3 (d, 4C, CH,), 29.2 (d, 4C,
CH,), 29.1 (d, 4C, CH,), 28.8 (d, 4C, CHy), 28.7 (d, 4C, CHy), 25.2 (d, 4C, CH;), 24.4 (d, 6C,
CH,), 24.1(d, 12C, CH,), 22.8 (d, 6C, CH,), 22.7 (d, 12C, CH,), 22.6 (d, 4C, CH,), 14.2 (u, 18C,
CHa), 14.1 (u, 4C, CH3), 13.9 (d, 6C, CH,-Si), 12.7 (d, 12C, CH,-Si); m/z (MALDI-TOF): 3583.14

(C225H350N 1004SigZnN; requ ires 358055)

Demetallation of zinc dimer P2py2-Zn 6 (synthesis of free-base dimer 7, P2py2)

Zinc porphyrin dimer 6 (159.5 mg, 0.045 mmol, 1.0 equiv.) was dissolved in chloroform
(50 mL). TFA (0.69 mL, 9.0 mmol, 200 equiv.) was added dropwise under stirring. After 10 min
pyridine (6.0 mL) was added and the green mixture was directly filtered over a plug of silica
eluting with chloroform. Solvents were removed from the filtrate under reduced pressure affording
free-base dimer 7, P2py2 in 95% yield (145.3 mg).

'H-NMR (400 MHz, CDCl3): & = 9.80 (t, J = 4.6 Hz, 4H, p-H), 9.59 (t, J = 4.6 Hz, 4H, B-H), 8.89
(d, J= 4.4 Hz, 2H, B-H), 8.81 (t, J = 3.4 Hz, 4H, B-H), 8.71 (d, J = 4.6 Hz, 2H, B-H), 8.53 (s, 4H,
py-H), 8.28 (s, 4H, 0-H), 8.02 (s, 2H, p-H), 4.02 (t, J = 6.3 Hz, 8H, OCH,), 1.77-1.69 (m, 12H,
alkyl-H), 1.57-1.26 (m, 150H, alkyl- H), 1.07-0.47 (m, 240H, alkyl-H), -1.82 (s, 4H, NH). **C-
deptQ-NMR (125 MHz, CDCly): & = 155.6 (d, 4C, py-C), 140.6 (u, 4C, 0-C), 139.7 (u, 2C, p-C),
135.4 (d, 4C, m-C), 129.1 (u, 4C, py-C), 127.0 (d, 2C, py-C), 124.2 (d, 2C, meso-C), 111.3 (d, 2C,
meso-C), 107.9 (d, 2C, alkynyl-C), 101.8 (d, 2C, meso-C), 101.5 (d, 2C, meso-C), 99.1 (d, 2C,
alkynyl-C), 87.3 (d, 2C, alkynyl-C), 82.7 (d, 2C, alkynyl-C), 69.9 (d, 4C, OCH,), 33.7 (d, 12C,
CH,), 33.5 (d, 6C, CH;), 31.8 (d, 4C, CH,), 31.8 (d, 6C, CH,), 31.8 (d, 12C, CH,), 29.4 (d, 4C,
CH,), 29.3 (d, 4C, CH,), 29.2 (d, 4C, CH,), 29.1 (d, 4C, CH,), 29.0 (d, 4C, CH,), 28.8 (d, 4C,
CH,), 28.7 (d, 4C, CH,), 25.3 (d, 4C, CH,), 24.5 (d, 6C, CH,), 24.2(d, 12C, CH,), 22.8 (d, 6C,
CH,), 22.8 (d, 12C, CH,), 22.7 (d, 4C, CH,), 14.3 (u, 18C, CHs), 14.1 (u, 4C, CHs), 13.9 (d, 6C,
CH,-Si), 12.8 (d, 12C, CH,-Si); m/z (MALDI-TOF): 3455.99 (C,26H364N1004Sis requires 3453.73);
UVIVis: Amax [nm] (e/mol™Lem™) (toluene) = 451 (3.35 x 10°), 485 (1.47 x 10°), 626 (6.45 x 10%),

731 (8.77 x 10%).
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Chapter 4

Classical and Vernier Template-Directed
Synthesis of Linear Oligomers

This chapter describes three different types of template-directed syntheses of linear
porphyrin oligomers. classical, Vernier and Vernier-reciprocal templating. The classical
templating reaction revealed strong template effects, providing good yields of desired
products with the commensurate lengths of templates. The stabilities and cooperativities of
related ladder structures were also investigated by UV-vis-NIR titration. After the
promising results from this versatile method, it was adapted towards Vernier and Vernier-
reciprocal templating reactions to produce non-commensurate length oligomer products
from two simple components. The efficiency of the Vernier-reciprocal template effect is
sufficient to produce two distinctive metalloporphyrin oligomers in comparable yields to
cyclic Vernier templating, despite the fact that two approaches involve different

intermediate structures.
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4.1 Background information

Linear conjugated porphyrin oligomers with butadiyne linkages are of great interest for their
potential applications in molecular electronics, photovoltaics and non-linear optics, owing to the
unusual electronic and optical properties arising from their conjugated structures.”™ Moreover,
increasing the length of porphyrin oligomers gives access to molecules with lower HOMO-LUMO
gaps that are also excellent candidates for charge- and energy-transport over long distances.>®
However, the synthesis of long linear porphyrin oligomers requires a number of preparative steps
and column chromatography. In this chapter, we first utilise classical templating to program the
type and length of linear porphyrin oligomers of up to six porphyrin subunits with a template of
commensurate length, via the formation of ladder complexes. This approach has limitations, since
the synthesis of long templates becomes laborious. We propose a linear Vernier templating
approach to overcome this problem in the synthesis of long porphyrin oligomers. The use of the
Vernier principle in chemica self-assembly was first proposed in 1991; it exploits the mismatch
between binding sites of two complementary components to bind each other until all binding sites
are occupied.® The total number of binding sites in a Vernier assembly is the lowest common
multiple of the number of binding sites in its components. Larger assemblies can be constructed
from two simple, synthetically accessible components. This mechanism has been adopted in
supramolecular chemistry, leading to the production of linear Vernier assemblies not only in non-
covalent double’ and triple strand approaches'™ but aso dynamic covalent molecular ladders.™
Synthetic DNA nanostructures were aso length-programmed by Vernier assemblies.***3
Nevertheless, there have been no reports of subsequent ligation to connect the linearly arranged
components of a Vernier complex into a covalent strand. Previous work in Oxford we
demonstrated efficient cyclic Vernier templating using the non-commensurate combination of a
hexapyridyl ligand template and a Zn porphyrin tetramer to synthesise a 12-unit porphyrin

1415 and also extended the same strategy to prepare rings of up to 50 porphyrin units.*®

nanoring,
Here, changing from cyclic to linear structures, we initially tested a linear Vernier templating

reaction using the same number of binding sites as in the cyclic Vernier templating mentioned
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above: a hexapyridyl Ni porphyrin hexamer template and a Zn tetramer substrate to produce a Zn
porphyrin 12-mer. Then, Vernier-reciprocal templating was investigated using two simple
substrates. Zn tetramer and hexapyridyl Ni hexamer, with no additional template, providing two
different types of linear metalloporphyrin 12-mers as products.

The goal of this project is to control the synthesis of well-defined linear porphyrin oligomers
by classical and Vernier templating. Our design, inspired by DNA replication, is based on the
concept that the template carries the information of length and type of porphyrin and when the
template is replicated into a complementary product, it passes this information on to the daughter

porphyrin units.

4.2 Linear template-directed synthesis design

The templated synthesis of linear porphyrin oligomers is based on the homocoupling reaction
of free acetylene functions at the ends of the substrate. Three types of linear templating reactions
are highlighted in this chapter as shown in Figure 4.1.

a) Classical templating: A template binds to a complementary substrate to form a double
strand complex. After coupling the porphyrin product will be commensurate with the
template (Figure 4.1a).

b) Vernier templating: This templating strategy uses the mismatch between binding sites of
substrate and template to direct the formation of the Vernier oligomer product with the
lowest common multiple of the number of binding sites in both substrate and template
(Figure 4.1b).

c) Vernier-reciprocal templating: Similar to above approach, but here we use two
complementary substrates with the Vernier concept. Under the coupling condition, one
strand can act as the Vernier-reciproca template for the complementary strand to direct
the Vernier product and the resulting Vernier product can then act as the template to
promote the coupling of the complementary species. Finally, two types of Vernier

products are obtained from both substrates (Figure 4.1c).
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Figure 4.1 Linear template-directed syntheses of monodisperse linear porphyrin oligomers. (a) Example of
the classical templating synthesis of linear oligomers which have commensurate lengths with the template.
(b) Vernier templating synthesis of linear oligomers which are non-commensurate with templates. (c)
Vernier-reciprocal templating synthesis of linear oligomers which are non-commensurate with two
substrates.

Structural design. We used two types of complementary porphyrins as models: Zn
porphyrins in which the metal can form pentacoordinate complexes on binding a nitrogen-based
axia ligand such as pyridine, and for their counterpart, porphyrins bearing pyridyl substituents that
can drive the self-assembly between zinc metal and pyridyl group to subsequently form ladder
complexes (Figure 4.2). We use nickel as a blocking metal in the latter porphyrin unitsin order to
avoid metal insertion from the coupling reagent during the coupling reaction. Tetracoordinate Ni is
selected since it has a very low affinity for axial ligands.'™*® For the template, either phenyl
acetylene group (PhA), (3-cyanopropyl)diisopropylsilyl group (CPDIPS) or trihexylsilyl group
(THS) were used as a capping group to avoid the polymerisation of the template under coupling
conditions. The capping group PhA was used for linear tetramer templating and compared to the
capping group CPDIPS only in the case of Zn tetramer template. PhA was also employed for
Vernier templating synthesis. CPDIPS was aso employed for the characterization of the ladder
complexes and THS for linear hexamer templating synthesis. For the porphyrin substrate, a free
acetylene at both ends of the porphyrin chain allows for the homocoupling of substrates within the

substrate-template complexes to increase the length of the linear porphyrin oligomers.
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Intermolecular reactions can also occur, but the intramolecular reaction (within a substrate-
template complex) is expected to be faster because of the preorganised structure of the complex.
Thus, mild reaction conditions are preferred to avoid intermolecular reactions and the formation of
longer oligomers. Two different types of solubilizing groups, 3,5-bis(trihexylsilyl)phenyl and 3,5
bis(dodecyloxy)pyridyl substituents, on porphyrins were used to enhance solubility and to avoid
aggregation. Details of the synthesis and characterization of these compounds are provided in the

Experimental section 4.9.

Figure 4.2 Molecular design for linear template-directed synthesis using two complementary porphyrin
components. PhA = —C=C-Ph, CPDIPS = -Si'Pr,CH,CH,CH,CN and THS = —Si(CgH13)s.

Coupling condition. Classical Glaser-Hay  conditions employ CuCl and
tetramethylethylenediamine (TMEDA) as coupling reagents for homocoupling reaction. The
reaction proceeds in a dry air atmosphere in dry DCM at room temperature.’>?* However,
coordination of the nitrogen-containing ligand to the porphyrin could disrupt the formation of the
porphyrin substrate-template complex. The UV-vis-NIR formation titration of Zn porphyrin
monomer with TM EDA (Figur e 4.3-left) revealed significant binding K¢ (TMEDA) = (1.9 + 0.2)
x 10* M™ which is aimost as strong as the binding of pyridine to the Zn monomer, Koy =(28+0.2)
x 10* M (see the binding constant of pyridine with the Zn monomer in Section 4.4.3).
2,2’ -Bipyridine (2,2 -BiPy) is also known to act as a ligand in this reaction®®?! and the titration

shows it binds less strongly to zinc porphyrins, K; (2,2'-BiPy) = 5.6 + 0.3 M because of a steric
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clash between the porphyrin and the pyridyl substituent upon coordination (Figure 4.3-right). The
use of 2,2'-BiPy rather than TMEDA gives a larger template effect on coupling reactions; the
CuCl and TM EDA reaction gives faster coupling but TM EDA binds to Zn-porphyrins four orders
of magnitude more strongly than 2,2’ BiPy. Although the reaction is slower, the 2,2'-BiPy ligand
also facilitates coupling, and thusis chosen for this work.

(a) THS

When Ar= i@

CPDIPS-ZnP1:TMEDA CPDIPS-ZnP1 CPDIPS-ZnP1:2,2-BiPy
(b) (©

10[ 1 10[ T T 1

Figure 4.3 UV-vis-NIR formation titrations of CPDIPS-ZnP1 ([CPDIPS-ZnP1] = 2.12 x 10° M) with two
different amine bases: TMEDA and 2,2'-BiPy in dry DCM at 298 K. (a) (left) Formation of TM EDA and
Zn porphyrin monomer complex. (right) Formation of 2,2'-BiPy and Zn porphyrin monomer complex. (b)
Changes in absorption upon addition of TMEDA; (inset) binding isotherm (open dots) derived from the
absorption data at A = 646-626 nm and fit obtained from Origin® (blue line). R* = 0.9998. (c) Changes in
absorption upon addition of 2,2’ -BiPy; (inset) binding isotherm (open dots) derived from the absorption data
a A = 644-625 nm and fit obtained from Origin® (green line). R?> = 0.9987. Arrows indicate area of
increasing and decreasing absorption during titration.

4.3 Classical template-directed synthesis

We demonstrated classical template-directed synthesis by using a porphyrin tetramer as a
template and a porphyrin dimer as a substrate to direct the porphyrin product with commensurate

length. Both Ni and Zn porphyrin tetramer templates were explored for tetramer templating
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reactions. Linear templating was further investigated by extending the number of porphyrin units

of the template up to six, as shown in more detail in the hexamer templating reaction.

4.3.1 Zn tetramer asthetemplate for making Ni tetramer (2 x 2 = 4)

The NiP2 dimer was used as a substrate, and PhA-ZnP4 as a template. Initially, NiP2 and
PhA-ZnP4 were mixed ina 2:1 ratio in dry DCM, and the solution was stirred at room temperature
to alow the formation of the non-covalent ladder complex (NiP2),e(PhA-ZnP4). UV-vis-NIR
spectroscopy was used to confirm the formation of the complex (the formation of the double-strand
complex was detected within 1 minute). Then the mixture was subjected to the CuCl/2,2’-BiPy
Glaser-Hay coupling conditions. The non-templated control reaction was performed in a similar

manner, but in the absence of the template (Figure 4.4a).

Figure 4.4 Reaction design and outcome of linear tetramer templating for the synthesis of the commensurate
length product NiP4 from NiP2, using PhA-ZnP4 as a template. (a) Schematic representation of the linear
tetramer templated and the non-templated syntheses of NiP4. (b) Chemical structures of the substrate and the
template. (c) The change in UV-vis-NIR absorption spectra of the templated synthesis of NiP4 from 0 to 3 h.
(d) Recycling GPC traces (detection at 646 nm in fourth cycle, toluene/1% pyridine) of the non-templated
reaction (top) and the linear templating reaction (bottom) product mixture after removal of the template
PhA-ZnP4. Products were identified by MALDI-ToF MS and *H NMR for NiP2 and NiP4.
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The absorption spectra of porphyrins consist of two bands called a B-band (400-550 nm) and a
Q-band (650-950 nm). The absorption spectra of Ni and Zn porphyrins are distinctive for equal
oligomer length because the Q-band of Ni porphyrins occurs at shorter wavelengths, making it
easy to observe changes in the course of the reaction. As shown in Figure 4.4c, initialy, before the
start of the coupling reaction, the absorption spectra show two Q-bands at the short (650 nm) and
long (808 nm) wavel engths corresponding to the bound Ni dimer and the Zn template on the ladder
complex, respectively. Over the course of the reaction the Q-band of NiP2 starts to decrease and a
new Q-band appears at the red-shifted wavelength of 704 nm, which indicates the formation of
longer Ni porphyrin oligomers, including the desired product NiP4. At the same time, the Q-band
of the Zn template is red-shifted and becomes sharper at 838 nm, indicating that the Zn template is
held in a more rigid and conjugated conformation.>? After 2 h, there is no further change in the
absorption spectra. The coupling reagents and the template PhA-ZnP4 were easily separated from
the nickel-porphyrin oligomers by passing through a short silica column eluting with a gradient of
1 to 10% pyridine in chloroform. From this separation, the template was recovered in 86% isolated
yield. The non-templated reaction was worked up in the same way as the templated reaction. After
this first purification step, the crude mixture of NiPn oligomers was purified by gel permeation
chromatography (GPC) in toluene/1% pyridine (Figure 4.4d), and was analysed by MALDI-ToF
and 'H NMR spectroscopy. Without the template, NiP2 was converted to NiP4 slowly in 28%
isolated yield and the unreacted substrate was re-isolated in 37% yield. In the templated reaction,
the template accelerated the coupling of NiP2 to generate NiP4 in 57% isolated yield; unreacted
NiP2 was re-isolated in 10% isolated yield. The template improves the yield of the desired product
NiP4 by afactor of two, since the template forces the reactive acetylene ends of the bound dimers
to be brought into close proximity, resulting in arapid intramolecular coupling.

The unreacted NiP2 was observed in both templating and non-templating since the reaction
was stopped before completion to prevent the formation of longer Ni oligomers (which would be
inevitable at high extents of coupling). However, small traces of longer Ni porphyrin oligomers
should have been seen in GPC traces. One possible reason for not seeing the higher molecular

weight Ni oligomers in the above cases may be their low solubility under the conditions used for
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GPC analysis (toluene/1% pyridine). Another possibility is that the higher molecular weight Ni
oligomers were removed at the same time as the coupling reagents during chromatography on
silica

Changing the capping group from PhA to CPDIPS was dso investigated in the same
approach, giving similar yields. The desired product NiP4 was formed in a range from 35% (from
39 mg of NiP2), 42% (from 3.0 mg of NiP2) to 54% (from 22.3 mg of NiP2) isolated yield all

using the template CPDIPS-ZnP4.

4.3.2 Ni tetramer asthetemplatefor making Zn tetramer (2 x 2 = 4)

Zn and Ni porphyrins can swap their roles by using ZnP2 as a substrate and PhA-NiP4 as a
template. PhA-NiP4 was synthesised by Pd/Cu-catalysed oxidative coupling between excess
phenylacetylene and fully deprotected Ni tetramer NiP4 which was obtained from the previous Zn
tetramer templating reaction (for details of the synthesis, see Experimental section 4.9). The
linear templated and non-templated reactions were performed as seen in Figure 4.5a. UV-vis-NIR
spectroscopy before addition of the coupling reagents showed overlapping absorptions between the
substrate ZnP2 and the template PhA-NiP4 (Figure 4.5c) because the red-shift of the absorption
of longer Ni-containing oligomers cause the Q-band to come in the same region as shorter Zn
oligomers. After 1 h, the planarisation of the template provides a dightly red-shifted and sharper
Q-band at 709 nm and a new Q-band corresponding to the longer oligomers (most likely the
desired product ZnP4) appears at longer wavelengths (838 nm). Then at 2 h, another species
appears with afar-red shifted absorption at 875 nm, possibly corresponding to longer Zn porphyrin
polymers. Since the peak at 875 nm increases with longer reaction times, the reaction was stopped
after 3.5 h a the first attempt. The coupling reagents were removed and template separated using a
short silica column eluted with a chloroform/1-10% pyridine gradient, re-isolating the template in
71% yield. The product distribution was analysed by GPC (toluene/1% pyridine) (Figure 4.5d).
The template accelerates the coupling reaction, consuming amost all starting material (98%
conversion by GPC) and providing the desired product ZnP4 in 23% isolated yield (22% GPC

analytical yield). Besides the expected product ZnP4, more products with lengths in multiples of
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four units from intermolecular coupling were observed (ZnP8 and ZnP12) compared with other
oligomers. The formation of multiple-of-four products may be attributed to the further coupling of
free acetylenic end groups between the desired product ZnP4. With no template, the reaction
yields a product distribution characteristic to statistical polymerization and shows more of the

unreacted substrate left in 15% GPC yield.

Figure 4.5 Reaction design and outcome of linear tetramer templating for the synthesis of the commensurate
length product ZnP4 from ZnP2 using PhA-NiP4 as a template. (a) Schematic representation of the linear
tetramer templated and non-templated syntheses of ZnP4. (b) Chemical structures of the substrate and the
template. (c) The change in UV-vis-NIR absorption spectra of the templated synthesis of ZnP4 from 0 to 3.5
h. (d) Recycling GPC traces (detection at 591 nm in second cycle, toluene/1% pyridine) of the non-templated
reaction (top) and the linear templated reaction (bottom) product mixture after removal of the template
PhA-NiP4 at 3.5 hand (e) at 1.5 h. Products were identified by analytical GPC based on calibrated retention
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times, MALDI-ToF and *H-NMR for ZnP2 and ZnP4. ZnP4 was isolated in 23% and 30% yield from the
reaction time at 3.5 and 1.5 h, respectively. The percentages in GPC traces represent the %GPC yields of
corresponding compounds, cal culated by integration of the peak areas.

We found that the formation of longer oligomeric byproducts could be reduced while
increasing the yield of the desired product ZnP4, by reducing the reaction time from 3.5 hto 1.5 h.
The GPC traces (Figure 4.5€) revea that smaller amounts of long polymers were formed in both
templated and non-templated reactions. With template, the coupling yielded ZnP4 up to 30%
isolated yield (44% GPC yield) and also gave more multiple-of-four products than other oligomers.

The template acts as a positive template in this reaction, promoting the intramolecular coupling
leading to the formation of the desired tetramer from dimers. These template effects are easy to
control by reducing the reaction time so as to enhance the formation of the tetramer.

Interestingly, the coupling reaction of Zn porphyrin oligomers is faster than that of Ni
porphyrin oligomers despite the fact that nickel is more electron withdrawing than zinc, which

could enhance the Glaser coupling reactivity as reported previously.?2*
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4.3.3 Hexamer template-directed synthesis (2 x 3 = 6)

Encouraged by the above result, we extended the limit of linear templating by trying the
longest template THS-ZnP6 examined here to produce the commensurate length product (i.e.
NiP6) using NiP2 as a starting material. The templated and non-templated reactions were set up
similarly to the previous experiment, with a stoichiometric ratio of NiP2 to THS-ZnP6 of 3:1.
Under identical reaction conditions, the control reaction with no template gave negligible amounts
of NiP6 as previously shown in Figure 4.4d. With this longer template, we successfully isolated
the desired product NiP6 in a good yield of 56% (5 mg from 9 mg of NiP2) and the template was

re-isolated in 86% yield (Figure 4.6).

Figure 4.6 Reaction design and outcome of linear tetramer templating for the synthesis of the commensurate
length product NiP6 from NiP2 using THS-ZnP6 as a template. (a) Schematic representation of the linear
tetramer templated and the non-templated syntheses of NiP6. (b) The change in UV-vis-NIR absorption
spectra of the templated synthesis of NiP6 from O to 3 h. (c) GPC traces (detection at 646 nm, THF) of the
linear templating reaction product mixture with the template THS-ZnP6. Products were identified by
MLALDI-ToF and *H-NMR for NiP6.

This reaction was scaled up to 20 mg of NiP2 substrate and the desired product NiP6 was
isolated in 13 mg, 63% isolated yield. This is a synthetically useful route to NiP6 that yields the

starting material for the synthesis of PhA-NiP6 in the Vernier templating Section 4.4 and the
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substrate for the Vernier-reciprocal templated reaction in Section 4.5. There is no reason why it
should not be possible to extend the length of the templates, provided that there is no solubility

problem, and that the templates are synthetically accessible.

4.4 Binding studies of molecular ladder complexes

Effective molarity (EM) is a key factor to determine the stability and cooperativity of ladder
formation. EMs for both 2- and 4-rung ladder complexes were determined and compared, which

require the binding constants for formation of both ladder complexes to be determined.

4.4.1 Determination of the binding constant of the 2-rung ladder complex

CPDIPS-ZnP2eNiP2

Figure 4.7 Formation of CPDIPS-ZnP2eNiP2 complex. R = (3-Cyanopropyl)dimethylsilyl, R’ = dodecyl.
Ar = 3,5-big(trihexylsilyl)phenyl.
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The binding constant of the CPDIPS-ZnP2eNiP2 complex was elucidated as a reference in

comparison to the binding constant of the CPDIPS-ZnP4eNiP4 complex. The UV-vissNIR

formation titration of CPDIPS-ZnP2 with NiP2 was first performed (Figure 4.8). The binding

isotherm of dimer-dimer formation gave a sharp end point at 1:1 ratio of NiP2 to CPDIPS-ZnP2,

confirming the 1:1 stoichiometry of the complex (Figure 4.8).
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Figure 4.8. UV-vis-NIR formation titration of CPDIPS-ZnP2 ([CPDIPS-ZnP2] = 1.41 x 10° M) with
NiP2 in dry DCM at 298 K. (left) Changes in absorption upon addition of NiP2. Arrows indicate areas of
increasing and decreasing absorption during the titration; (right) Binding isotherm derived from absorption
dataat 747-707 nm. The vertical lineindicatesa 1 to 1 ratio of NiP2 to CPDIPS-ZnP2.

This complex is too stable (K; > 10° M™) due to the square-binding isotherm (Figure 4.8

right), which does not allow K; to be determined. Thus, the formation constant, K; can be

determined indirectly via the generic thermodynamic cycle in Figure 4.9 using the following

equation:
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Figure 4.9 Thermodynamic cycle relating the formation constant of the template complex (K;) to the
denaturation constant (Kg,) and binding constant of each porphyrin unit for pyridine (K,,). The excess of
pyridine was added to displace the multidentate ligand NiPN from CPDIPS-ZnPN to generate
(CPDIPS-ZnPN)e(Pyridine)y.

According to Figure 4.8 and Equation 4.1, in order to acquire K, the denaturation constant
(Kan) and the reference constant (K,,) are necessary. The former is determined by the denaturation
titration as shown below and the | atter is described in Section 4.4.3.

The denaturation titration of CPDIPS-ZnP2eNiP2 with pyridine was analysed and the
equilibrium can be treated as the displacement of a two-site ligand L from a two-site receptor P,
with the initial concentration of PL being, [P]o.

PL +2Py S PPy, +L

_ [PPy;][L]
= TPL][Py]? (e 42

The denaturation constant, Ky, of CPDIPS-ZnP2eNiP2 complex was defined by Equation 4.2 and

was evaluated by fitting the binding isotherm to Equation 4.3.

Aony —KanlP3] + [KE[PYIY + 4KanlPYIVIP], (ea. 4.3
Ar— 4 - 2[P],

where A is the observed absorption at a specific wavelength or difference of absorption at two
wavelengths; A, is the starting absorption at this wavelength or difference of absorption in these
two wavelengths, A is the asymptotic final absorption at this wavelength or difference of
absorption in these two wavelengths; [Py] is the concentration of pyridine and [P]q is the tota

concentration of CPDIPS-ZnP2eNiP2 complex. N is the number of binding sites (N = 2).
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Equation 4.3 makes the approximation that [Py] = total pyridine concentration [Py], which is

valid when [Py]o >> [P]o.

0.24 O A458-476
— fit data
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Figure 4.10. UV-vis-NIR denaturation titration of CPDIPS-ZnP2eNiP2 ([complex] = 1.41 x 10° M) with
pyridinein dry DCM at 298 K. (left) Changes in absorption upon addition of pyridine. Arrows indicate areas
of increasing and decreasing absorption during the titration; (right) Binding isotherm (open dots) derived
from absorption data at A = 458 — 476 nm and fit with Equation 4.3 obtained from Origin® (red line) (Run:
R?=0.999; Run2: R?=0.999).

The average value of Ky, obtained from fitting the binding isotherms of two titrations to a
2-site binding model for the breakup of CPDIPS-ZnP2eNiP2 is K4, = 1.66 + 0.04 M™ (Figure

4.10). The error was estimated from two replicates.

The 1:1 formation constant, K; for CPDIPS-ZnP2eNiP2 was calculated from Ky, = 1.66 *
0.04 MM and K,,, = (2.88 + 0.21) x 10" M~ (see detail of K, in determination of reference constant
Section 4.4.3) using Equation 4.1 with N = 2, giving K; = (5.00 + 0.74) x 108 M™%, This K; value

will be used to calculate the effective molarity in Section 4.4.4.

4.4.2 Determination of the binding constant of the 4-rung ladder complex

CPDIPS-ZnP4eNiP4

Figure 4.11. Formation of CPDIPS-ZnP4eNiP4 complex. R = (3-Cyanopropyl)dimethylsilyl, R* = dodecyl.
Ar = 3,5-bis(trihexylsilyl)phenyl.
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The binding strength of the 4-rung ladder complex between NiP4 and CPDIPS-ZnP4 was
studied to provide a measure of the stability and cooperativity of the ladder formation (Figure
4.11). The UV-vis-NIR formation titration was performed at a constant micromolar concentration
of CPDIPS-ZnP4 in dry DCM at 25 °C (Figure 4.12). Upon addition of NiP4, the Q-band
absorption of ZnP4 red shifts and is sharpened as a conseguence of coplanarization of the
porphyrin units, leading to stronger e ectronic coupling among the units.***? The binding isotherm
is essentially linear and reaches an abrupt end-point after addition of 1 equivalent of the ligand
NiP4, consistent with the 1:1 stoichiometry of the ladder complex NiP4eCPDIPS-ZnP4. Asin the
previous section, the stability constant is too high to determine directly from the formation curve,

but it can be evaluated indirectly by denaturation with pyridine via thermodynamic cycle (Figure

4.9).
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Figure 4.12 UV-vis-NIR formation titration of CPDIPS-ZnP4 ([CPDIPS-ZnP4] = 1.11 x 10° M) with
NiP4 in dry DCM at 298 K. (left) Changes in absorption upon addition of NiP4. Arrows indicate areas of
increasing and decreasing absorption during the titration; (right) Binding isotherm derived from absorption
data at 838-775 nm. The vertical lineindicatesa 1 to 1 ratio of NiP4 to CPDIPS-ZnP4.
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Figure 4.13 UV-vis-NIR denaturation titration of CPDIPS-ZnP4eNiP4 ([complex] = 1.11 x 10° M) with
pyridine in dry DCM at 298 K. (left) Changes in absorption upon addition of pyridine; the spectrum of the
initial complex (thick black line) and the final spectra of the pyridine-saturated Zn tetramer and unbound Ni
tetramer (red line). Arrows indicate areas of increasing and decreasing absorption during the titration; (right)
Binding isotherm (open dots) derived from absorption data at A = 838 nm and fit with Equation 4.3 obtained
from Origin® (red line) (Runl: R*=0.9997; Run2: R?=0.9997).

Under the same conditions as the formation titration, a large excess of pyridine was titrated to
the 4-rung ladder complex to displace the tetradentate ligand NiP4. The denaturation titration
shows that the absorption spectra of the NiP4eCPDIPS-ZnP4 complex are red-shifted and sharper
in Q-bands compared to the pyridine bound CPDIPS-ZnP4 at the end of titration due to the more
rigid structure and coplanarization between porphyrin units in the ladder complex (Figure
4.13).%%%" Observation of several isosbestic points in the denaturation titration and the sigmoidal
binding isotherm indicate an all-or-nothing two-state equilibrium (i.e., that partialy denatured
27-30

species are not populated) (Figure 4.13-l€ft).

The binding constant, K; of the CPDIPS-ZnP4eNiP4 complex was determined via the
denaturation titration of CPDIPS-ZnP4eNiP4 with excess pyridine can be analysed as a two-
equilibrium state, where PL is CPDIPS-ZnP4eNiP4 and L is NiP4.

PL + 4Py 5 PPy, + L

o [PPYIL]
dn — [PL] [Py]4 (eq 4-4)

The denaturation constant, Kg,, defined by Equation 4.4 was determined by fitting the binding

isotherm to Equation 4.3 with N = 4.
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The average value of Ky, obtained from fitting the binding isotherms of two titrations to a
4-site binding model for the breakup of CPDIPS-ZnP4eNiP4 is Ky, = 0.39 + 0.06 M~ (Figure
4.13-right). The error approximated from two replicates. The 1:1 formation constant, K; for
CPDIPS-ZnP4eNiP4 was calculated via the generic thermodynamic cycle using Equation 4.1
with N = 4, giving K; = (1.8 + 0.60) x 10"® M. This K; value will be used to calculate the effective

molarity in Section 4.4.4.

4.4.3 Deter mination of refer ence constant

Figure 4.14 Formation of pyridine and porphyrin  monomer complex (PlePy). Ar =
3,5-his(trihexylsilyl)phenyl, R = (3-Cyanopropyl)dimethylsilyl.

The binding constant of pyridine to Zn porphyrin monomer complex (K,,) is needed to derive
the binding constants (K;) of the CPDIPS-ZnP2¢NiP2 and CPDIPS-ZnP4+NiP4 complexes from
the thermodynamic cycle. K,, was obtained by UV-vis-NIR formation titration of Zn porphyrin
monomer CPDIPS-ZnP1 with pyridine (Figure 4.14).

The experimental data were in excellent agreement with the theoretically derived 1:1 formation
binding mode, resulting in average Ky, = (2.88 + 0.21) x 10* M™ (Figure 4.15). The error was

estimated from two replicates.
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Figure 4.15 UV-vis-NIR formation titration of CPDIPS-ZnP1 ([CPDIPS-ZnP1] = 2.12 x 10° M) with
pyridine in dry DCM at 298 K; Average K,, = (2.88 + 0.21) x 10* M™ obtained from two runs. (Ieft)
Changes in absorption upon addition of pyridine; the spectra of the Zn monomer (thick black line) and the
end spectra of the pyridine-saturated Zn monomer (red line). Arrows indicate areas of increasing and
decreasing absorption during the titration; (right) Binding isotherm (black dots) derived from absorption data
at L= 647 - 625 nm and fit obtained from Origin® (red line) (Runl, R?=0.9996; Run2, R*=0.9996).

4.4.4 Calculation of effective molarities of 2- and 4-rung ladder complexes

The complementarity between the two strands of the 4-rung ladder complex
NiP4eCPDIPS-ZnP4 can be evaluated by effective molarity, in comparison to the one for the
2-rung ladder complex NiP2¢CPDIPS-ZnP2.%2% The binding strength of the 4-rung ladder
complex from the previous section is very high which could lead to the strong EM.*

The effective molarities of CPDIPS-ZnP2eNiP2 (EM,) and CPDIPS-ZnP4eNiP4 (EM,) can
be calculated using the equations in Figure 4.16a and b, respectively. The statistical factors for
equilibria as shown in Figure 4.16 are evaluated from symmetry numbers as explained in
Appendix.? The chemica binding constant Kgem: Was estimated by dividing the binding constant
for coordination of pyridine to Zn porphyrin monomer CPDIPS-ZnP1 K; by the statistical factor
(K, = 2), providing Kgem1 = (1.44 + 0.11) x 10* M™%, K, and K, were obtained from the measured
binding constants of CPDIPS-ZnP2eNiP2 (K,=(5.00+0.74)x10® M™% and
CPDIPS-ZnP4eNiP4 (K4 = (1.79 + 0.60) x 10'® M™) from denaturation titrations in Section 4.4.1
and 4.4.2, respectively. The chemical binding constant of CPDIPS-ZnP2eNiP2 Kgnem, Was
obtained by dividing K, by the statistical factor (K, = 8), giving Kepem2 = (6.24 + 0.92) x 10’ M™Y.

With the values of Kgem1, Kenem2: K2 @nd Ky, the effective molarities of CPDIPS-ZnP2eNiP2 and
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CPDIPS-ZnP4eNiP4 can be given by EM; = 0.3+ 0.1 M and EM; = 14 + 6 M, respectively. For
the 4-rung ladder complex, the average effective molarity (EM) was also determined using the

equation in Figure 4.16c, providing EM = 1.1+ 0.2 M.

(a) 2-rung ladder complex ! (b) 4-rung ladder complex ! !
6—6 8 Kchem,l 6—6—6—6 16 Kchem,z

NiP2 _— NiP4 + —— l'O_O_O-O'|
CPDIPS-ZnP2 KchemllEMllr CPDIPS-ZnP4 2 KchemZEMZlT

Kq

7/

8881

Ka =0~

I3

EM; = _ZAP2eNi EM;= CPDIPS-ZnP4sNiP4
8 KZghem1 CPDIPS-ZnP2eNiP2 32 K2ghem.2
(c) 4-rung ladder complex ! % % ! é
6—5—6—6 8 Kchem,l 2 Kchem,lEMl
. —_— —_—
NP4 4  FO—O—O—H OO0~
CPDIPS-ZnP4 2 Kchem,lEMz”
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Figure 4.16 Self-assembly of (a) CPDIPS-ZnP2eNiP2, (b) and (c) CPDIPS-ZnP4eNiP4 complexes.

It is remarkable that increasing the number of coordination sites within the structure by afactor
of two enhances the cooperative effect by almost a factor of 50, reflecting the preorganised
structure and increase in rigidification of the structure with increasing molecular size. The low EM
in the 2-rung ladder complex also reveals the flexibility of the complex. The higher cooperativity
in the 4-rung ladder complex leads to the higher yield in the template-directed synthess of linear

porphyrin tetramer.
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4.5 Molecular structuresof ladder complexes

4.5.1*H NMR Characterisation

'H NMR spectroscopy is one of the most useful tools for the structure determination of
supramolecular assemblies. The assignments of the signals in the NMR spectra of the ladder
complexes were carried out by a combination of COSY and NOE experiments. Due to the
complexity of the '"H NMR of the 4-rung ladder complex CPDIPS-ZnP4eNiP4, the 2-rung ladder
complex CPDIPS-ZnP2eNiP2 was analysed first to gain more understanding of the simplest

system.
4.5.1.1 *H NMR assignment of CPDIPS-ZnP2eNiP2

The 2-rung ladder complex CPDIPS-ZnP2eNiP2 was prepared by titration of CPDIPS-ZnP2
([CPDIPS-ZnP2] = 0.57 mM) with NiP2 in CDCl; at 298 K. When a 1:1 ratio of Zn dimer to Ni
dimer was reached, the signals corresponding to individual components disappeared and a new

product appeared to have been formed (Figure 4.17).
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Figure 4.17 *H NMR titration of the 2-rung ladder complex of CPDIPS-ZnP2 with NiP2 (500 MHz, CDCls,
298 K, [CPDIPS-ZnP2] = 0.5 mM).

149



Chapter 4

Based on the symmetry of the CPDIPS-ZnP2eNiP2 complex, only half of the molecule needs
to be considered in the interpretation of the '"H NMR spectrum. The chemical structure in Figure

4.18 represents a porphyrin unit of CPDIPS-ZnP2 coordinating to a porphyrin unit of NiP2.
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Figure 4.18 Representative half of the 2-rung ladder structure for the interpretation of the 'H NMR spectrum
(top, arrows for key NOES) and "H NMR spectrum of CPDIPS-ZnP2eNiP2 (bottom, 500 MHz, CDCls, 298
K).
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Our assignment of the *"H NMR spectrum starts with the p-protons from the Zn porphyrin
dimer (Figure 4.19). Protons d and b which are adjacent to the triple bond are at the higher
chemical shift than protons a and c. Proton d which is inside the molecule, experiences more
deshielding than proton b, resulting in chemical shift of proton d higher than b. There are also
correlations a=b and ced in the COSY spectrum, confirming the close proximity of these
B-protons. The assignment of b is aso confirmed by the observation of an NOE between b as

shown in Figure 4.19.

. e ppm
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Figure 4.19 Region of the COSY and NOE spectra of CPDIPS-ZnP2eNiP2 corresponding to
CPDIPS-ZnP2 B-protons a, b, ¢ and d and protecting group protons g and B-proton b (500 MHz, CDCl3,
298 K).
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As shown in Figure 4.20, B-protons a and ¢ show strong NOEs with aryl side-group proton e
and B-protons b and d show weak NOEs with proton e. Proton e also has coupling with aryl side
group proton f in the COSY spectrum. All protons a, b, ¢, d, e and f are on the Zn porphyrin dimer.

Aryl rotation of the Zn porphyrin dimer interconverts two e environments, making signal of e

broad.

Figure 4.20 Region of the NOESY and COSY spectra of CPDIPS-ZnP2eNiP2 corresponding to
CPDIPS-ZnP2 B-protons a, b, c and d and aryl side-group protons e and f (500 MHz, CDCl3, 298 K).
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Protecting group protons g and h on the Zn porphyrin dimer were assigned based on their

correlation in the COSY spectrum (Figure 4.21).

Figure 4.21 Region of the COSY spectrum of CPDIPS-ZnP2eNiP2 corresponding to CPDIPS-ZnP2
protecting group protons g and h (500 MHz, CDCls;, 298 K). The pink colour of the peaks highlights the
correlation between protons g and h in the COSY spectrum.
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Due to the ring current effect, the a-proton 7 on pyridyl side-groups of NiP2 is strongly
shielded and appears as asinglet at 2.45 ppm. The triplet signal of alkyl side-chain proton 8 on the
pyridyl side-groups is aso shielded from the ring current effect and shifted to the up-field at 2.62
ppm which is overlapping with the proton h of CPDIPS-ZnP2.

In the NOESY spectrum (Figure 4.22), the Zn porphyrin §-protons a, b, ¢, d and e show NOEs
with the Ni porphyrin pyridyl proton 7 and akyl side-chain proton 8 on the pyridyl groups and
there is also a NOE between proton f and proton 8, confirming the proximity of CPDIPS-ZnP2

and NiP2.

Figure 4.22 Region of the NOESY spectrum of CPDIPS-ZnP2eNiP2 corresponding to CPDIPS-ZnP2
protons a, b, ¢, d, eand f and NiP2 protons 7 and 8 (500 MHz, CDCls;, 298 K).
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Of the B-protons of NiP2, protons 2, 2’, 3 and 3', which are adjacent to the triple bond, are at
higher chemical shift than protons 1, 1', 4 and 4'. Inner Protons 2' and 3' experience a stronger
deshielding effect from the second porphyrin unit in the dimer, resulting in a higher chemical shift

than outer protons 2 and 3, respectively.
Additionally, B-protons 1 and 1' show NOEs with THS aryl side-group proton 5 and the
coupling between B-protons 1<2 and 1'<2' are aso observed in the COSY spectrum (Figure

4.23). Based on these couplings and NOEs, 1, 1', 2 and 2" are readily assigned on the upper part of

the Ni strand.

Figure 4.23 Region of NOESY and COSY spectra of CPDIPS-ZnP2eNiP2 corresponding to NiP2
B-protons 1, 1', 2 and 2’ and THS aryl side-group proton 5 (500 MHz, CDCl3, 298 K).

155



Chapter 4

In the lower part of the Ni strand, B-protons 4 and 4’ are more shielded by the ring current of
the Zn strand than the other B-protons 1, 1', 2, 2, 3 and 3’ due to the close proximity to the Zn
porphyrin plane, providing the large shift at 7.54 and 7.47 ppm, respectively. Based on their NOEs
with protons 7 and 8, the assignment of B-protons 4 and 4’ can be confirmed (Figure 4.24 top).
The couplings between protons 3'«<4' and 3«4 are observed in the COSY spectrum (Figure 4.24
bottom). This clarifies the assignment of protons 3 and 3' on the lower part of the Ni strand.

The acetylene proton 9 is dlightly shifted to the up-field since the small effect of ring currents

from the Zn strand.

Figure 4.24 Region of the NOESY and COSY spectra of CPDIPS-ZnP2eNiP2 corresponding to NiP2
B-protons 3, 3', 4 and 4’ and protons 7 and 8 (500 MHz, CDCl3, 298 K).
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4.5.1.2 *H NMR assignment of CPDIPS-ZnP4eNiP4

The 4-rung ladder complex CPDIPS-ZnP4eNiP4 was prepared by titration of a solution of

NiP4 into CPDIPS-ZnP4 in asimilar fashion to the 2-rung ladder complex (Figure 4.25).

1:1 CPDIPS - ZnP4 : NiP4
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Figure 4.25 *H NMR titration of CPDIPS-ZnP4 with NiP4 to form the 4-rung ladder complex (500 MHz,
CDCl;, 298 K, [CPDIPS-ZnP4] = 0.22 mM).
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Based on the symmetry of the CPDIPS-ZnP4eNiP4 complex, only half of the molecule needs
to be considered in the interpretation of the '"H NMR spectrum. The chemical structure in Figure

4.26 represents two porphyrin units of CPDIPS-ZnP4 coordinating to two porphyrin units of

NiP4.

Figure 4.26 Representative half of the 4-rung ladder structure (top) and *H NMR spectrum of CPDIPS-
ZnP4eNiP4 (bottom, 500 MHz, CDCl3, 298 K).
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Our assignment of the '"H NMR spectrum begins with the B-protons from CPDIPS-ZnP4.
Proton d overlaps with proton j and proton ¢ overlaps with proton i because they are in very similar
environments. Protons b, d and j, which are adjacent to the triple bond, are at a higher chemical
shift than protons a, ¢ and i. Protons d and j, which point towards another porphyrin unit, are more
deshielded by the butadiyne bridge, resulting in a higher chemical shift for protons d and j than for
b. There are also correlations b<>a, dc and j<i in the COSY spectrum, confirming the close
proximity of these B-protons (Figure 4.27). The assignment of b is aso confirmed by the

observation of an NOE between b<g as shown in Figure 4.30.

Figure 4.27 Region of the COSY spectrum of CPDIPS-ZnP4eNiP4 corresponding to CPDIPS-ZnP4 3-
protons a, b, ¢, d, i and j (500 MHz, CDCl3;, 298 K).
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B-protons a, b, ¢ and d from the outer Zn porphyrin unit aso show NOEs with outer aryl side-
group proton e while B-protonsi and j from the inner Zn porphyrin unit show NOES with inner aryl
side-group proton k and k' (Figure 4.28). Inner aryl side-group proton k and k' have coupling with
each other as shown in Figure 4.29. Proton e also has coupling with aryl side-group proton f

whereas proton k and k' have coupling with proton | in COSY spectrum (Figure 4.29).

Figure 4.28 Region of the NOESY spectra of CPDIPS-ZnP4eNiP4 corresponding to CPDIPS-ZnP4 -
protons a, b, ¢, d, i and j and aryl side-group protons e, k and k' (500 MHz, CDCl;, 298 K).
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Figure 4.29 Region of the COSY spectra of CPDIPS-ZnP4eNiP4 corresponding to CPDIPS-ZnP4 aryl
side-group protons e, f, |, k and k' (500 MHz, CDCls;, 298 K).
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Protecting group protons g and h on the Zn strand were assigned based on their correlation in

the COSY spectrum and the relationship of NOEs between proton g and proton b (Figure 4.30).
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Figure 4.30 Region of the COSY and NOESY spectra of CPDIPS-ZnP4eNiP4 corresponding to
CPDIPS-ZnP4 protecting group protons g and h and B-proton b (500 MHz, CDCl3, 298 K). The pink colour
of the peaks highlights the correlation between protons g and h in the COSY spectrum.
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Due to the ring current effect, a-protons 7 (outer) and 7' (inner) on pyridyl side-groups of
NiP4 are strongly shielded and appear as two singlet signals at very low chemical shifts (2.48 and
2.67 ppm, respectively). Two triplet signals of alkyl side-chain proton 8 (outer) and 8 (inner) on
the pyridyl side-groups of NiP4 are also shielded from the ring current effect and shifted to the up-
field at 2.63 and 2.73 ppm, respectively and the outer proton 8 is overlapping with the proton h of
CPDIPS-ZnPA4.

Furthermore, protons 8 and 8' show a correlation with alkyl side chain protons at low chemical
shifts (0.5 - 0.65 ppm) while protons 7 and 7' do not have this correlation, confirming the

assignment of 7, 77 and 8, 8' inthe COSY spectrum (Figure 4.31).

Figure 4.31 Region of the COSY spectrum of CPDIPS-ZnP4eNiP4 corresponding to NiP4 alkyl side-chain
protons 8 and 8' and alkyl side chain protons (500 MHz, CDCl3, 298 K).
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In the NOESY spectrum (Figure 4.32), a-pyridyl protons 7 and 7' and alkyl side-chain proton
8 and 8 on NiP4 can be distinguished to be either on the outer or the inner Ni porphyrin units
based on their NOEs with B-protons a, b, ¢, d, i and j, and THS aryl side-group protons e and k on
CPDIPS-ZnP4. a-proton 7 on the outer Ni porphyrin unit shows a NOE with 3-protons a, b, ¢ and
d and THS aryl side-group proton e on outer Zn porphyrin unit whereas o-proton 7' on the inner
Ni porphyrin unit shows a NOE with B-protonsi and j and THS aryl side-group proton k on the
inner Zn porphyrin unit.

Additionaly, alkyl side-chain proton 8 on the outer Ni porphyrin unit shows a NOE with
B-proton a and THS aryl side-group proton e on the outer Zn porphyrin unit, while akyl side-chain
proton 8 on the inner Ni porphyrin unit shows a NOE with B-protonsi and j and THS aryl side-
group proton k on the inner Zn porphyrin unit (Figure 4.32). NOE of protons 7 and 8’ with proton

k is confirmed that k is on the upper side and k' is on the lower side of the aryl group.

Figure 4.32 Region of the NOESY spectra of CPDIPS-ZnP4eNiP4 corresponding to NiP4 protons 7, 7', 8
and 8' and CPDIPS-ZnP4 protons a, b, ¢, d, &, i, j and k (500 MHz, CDCls, 298 K).
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Of the p-protons of NiP4, protons 2, 2, 27, 2%, 3, 3, 3" and 3", which are adjacent to the triple
bond, are higher chemical shift than protons 1, 1’, 17, 1%, 4, 4', 4’ and 4”. Protons 2’, 2", 2*and 3,
3", 3%, which point towards another porphyrin unit, have a stronger deshielding effect from the
butadiyne bridge, providing higher chemical shift (9.41, 9.18 ppm, respectively) than outer protons
2 and 3 respectively (9.30, 9.03 ppm, respectively).

Apart from that, p-protons 1, 1’, 1" and 1* show NOEs with THS aryl side-group proton 5 and
the coupling between B-protons 1, 17, 12, 27, 2* and 1<2 are aso observed in the COSY
spectrum. Based on these coupling and NOEs, 1, 1’, 17, 1, 2, 2, 2", and 2" are readily assigned on

the upper part of the Ni strand (Figure 4.33).

. B
LE ) e LE a3s 30 aas FPm

Figure 4.33 Region of the NOESY and COSY spectra of CPDIPS-ZnP4eNiP4 corresponding to NiP4
B-protons1,1’, 17, 1% 2,2, 2" and 2" and THS aryl side-group proton 5 (500 MHz, CDCls, 298 K).
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In the lower part of the Ni strand, B-protons 4, 4, 4” and 4" are more shielded due to the short
distance to the ring current of the Zn strand than the other -protons 1, 1’, 17, 1,2 2,27, 2% 3
3, 3" and 3, resulting in adownfield shift to 7.51-7.64 ppm.

As shown in Figure 4.34, B-protons 4” and 4" on the inner Ni porphyrin unit show NOE with
o-pyridyl proton 7' and alkyl side-chain proton 8 from the same unit whereas -protons 4 and 4’
on the outer Ni porphyrin unit show NOE with a-pyridyl proton 7 and alkyl side-chain proton 8
from the same unit. The coupling between protons 3', 3", 3'<4', 47, 4" and 3<4 is observed in
the COSY spectrum. Thisindicates that protons 3, 3', 3" and 3" are also on the lower part of the Ni
strand. The assignment of -protons 4, 4, 4" and 4* can be confirmed, based on their NOEs

between protons 7, 7', 8 and 8' and their coupling with protons 3, 3', 3" and 3.

L2

035

M

Figure 4.34 Region of the NOESY and COSY spectra of CPDIPS-ZnP4eNiP4 corresponding to NiP4
B-protons 3,3, 3", 3%, 4,4, 4 and 4" and protons 7, 7, 8 and 8' (500 MHz, CDCls, 298 K).
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The acetylene proton 9 is dightly shifted to the up-field since the small effect of ring currents
from the Zn strand.

Apart from the assignment, key signalsin the NOESY spectrum reveal the connection between
two strands of NiP4 and CPDIPS-ZnP4 (Figure 4.35). Observation of NOES shows the exchange
correlation for both the protons of dodecyloxy group and the a-protons on the pyridyl side groups
in the Ni strand with the ortho-protons of aryl side groups and the (-pyrrole protons of the

porphyrin unitsin the Zn strand, confirming the close proximity of both strands.

Figure 4.35 Key NOEs observed between the Ni porphyrin strand and the Zn porphyrin strand. NOEs are
observed between both —OCH, of dodecyloxy side groups (green dotted line) and the a-protons on the
pyridyl side groups (black dotted line) in the Ni strand with the ortho-protons of aryl side groups and the
B-pyrrole protons of the porphyrin unitsin the Zn strand.

4.5.1.3 Changes in chemical shifts for protonsin CPDIPS-ZnP4eNiP4

The '"H NMR spectrum of the 4-rung ladder complex was also compared to that of the
individual corresponding components: NiP4 and CPDIPS-ZnP4 (Figure 4.36), revealing

significant differencesin the aromatic region.
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Figure 4.36 (@) The chemical structure of the 4-rung ladder complex NiP4eCPDIPS-ZnP4 (CDCl;, 500
MHz, 298 K) and signal assignment for the complex (red letters, protons on CPDIPS-ZnP4; blue letters,
protons on NiP4). Three regions, A, B and C indicate the shielding effect from weak to strong based on the
distance from the Zn porphyrin plane. (b) The chemical shift changes (Ad) induced by the shielding effects of
the Zn porphyrin plane and the deshielding effect of the Ni porphyrin plane. (c) Comparison of *H NMR
spectra of the 4-rung ladder complex NiP4eCPDIPS-ZnP4 and the corresponding individual components
(500 MHz, CDCl3, 298 K); (bottom) red signals, *H NMR of CPDIPS-ZnP4; (middle) mixed-colour signals,
'H NMR of NiP4eCPDIPS-ZnP4; (top) blue signals, '"H NMR of NiP4. The black lines indicate the large
change in chemical shift (Ad) between the ladder complex and free Ni strand as a consequence of the strong
shielding effect of the ring-current of the Zn strand.

According to the proposed structure of the complex (Figure 4.36a), the Ni strand lies within
the shielding region of the aromatic ring-current of the Zn strand, causing protons of the Ni strand
at varying distances to experience different degrees of shielding. We roughly divide the degrees of

the shielding effect depending on the distances of the protons of the Ni strands into three regions,
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A, B and C from weak to strong effect (Figure 4.36a). The summary of the shielding effect from
the Zn porphyrin plane is described by the change of chemical shifts (A6) of NiP4 protons between
free form and bound form (to CPDIPS-ZnP4) as shown in Figure 4.36b. The magnitude of the
shielding effect increases with decreasing distances from the Zn plane (from region A to C).
Furthermore, this effect makes the overlapping signals of all protons in region B distinct from
those of the free Ni strand, splitting up overlapping signals corresponding to protons 2’, 27, 2°, 3,
3", 3" to two groups of signals corresponding to protons 2', 2", 2" and 3', 3", 3%, and overlapping
signal's corresponding to protons 2 and 3 to two signals corresponding to protons 2 and 3 (Figure
4.36¢). The strongest shielding effect is experienced by al protonsin region C as a conseguence of
the closest distance to the Zn plane, providing the large change in chemical shift (Ad) for the -
pyrrole protons, 4, 4', 4" and 4% at 1.17, 1.16, 1.19 and 1.27 ppm, respectively, for the o-protons
on the pyridyl side groups, 7 and 7’ at 5.95 and 5.76 ppm, respectively, and for the protons of
dodecyloxy group on the pyridyl side groups, 8 and 8 at 1.34 and 1.24 ppm, respectively relative
to the corresponding protons on free Ni strand (Figure 4.36¢).

Every single proton of NiP4 is influenced by the typical shielding effects from Zn porphyrin
ring structure. The change of chemical shifts Ad reflects the distances between protons of NiP4 and

the Zn porphyrin units.

452 MALDI-ToF Mass analysis of CPDIPS-ZnP4eNiP4

Additional support for the proposed structure of the 4-rung ladder complex was supplied by
MALDI-ToF MS technique that proved to be a valuable tool for analyzing non-covalent
complexes. As shown in Figure 4.37, the mass spectrum (DTCB matrix) of the complex revealed,
besides the two peaks belonging to the individual components NiP4 (m/z = 6004.6, expected
6002.3) and CPDIPS-ZnP4 (m/z = 7174.9, expected 7175.9), the expected molecular peak of the
corresponding supramolecular complex (m/z = 13,170, expected 13,178). This confirms the

identity of the desired complex CPDIPS-ZnP4eNiP4.

169



Chapter 4

A (34T 14
a miz

0D 000 SO0 G000 O BO00 2000 0000 11000 42000 13000 1430 15000 G000 AT0OD  1ADID 15000

Figure 4.37 MALDI-ToF mass analysis of the CPDIPS-ZnP4eNiP4 complex (DTCB as matrix).
4.6 Vernier template-directed synthesis(4 x 3=2 x 6)

To synthesise larger porphyrin oligomers by classical templating, we require the commensurate
length of the templates, whose syntheses become difficult. An alternative approach we introduce
here is linear Vernier templating, which is a facile approach to create a wide range in length of
molecular ladders.

A trial experiment of Vernier templating was carried out using PhA-NiP6 as a template and
ZnP4 as a subgtrate, to form the zinc porphyrin dodecamer ZnP12. This initial experiment was
designed to optimise the templating conditions for the next strategy in template-directed synthesis,
a Vernier-reciprocal templating which uses two substrates, ZnP4 and NiP6, with no real template
as will be described later in Section 4.7. The template PhA-NiP6 was synthesised by Pd/Cu
catalysed oxidative coupling between excess phenylacetylene PhA and fully deprotected Ni
hexamer NiP6 (see details of the synthesis of PhA-NiP6 in Experimental Section 4.9). The
templated reaction was set up similarly to the previous experiment; the substrate ZnP4 and the
template PhA-NiP6 were mixed in a 3:2 stoichiometric ratio in dry DCM and stirred for 30

minutes (the complex was detected by UV-vis-NIR spectroscopy within 1 minute). Then the
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coupling reagents CuCl and 2,2'-BiPy was added into the reaction mixture. The control reaction
with no template is identical to the Zn control which will be described in the next Section 4.7. The
reaction was monitored by UV-vis-NIR spectroscopy every 30 min until there was insignificant
change in the absorption spectrum from 3 to 4 h (Figure 4.38c), implying slower coupling reaction
after 3 h. After removal of the coupling reagents and template, the reaction products were
identified by analytical GPC (toluene/1% pyridine) based on calibrated retention times.® The
analytica yields were caculated by peak fitting of resolved GPC peak areas from the absorption at
591 nm where al Zn species have the same extinction coefficient per porphyrin unit (Figure

4.384).

Figure 4.38 Reaction design and outcome of linear Vernier templating for the synthesis of the
non-commensurate length product ZnP12 from ZnP4 using PhA-NiP6 as a template. (a) Schematic
representation of the linear Vernier templated synthesis of ZnP12. (b) Chemical structure of the substrate
ZnP4 and the template PhA-NiP6. Ar =3,5-bis(trihexylsilyl)phenyl. (c) The change in Q band of UV-vis-
NIR absorption spectra of the templated synthesis of ZnP12 from 0 h (black solid line) to 4 h (red solid line).
(d) Recycling GPC traces (detection at 591 nm in first cycle, toluene/ 1% pyridine) of the linear templated
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reaction product mixture after removal of the template PhA-NiP6 at 4 h. Products were identified by
analytical GPC based on calibrated retention times. The percentages in GPC traces represent the %GPC
yields of corresponding compounds, calculated by integration of the peak areas.

As seen in Figure 4.38d, the substrate ZnP4 was converted to two magor products; the
intermediate Vernier product ZnP8 in 20% analytical yield and the desired product ZnP12 in 21%
analytical yield. The unreacted substrate ZnP4 was observed in 17% anaytica yield, indicating
the slower coupling in the Vernier templating reaction than the classical templating reaction. It
appears that template-directed formation of ZnP8 is faster than subsequent coupling to form
ZnP12. The GPC result shows that ZnP12 can be synthesised by the linear Vernier templating
reaction under this condition. Monitoring the formation of the desired product ZnP12 by
UV-vis-NIR spectroscopy is difficult for the Vernier templating reaction since Q-bands of longer
Zn oligomers rise up at the same wavelength as ZnP12, as we see polymers appearing in 42%
analytical yield. The yield of the desired product ZnP12 could potentialy be further improved by
increasing the amount of the coupling reagent and reaction time, and changing the monitor to GPC

rather than the UV -vis-NIR absorption.

4.7 Vernier-reciprocal template-directed synthesis (4 x 3= 2 x 6)

4.7.1 Binding study of the Vernier assembly

In order to test the validity of the Vernier templating approach for the synthesis of larger
porphyrin oligomers, we investigated the ability of Zn and Ni porphyrin oligomers to form Vernier
complexes by studying the stability of the 2:3 complex between a Ni hexamer and a Zn tetramer,
(NiP6)2¢(ZnP4); (Figure 4.39).

The Vernier assembly could be characterised using UV-vis-NIR formation titration. The
titration of ZnP4 with NiP6 was performed at a constant concentration of ZnP4 (approximately
10° M) in dry DCM at 25 °C. When increasing amounts of the NiP6 were added, the intensity of
the Q-band absorption of free ZnP4 at 764 nm decreased, and two new sharper Q-bands appeared
at the blue- and red-shifted wavelengths of 712 nm and 836 nm corresponding to two bound

porphyrin species, i.e. NiP6 at 712 nm and ZnP4 at 836 nm. Observation of three subsequent
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isoshestic points at 0.5, 0.7 and 1.0 equivalents of NiP6 indicates formation of a series of
self-assembled complexes with NiP6:ZnP4 complexes of 1:2, 2:3 and 1:1 stoichiometries as
illustrated in Figure 4.39 and 4.40a. The titration data were analysed by SPECFIT in term of five
coloured species, ZnP4, NiP6, 1:2, 2:3 and 1:1 complexes. The experimental data give an
excellent fit to this model, yielding a binding constant of each species as shown in Figure 4.40b
and listed in Table 4.1. Theses overall binding constants can be used to calculate the concentration
at 50% bound (Csp) as shown in Table 4.1, resulting in Csp in order of (1:1) < (1:2) < (2:3). The
calculation of Cs, is shown in Appendix. This confirms that the 1:1, 1:2 and 2:3 assembly are
present under micromolar concentration in this titration. The corresponding speciation profile
(Figure 4.40c) shows that the intermediate 1:2 assembly appears before the 2:3 assembly becomes
the major species (up to 80%) present at the appropriate stoi chiometry, and then dissociation of the
Vernier complex by excess NiP6 occurs. The binding study suggests that the double strand
approach provides the successful construction of the Vernier assembly with enough stability at the
appropriate stoichiometry in DCM, suggesting the new approach for the synthesis of larger
oligomers by linear Vernier templating is valid.

Bas

NiP6 B Vernier complex

VY VYN oYY Yy VY Y vyivvyvy

o—0—00-0 0000 o—0—0-0 0000 OO0

1:2 complex 2:3 complex

NiP6:ZnP4 WL
B1a

; i 3 ; i ; 1:1 complex

o—0—0-0

ZnP4

Figure 4.39 Complex formed between ZnP4 and NiP6. The overall stability constants for the formation of
each complex are provided interms of S8 1., B ozand B 1.1.
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Figure 4.40 (a) UV-vis-NIR formation titration of ZnP4 ([ZnP4] = 7.27 x 107 M) with NiP6 in dry DCM
at 298 K. Arrows indicate increasing or decreasing absorption (black, free ZnP4; green, 1:2 complex; blue,
2:3 complex, red, 1:1 complex and magenta, the end spectra of the NiP6-saturated-ZnP4). Inset: zoom-in of
the change of isoshestic points in the absorption spectra. Arrows point out three subsequent isosbestic points
at 0.5, 0.7 and 1.0 equivalents of NiP6, which is consistent with NiP6:ZnP4 complexes of 1:2, 2:3 and 1:1
stoichiometries, respectively. (b) Binding isotherm (open dots) derived from absorption data at various
wavelengths and fit obtained from global analysis with SPECFIT (solid lines). (c) The speciation plots as a
function of the ratio [NiP6]/[ZnP4] (black, free ZnP4; green, 1:1 complex; blue, 2:3 complex, red, 1:1
complex and magenta, free NiP6).

Table 4.1 Overall stability constants (8) and concentration at 50% bound (Cs) of 1:2, 2:3 and 1:1 complexes
from UV-vis-NIR formation titration.

log 8
Complex Cso (M)
Runl Run2 Average
1:1 128+ 051  12.6+0.59 12.7+0.39 (3.99 + 1.03) x 10
1:2 216+0.63  21.9+0.79 21.8+0.51 (1.26 + 0.47) x 10"
2:3 423+0.88  41.7+0.98 42.0 +0.66 (1.96 + 0.79) x 10
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4.7.2 Vernier-reciprocal templating reaction

Theresult from the trial Vernier templating reaction in Section 4.6 and the binding study of the
Vernier complex in Section 4.7.1 encouraged us to try the Vernier-reciprocal templating synthesis
of two different types of linear metalloporphyrin 12-mers using two non-commensurate substrates
ZnP4 and NiP6. When both substrates form the Vernier ladder complex, under coupling
conditions the Zn and Ni strand can serve as templates for each other in order to direct the
construction of ZnP12 and NiP12 as expected from the lowest common multiple of the number of
binding units of ZnP4 and NiP6 (Figure 4.41). It is not necessary for both strands to couple at the
same time because after one strand couples, the Vernier product can act as atemplate for the other
strand.

Similarly to the previous experiment, ZnP4 and NiP6 were mixed in a 3:2 stoichiometric ratio
in dry DCM and the complex was detected by UV-vis-NIR spectroscopy within 1 min. Then the
coupling reagent CuCl/2,2'-BiPy was added into the reaction mixture every three hours so as to
maintain the coupling reaction since we observed dower coupling after 3 h in the trial Vernier
templating reaction (Section 4.6). The reaction was monitored by taking aliquots and analysing
them by GPC (eluting with 1% pyridine/THF) at 1, 3, 4, 6, 7 and 8 h. After 8 h, the reaction was
further analysed by MALDI-ToF mass spectrometry.

Three control reactions were set up as follows (Figure 4.41):

e Zn control: This control was prepared in a similar approach to the Vernier-reciprocal
templating reaction but in the absence of NiP6 so that we can see the statistica
homocoupling of ZnP4 onits own.

e Ni control: This control was prepared similarly to the Vernier-reciprocal templating
reaction but in the absence of ZnP4 in order to understand the statistical homocoupling of
NiP6 with no template-like effect.

e Pyridine control: This control was set up in identical condition to the Vernier- reciprocal
templating reaction but in the presence of 10% pyridine so that pyridine can inhibit the

formation of the Vernier complex (ZnP4);¢(NiP6),. As a result, the coupling reaction
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between ZnP4 and NiP6 would randomly produce the homocoupling product from Ni and

Zn species and heterocoupling between Ni and Zn species in the presence of pyridine.

Figure 4.41 (a) The Vernier-reciprocal templating and three control reactions for the synthesis of NiP12 and
ZnP12. m and n are the number of the repeat units. (b) Chemical structures of two types of substrates ZnP4
and NiP6 and an example of heterocoupling product ZnNiP10.

The results from all reactions are presented in 2D-plots of the retention times versus Q-band
absorption spectra, deconvoluted GPC traces and 1D-plots of analytical concentrations that were
calculated by peak fitting of resolved GPC peak areas, and MALDI-ToF mass analysis,
respectively, asfollows.

2D-Plots. Interestingly, the 2D-plots of the retention times versus Q-band absorption spectra
(Figure 4.42c) dlow the identification of the type of metalloporphyrins by the characteristic
absorptions of Ni porphyrins at shorter wavelength than Zn porphyrins, even when the Ni and Zn
porphyrin oligomers give unresolved overlapping peaks in the 1D GPC traces. In addition, we can
see the growing formation of the products by monitoring the change in the Q-bands of
corresponding compounds, yielding consistent results with the trends from the deconvoluted GPC
traces to be discussed later.

The Vernier products in the beginning of the templating reaction show the relatively weak
Q-band for ZnP12 whereas ZnP8 and NiP12 are quite intense, but at the end the three products

have amost the same intensity (Figure 4.42c—Vernier-reciprocal templating). Although the
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retention times of NiP12 and ZnP12 are very close, their corresponding Q-bands can till be
deconvoluted from the shorter and longer absorption wavel engths.

The Q-bands in the Zn control are more red-shifted in shorter retention times with increasing
reaction time, reflecting the formation of longer Zn oligomers (Figur e 4.42¢-Zn control) while the
Q-bands in the Ni control show up at shorter wavelengths and are mostly unchanged, indicating
slow conversion from NiP6 to NiP12 and small amount of polymers at shorter retention times
(Figure 4.42c-Ni contral).

Strikingly, in the pyridine control, in addition to the expected distinctive absorptions from Ni
and Zn porphyrin oligomers, we can see the Q-band absorption in regions where both species
absorb, confirming the formation of the product ZnNiP10 of heterocoupling between ZnP4 and

NiP6 (Figure 4.42c-Pyridine control).
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Figure 4.42 The outcome of the Vernier-reciprocal templating and three control reactions of the synthesis of
NiP12 and ZnP12. (a) The selected deconvoluted GPC traces fitted by Origin® at 0, 1, 4, 6 and 8 h,
respectively (THF/ 1% pyridine, detection at 479 nm where all species have essentially the same extinction
coefficient per porphyrin unit). (b) The plots of analytical yields that were calculated by peak fitting of
resolved GPC peak areas. (C) The selected 2D-plots at O, 1, 4, 6 and 8 h, respectively. The intensity was
normalised by rainbow colours from purple (lowest) to red (highest). The retention times of all components

were calibrated from known compounds, and their identification was based on the calibrated retention time
in GPC.
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Deconvoluted GPC traces and 1D-plots. Figure 4.42a shows deconvoluted GPC traces of
the Vernier-reciprocal templated and three control syntheses of ZnP12 and NiP12 from the
absorption at 479 nm where al species have essentially the same extinction coefficient per
porphyrin unit (see the extinction coefficient spectra in Experimental section 4.9). All
components were assigned based on their retention times, using a calibration scale based on the
retention times of known compounds (see the detail of analytical GPC calibration in Experimental
section 4.9). Analytica yields were calculated by peak fitting of resolved GPC peak areas (Figure
4.42a and b).

In the beginning of linear Vernier-reciprocal templating (at 1 h), the Zn strand accelerates the
coupling reaction of NiP6 yielding NiP12 in 41% whereas ZnP12 forms only in 7% yield, and
partia coupling from ZnP4 to ZnP8 (42%) was observed at the same yield as NiP12. It can be
seen that the Zn strand speeds up the coupling reaction of the Ni strand as NiP6 is consumed faster
than in the Ni control (Figure 4.42a,b-Vernier-reciprocal templating compared to Ni control).
Surprisingly, the Ni strand appears to slow down the coupling of the Zn strand compared to the
corresponding control (Figure 4.42a,b-Vernier-reciprocal templating compared to Zn control).
Then while ZnP8 is gradually converted to ZnP12, NiP12 can further couple to form longer
oligomers due to the absence of protecting groups at the acetylenic ends. After 8 h, the yields of the
three products ZnP8 (24%), ZnP12 (23%) and NiP12 (28%) became almost equivalent (Figure
4.42a,b-Vernier-reciprocal templating). Both desired products NiP12 and ZnP12 could convert to
their corresponding longer oligomer as far as the coupling reagent is till active, providing traces of
high-mass oligomers as seen in the GPC traces a longer reaction times (Figure
4.42a-Vernier- reciprocal templating). If we had stopped the Vernier templating reaction at the
right time (i. e. 6 h), the best yidds of the desired Vernier products would have been achieved
(38% for NiP12 and 24% for ZnP12).

As expected, the Zn control reaction led to the increasing statistical coupling of the Zn
oligomer products as time proceeded, yielding polymers as the major products at the end of the
reaction time (at 8 h). In the beginning at 1 h, the unreacted substrate ZnP4 was dominant at 48%

and ZnP8 and ZnP12 were also observed in 31% and 11% yield respectively. With increasing time
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from 3 to 8 h, the polymers become the major products and yields of ZnP8 (from 16% to 4%) and
ZnP12 (from 14% to 6%) become identical and very low. The highest yield of ZnP12 (14%) is
still much lower than from Vernier-reciproca templating (24%) (Figur e 4.42a,b-Zn contral).

On the other hand, the Ni control reaction gradually produced NiP12 and a small trace of
polymers due to the dlow coupling rate of the Ni porphyrins, however without template effect, the
yield of NiP12 in the beginning (24% at 1 h) is almost two times lower than from the Vernier
templating (41%) and then increases to 34% at 8 h (Figur e 4.42a,b-Ni control).

In the pyridine control (Figure 4.42a,b-Pyridine control), homocoupling products ZnP8 (from
28% to 12%) and ZnP12 (from 12% to 13%) were statistically produced at almost the same rate as
in the Zn control from 1 to 8 h. NiP12 is not clearly observed in the GPC traces while the new
species of the product of heterocoupling between ZnP4 and NiP6 was obviously observed as
anticipated, yielding the 10-porphyrin unit oligomer ZnNiP10 in 29% and reducing to 7% yield
from 1 to 8 h. At the end in 8 h, the polymers become the main products.

Since the retention time of ZnP12 and NiP12 are very close at 28.55 and 29.05 min in the
Vernier-reciprocal templated reaction, there is uncertainty in the fitting area of the corresponding
deconvoluted peaks. Thus, to confirm the reliability in the fitting results, yields of the product
mixtures at 779 nm where only Zn species absorb were determined and compared indirectly by the
product-to-substrate ratios of ZnP12/ZnP4 and ZnP8/ZnP4 to those a 479 nm, resulting in a good

agreement of the valuesin both wavelengths as shown in Figure 4.43.
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Figure 4.43 Comparison of the product-to-substrate ratios from the Vernier templating reaction, calculated at
different wavelengths. (Left) The product-to-substrate ratios of ZnP8/ZnP4 calculated from the GPC traces
at 479 (black solid squares) and 779 nm (red solid circles). (Right) The product-to-substrate ratios of
ZnP12/ZnP4 calculated from the GPC traces at 479 (black open squares) and 779 nm (red open circles). The
solid lines are a guide to the eye.

MALDI-ToF mass analysis. To support the analyses by the calibrated GPC retention
time, the product species in the Vernier-reciprocal templating and the control reactions were also
analysed by the MALDI-ToF mass spectrometry (Figure 4.44-4.47). Mass peaks are quite broad
due to the low resolution of the detector for high-molecular weight molecules, but it is still
sufficient to identify the peaks since all predicted products have a mass difference of at least 2000
Da.

The summary of mass analysis is shown in Table 4.2. In the Vernier-reciprocal templating
reaction, the mass spectrum reveals the presence of all substrates ZnP4 and NiP6, the intermediate
ZnP8 and desired products ZnP12 and NiP12. No cross-coupling product ZnNiP10 was detected
from the Vernier-reciprocal templating, confirming the strong template effects. Statistical
homocoupling species were observed as expected in both Zn and Ni controls, whereas the pyridine
control provided not only both homocoupling products from Zn and Ni species but also
heterocoupling products such as ZnNiP10 as expected.

The mass data are also in good agreement with the assignment of all species in GPC traces

as discussed above.
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Table 4.2 The summary of mass data in the Vernier-reciprocal templating and three control reactions

Compound MW m/z (g/mol) (observed)
(g/mal)
Vernier-reciprocal Zn control Ni control Pyridine control
(calculation)
ZnP4 6811.2 7026.5 7134.6 7176.1
ZnP8 13620.4 14174.7 14308.7 14379.4
ZnP12 20429.6 21302.4 21364.2 21406.5
ZnP16 27238.8 285194
NiP6 9002.4 9684.1
NiP12 18002.9 19086.8 19238.3
NiP18 27003.3 28780.9
ZnNiP10 15813.6 16888.1
ZnNiP14 22622.8 24124.6
0
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Figure 4.44 MALDI-ToF mass analysis of the product mixture of the Vernier-reciprocal templating reaction
(flight mode: linear, matrix: DTCB).
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Figure 4.45 MALDI-ToF mass analysis of the product mixture of the Zn control reaction (flight mode:
linear, matrix: DTCB).
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Figure 4.46 MALDI-ToF mass analysis of the product mixture of the Ni control reaction (flight mode:
linear, matrix: DTCB).
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Figure 4.47 MALDI-ToF mass analysis of the product mixture of the pyridine control reaction (flight mode:
linear, matrix: DTCB).

4.7.3 Comparison to cyclic Vernier templating synthesis

Figure 4.48 Comparison between cyclic Vernier and linear Vernier-reciprocal templating reactions.

In comparison to the cyclic Vernier templating synthesis of cyclic 12-porphyrin nanoring using
the Zn porphyrin tetramer substrate and radial hexapyridyl ligand template (T6) as published,***°
the linear Vernier-reciprocal templating approach here shows that two distinctive species NiP12
and ZnP12 can be synthesised without a real template, rather than one species (Figure 4.48).
Despite the fact that the unprotected end groups of the products NiP12 and ZnP12 can react further
to produce polymeric mixtures in the linear route (a problem that does not arise in the case of the
closed structure of the cyclic templates), the efficiency of the two methods are comparable in term
of the range of yields (38% for NiP12 and 24% for ZnP12 compared to 39% for cyclic 12-mer'?).

In fact, using non-covalent metal ligand coordination to assemble the Vernier complex rather than

184



Chapter 4

dynamic covalent bonding for the linear route is beneficial because the misaligned Vernier
complex can be rearranged to reach the equilibrium faster, leading to higher yields of the coupling

products™ if the reaction is stopped at the right time.

4.8 Summary

Linear porphyrin oligomers of up to six porphyrin units were successfully synthesised by the
classical templating approach using complementary templates and substrates with commensurate
lengths under oxidative-coupling conditions, in a manner reminiscent of DNA replication. The
porphyrin templates in the conventional approach can be recovered in avery high yield, up to 85%,
making this method efficient for creating large amounts of desired products without the need to
synthesise more template for every production cycle. However, classical templating is not suitable
for the synthesis of larger linear oligomers due to the challenge in the synthesis of large templates.
To solve this problem, we exploited the linear Vernier-reciprocal template-directed synthesis to
demonstrate the construction of two complementary supramolecular oligomers with well-defined
length via the Vernier assembly of two different types of small substrates. The Vernier-reciprocal
templating gives much higher yields of the Vernier products than in the controls, proving the
effectiveness of the template effects. This approach can be used as ancther toolbox for
supramolecular syntheses of nanoscopic materials with photophysical properties of interest from

simple components.
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4.9 Experimental section

4.9.1 General methods

All chemicals were purchased from commercia suppliers and used without further purification
unless otherwise stated. CuCl was freshly prepared.® Dry CH,Cl, was obtained by passing through
a column of activated alumina under nitrogen pressure. Diisopropylamine (DIPA) was dried over
calcium hydride, distilled and stored under nitrogen over molecular sieves. “Petrol ether” (PE)
always refers to 40/60 petrol ether. NMR data were recorded at 500 MHz using a Bruker AV11500
(with cryoprobe) or DRX500, or at 400 MHz using a Bruker AV11400 or AV 111400, or at 700 MHz
using a Bruker AVIII700 (with cryoprobe) at 298 K. Chemica shifts are quoted as parts per
million (ppm) relative to residual CHCl; (0y 7.27 ppm for *H NMR and at dc 77.2 ppm for **C
NMR) and coupling constants (J) are reported in Hertz. MALDI-TOF-M S was measured with a
Waters MALDI Micro MX spectrometer. Trans-2-[ 3-(4-tert-butyl phenyl)-2-
methyl-2-propenylidenelmalononitrile (DTCB) was used as a matrix for al MALDI-TOF
measurements. All UV-vis-NIR spectra were recorded at 25 °C on Perkin-Elmer Lambda 20
photospectrometer using quartz 1 cm cuvettes. UV-vis-NIR titrations were analyzed by calculating
the difference in absorptions and plotted using Origin® software or fitted with predicted models
using SPECFIT software. Size exclusion chromatography (SEC) was carried out using Bio-Beads
SX1, 200- 400 mesh (Bio Rad). Analytical and semi-preparative GPC were carried out on
Shimadzu Recycling GPC system equipped with LC-20 AD pump, SPD-M20A UV detector and a
set of JAIGEL 3H (20 x 600 mm) and JAIGEL 4H (20 x 600 mm) columnsin toluene/1% pyridine
as eluent with a flow rate of 3.5 mL/min or carried out on VWR Hitachi Lachrom Elite (pump L-
2130, Autosampler L-2200, Diode Array Detector L-2450, Column oven L-2350) and a set of
JAIGEL 3H-A (8 x 500 mm) and JAIGEL 4H-A (8 x 500 mm) columns in THF/1% pyridine as

eluent with aflow rate of 1.0 mL/min.
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4.9.2 Synthetic procedures

4.9.2.1. Synthesis of known compounds

Fully protected Zn porphyrin monomer CPDIPS-ZnP1,% Fully protected and fully deprotected
Zn porphyrin dimer THS-ZnP2° and ZnP2,° Fully protected and fully deprotected Zn porphyrin
tetramer THS-ZnP4,° CPDIPS-ZnP4% and ZnP4,* Zn porphyrin pentamer THS-ZnP5°, Zn
porphyrin hexamer THS-ZnP6° and Freebase-pyridyl porphyrin dimer THS-H2P2py* were

synthesised by previously published procedures.
4.9.2.2. Synthesis of Novel compounds

Fully deprotected Ni pyridyl porphyrin dimer NiP2

Ni(acac),
m-Xylene
reflux, ~3 h
THS
THS-H2P2py Ar= 4 THS-NiP2
85%

THS

Fully protected Ni pyridyl porphyrin dimer, THS-NiP2: Freebase porphyrin dimer (50.0
mg, 0.014 mmol, 1.0 equiv.) was dissolved in m-xylene (10 mL). Ni(acac), (108 mg, 0.420 mmol,
30.0 equiv.) was added. The mixture was heated to reflux under nitrogen for 3 h. After cooling the
mixture was passed through a short silica plug eluting with chloroform/1% pyridine. The solvent
was removed from the green filtrate and dried in vacuum, providing the desired product (44.0 mg,
85%) in form of agreen solid.

THSNiP2: 'H NMR (400 MHz, CDCl3): dy 9.63 (m, 4H, B-H), 9.46 (m, 4H, B-H), 8.80 (d,
J=4.0Hz, 2H, p-H), 8.72 (d, J=4.0 Hz, 2H, B-H), 8.68 (d, J=4.0 Hz, 2H, B-H), 8.61 (d,
J=4.0 Hz, 2H, B-H), 8.45 (s, 4H, py-H), 8.10 (s, 4H, 0-H), 7.95 (s, 2H, p-H), 3.98 (t, J = 4.0 Hz,
8H, OCH,), 1.72-1.68 (m, 12H, alkyl-H), 1.56-1.30 (m, 150H, alkyl-H), 1.17-0.52 (m, 230H,

a kyl ‘H) m/z (M ALDI ‘TOF) 3565.92 (C226H360N10Ni2048ie reqw res 356256)
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Fully deprotected Ni pyridyl porphyrin dimer, NiP2: Ni-dimer (32.7 mg, 0.009 mmoal, 1.0
equiv.) was dissolved in chloroform (5 mL). TBAF-solution (1 M in THF, 5.0 uL, 0.005 mmoal, 0.5
equiv.) was added and the mixture was stirred for 30 min at rt. Methanol was layered and
precipitation was completed in the fridge overnight. The green precipitate was filtered to remove
al solution and washed with methanol and dried in vacuum, affording the desired product in 28.1
mg, 86% yield.

NiP2: *H NMR (400 MHz, CDCl3): dy 9.63 (m, 4H, B-H), 9.46 (m, 4H, B-H), 8.81 (d,
J=4.0Hz, 2H, p-H), 8.74 (d, J=4.0 Hz, 2H, B-H), 8.68 (d, J=4.0 Hz, 2H, B-H), 8.62 (d,
J=4.0 Hz, 2H, B-H), 8.43 (s, 4H, py-H), 8.08 (s, 4H, 0-H), 7.94 (s, 2H, p-H), 4.07 (s, 2H, ethinyl-
H), 3.96 (t, J = 4.0 Hz, 8H, OCH,), 1.45-0.52 (m, 248H, alkyl-H). *C-deptQ-NMR (125 MHz,
CDCly): 6¢c 155.3 (d, 4C, py-C), 145.9 (d, 2C, a-C), 145.7 (d, 2C, a-C), 145.3 (d, 2C, a-C), 145.1
(d, 2C, a-C), 143.4 (d, 2C, a-C), 143.2 (d, 2C, a-C), 143.0 (d, 2C, 0-C), 142.8 (d, 2C, a-C), 139.9
(d, 2C, ipso-C), 139.6 (u, 4C, 0-C), 138.5 (u, 2C, p-C), 135.6 (d, 4C, m-C), 133.6 (u, 2C, p-C),
133.3 (u, 2C, B-C), 132.6 (u, 2C, B-C), 132.4 (u, 2C, B-C), 132.3 (u, 2C, B-C), 132.1 (u, 2C, B-C),
131.6 (u, 2C, B-C), 131.4 (u, 2C, B-C), 129.1 (u, 4C, py-C), 126.2 (d, 2C, py-C), 122.7 (d, 2C,
meso-C), 110.6 (d, 2C, meso-C), 99.3 (d, 2C, akynyl-C), 98.7 (d, 2C, meso-C), 85.1 (d, 4C, meso-
C and alkynyl-C), 84.7 (d, 2C, alkynyl-C), 82.5 (d, 2C, alkynyl-C), 69.9 (d, 4C, OCH,), 33.7-22.7
(d, 108C, CH,), 14.3 (u, 18C, CH3), 14.2 (u, 4C, CHs), 12.7 (d, 12C, CH,-Si). m/z (MALDI-TOF):
3001.23 (Cio0H284N100:SisNi» requires 3001.02). Amax (CHoCl2)/ nm (log €): 450 (5.28), 476

(5.24), 562 (4.34), 648 (4.76).

Phenylacetylene Zn porphyrin tetramer PhA-ZnP4

\\ I\ \\ N
N, N= TBAF Ph—= N_ N=
CPDIPS1= @0 =1 CPDIPS — 3 H RA= =R
NN oCly Pd(PPhj),Cl,, Cul, p-BQ NTN
A A Toluene/DIPA, rt A A
4 4
Ar THS Ar
CPDIPS-ZnP4 Ar= 4 R=$=—pn PhA-ZnP4
THS 92% in two steps

CPDIPS-ZnP4 (7.0 mg, 0.98 umol, 1.0 equiv.) was dissolved in dry DCM and then added

TBAF solution (1.0 M in THF; 3.0 uL, 2.44 umoal, 2.5 equiv.). After stirring for 2h, the reaction
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was completed. The crude mixture was passed through a small silica plug eluting with CHCI; to
remove TBAF. The solvent was removed and dried under high vacuum. Then the crude product
ZnP4, phenylacetlyene (2.1 pL, 19.5 pmol, 20.0 equiv.), Pd(PPhg).Cl, (1.0 mg, 2.0 umol, 2.0
equiv.), copper(l) iodide (1.0 mg, 6.0 umoal, 6.0 equiv.) and 1,4-benzoquinone (1.0 mg, 10.0 umoal,
10.0 equiv.) were dissolved in dry toluene (1.00 mL), followed by dry DIPA (0.25 mL). The
reaction was stirred at room temperature for 30 min and then added 25.0 uL (0.306 mmol, 312
equiv.) of phenylacetylene again to make sure that al terminal acetylenes were coupled. The
reaction mixture was stirred further for another 1 h. The reaction mixture was passed through a
short alumina plug eluting with chloroform/1% pyridine and then removed al solvent and
redissolved in toluene to pass through a SEC-column to remove 1,4-benzoquinone and excess
diphenylacetylene. The desired product was reprecipitated by bilayers of chloroform/MeOH,
affording PhA-ZnP4 in 6.5 mg, 92% yield in two steps.

PhA-ZnP4: *H NMR (400 MHz, CDCls): 64 9.92 (m, 12H, B-H), 9.69 (d, J=4.0 Hz, 4H, p-
H), 8.98 (m, 12H, B-H), 8.91 (d, J = 4.0 Hz, 4H, B-H), 8.33 (s, 8H, 0-H), 8.29 (s, 8H, 0-H), 8.04 (s,
4H, p-H), 8.02 (s, 4H, p-H), 7.75 (m, 4H, Ph-H), 7.45 (m, 6H, Ph-H), 1.55-1.20 (m, 384H, CH,),
0.99-0.82 (m, 240H, CH, and CH3). ®*C-NMR (125 MHz, CDCl3): dc 153.2, 153.1, 153.0, 150.8,
150.7, 143.7, 140.9, 140.3, 139.4, 135.3, 133.5, 132.8, 131.2, 128.7, 125.1, 125.0, 122.6, 122.4,
100.8, 53.6, 33.7, 31.8, 24.2, 22.8, 14.3, 12.8. m/z (MALDI-TOF): 7004.9 (CygHeooN16Si16ZN4

requires 7011.4).
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Phenylacetylene Ni porphyrin tetramer PhA-NiP4

CPDIPS-ZnP4

cucl, 2,2-BiPy
=1H ————®» CPDIPS+=
Dry DCM, rt
THS
Ar= CPDIPS-ZnP4
THS 85% (recovery)

Pd(PPh3),Cl,, Cul, p-BQ
Toluene/DIPA, rt

Firstly, NiP4 was synthesised by linear templating with template CPDIPS-ZnP4. NiP2 (22.3
mg, 7.43 umol, 1.0 equiv.) was dissolved in dry DCM (74.3 mL) using a 1-L-flask. Template
CPDIPS-ZnP4 (26.7 mg, 3.71 umol, 0.5 equiv.) was added and the mixture was stirred for 20
min, monitoring by UV-vis-NIR spectrocopy. CuCl (103 mg, 1.04 mmol, 140 equiv.) was added,
followed by 2,2'-BiPy (162 mg, 1.04 mmol, 140 equiv.). The reaction was vigorously stirred in the
large flask with alot of air. The reaction was followed carefully by UV-vis-NIR spectroscopy, and
after 3 h had gone to completion. To the reaction mixture, 7 mL of pyridine was added. Then crude
product was subjected into a short slica column euting with gradient 1%-10%
pyridine/chloroform to separate the template and elute the Ni-porphyrin products. Then the crude
Ni-product was passed through the small SEC-column. The solvent was removed and dried over
vacuum. The crude product was dissolved in toluene/1% pyridine and filtered by microfilter. The
product distribution was analysed and separated by recycling GPC eluting with toluene/1%
pyridine, affording the desired NiP4 in 12.3 mg, 54% yield. The template was recovered in 22.6
mg, 85% recovered yield. Characterization data are shown in Section 4.9.3.2-the classica
templated synthesis of NiP4.

Then NiP4 (14.7 mg, 2.40 umol, 1.0 equiv.), phenylacetlyene (5.4 uL, 49.0 umol, 20.0 equiv.),

Pd(PPh3).Cl, (1.0 mg, 2.00 umol, 0.8 equiv.), copper(l) iodide (1.0 mg, 6.0 umol, 2.5 equiv.) and
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1,4-benzoquinone (1.0 mg, 10.0 umol, 4.2 equiv.) were dissolved in dry toluene (4.0 mL),
followed by dry DIPA (1 mL). The reaction was stirred at rt for 30 min and then added 25.0 pL
(0.306 mmoal, 312 equiv.) of phenylacetylene again to make sure that all terminal acetylenes were
coupled. The reaction mixture was stirred further for another 1 h. The reaction mixture was passed
through a short alumina plug eluting with chloroform/1% pyridine and then removed all solvent
and redissolved in toluene to pass through a SEC-column to remove 1,4-benzoquinone and excess
diphenylacetylene. The desired product was reprecipitated by bilayers of chloroform/MeOH,
affording PhA-NiP4in 13.5 mg, 91% yield.

PhA-NiP4: *H NMR (400 MHz, CDCl5): 5,4 =9.64 (m, 12H, B-H), 9.47 (m, 4H, p-H), 8.82 (m,
6H, B-H), 8.76 (d, J= 8.0 Hz, 2H, B-H), 8.69 (m, 6H, B-H), 8.64 (d, J = 4.0 Hz, 2H, B-H), 8.48 (s,
4H, py-H), 8.46 (s, 4H, py-H), 8.14 (s, 4H, o-H), 8.11 (s, 4H, o-H), 7.98 (s, 2H, p-H), 7.97 (s, 2H,
p-H), 7.70 (m, 4H, Ph-H), 7.45 (m, 6H, Ph-H), 3.98 (m, 16H, OCH,), 1.47-0.56 (m, 496H, alkyl-
H). *C NMR (125 MHz, CDCls): ¢ 155.5, 146.0, 145.8, 145.8, 143.2, 143.0, 140.0, 139.7, 138.4,
135.7, 133.7, 132.8, 132.2, 131.5, 129.5, 129.1, 128.7, 126.1, 125.2, 123.2, 123.1, 122.1, 111.2,
111.0, 99.2, 99.1, 99.1, 85.3, 84.3, 82.8, 82.7, 82.3, 81.8, 70.0, 69.9, 33.7, 31.9, 31.9, 31.8, 29.5,
29.5, 294, 29.3, 29.3, 29.2, 29.1, 28.8, 254, 24.2, 22.8, 22.7, 22.7, 14.3, 14.2, 14.1, 12.8. m/z

(M ALDI -TOF) 6197.43 (C396H574N20Ni4088i8 ra:]w res 620208)
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Phenylacetylene Ni porphyrin hexamer PhA-NiP6

THS-ZnP6

CuCl, 2,2-BiPy
Dry DCM, rt
THS
Ar= 4 THS-ZnP6
THS 80% (recovery)

Ph—=
Pd(PPhs),Cl,, Cul, p-BQ

Toluene/DIPA, rt

Ar 6
PhA-NiP6

71%

Firstly, NiP6 was synthesised by linear templating with template THS-ZnP6. NiP2 (20 mg,
6.6 umol, 1.0 equiv.) and template THS-ZnP6 (24 mg, 2.2 umol, 0.33 equiv.) were dissolved in
dry DCM (74 mL) using a 1-L-flask. The mixture was stirred for 20 min, monitoring by
UV-vis-NIR spectrocopy. CuCl (92 mg, 0.93 mmol, 140 equiv.) was added, followed by 2,2'-BiPy
(145 mg, 0.93 mmol, 140 equiv.). The reaction was vigoroudly stirred in the large flask with alot
of air. The reaction was followed carefully by UV-vis-NIR spectroscopy, and after 3 h had gone to
completion. To the reaction mixture, 7 mL of pyridine was added. Then crude product was
subjected into a short silica column eluting with gradient chloroform/1% - 10% pyridine to remove
al the coupling reagents, separate the template and elute the Ni-porphyrin products. The solvent
was removed from the crude Ni product and dried over vacuum. The crude product was dissolved
in toluene/1% pyridine and filtered by microfilter. The product distribution was separated by
recycling GPC eluting with toluene/1% pyridine, affording the desired NiP6 in 12.6 mg, 63%
yield. The template was recovered in 19 mg, 80% recovered yield. Characterization data are shown
in Section 4.9.3.3-the classical templated synthesis of NiP6.

Then NiP6 (5.0 mg, 0.56 umol, 1.0 equiv.), phenylacetlyene (25.0 uL, 227.7 pmol, 406.6

equiv.), Pd(PPhs).Cl, (1.0mg, 2.00 umol, 3.57 equiv.), copper(l) iodide (1.0 mg, 6.0 pumoal,
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10.7 equiv.) and 1,4-benzoquinone (1.0 mg, 10.0 umol, 17.8 equiv.) were dissolved in dry DCM
(1.60 mL) and pyridine (0.05 mL), followed by dry DIPA (0.40 mL). The reaction was stirred at
room temperature for 30 min and then added 25.0 uL of phenylacetylene again to make sure that
al termina acetylenes were coupled. The reaction mixture was stirred further for another 4 h. The
reaction mixture was passed through a short silica plug eluting with chloroform/1% - 10% pyridine
and then removed all solvent and redissolved in toluene to pass through a SEC-column to remove
1,4-benzoquinone and excess diphenylacetylene. The desired product was reprecipitated by
bilayers of hexane/chloroform/MeOH and then hexane/MeOH, affording PhA-NiP6 in 3.5 mg,
71% yield.

PhA-NiP6: *"H NMR (500 MHz, CDCl3): 6 9.64 (m, 20H, B-H), 9.47 (m, 4H, B-H), 8.82 (m, 10H,
B-H), 8.75 (d, J= 5.0 Hz, 2H, B-H), 8.70 (m, 10H, B-H), 8.63 (d, J= 5.0 Hz, 2H, p-H), 8.47 (broad
s, 12H, py-H), 8.14 (s, 8H, 0-H), 8.11 (s, 4H, 0-H), 7.98 (s, 4H, p-H), 7.96 (s, 2H, p-H), 7.70 (m,
4H, Ph-H), 7.44 (m, 6H, Ph-H), 4.02 (m, 24H, OCH,), 1.47-0.54 (m, 744H, alkyl-H). *C NMR
(125 MHz, CDCly): oc 145.9, 145.7, 143.2, 143.0, 139.9, 139.7, 138.4, 135.7, 133.7, 132.8, 132.2,
131.5, 129.1, 128.9,128.7, 125.1, 123.2, 99.2, 69.9, 69.9, 38.9, 33.7, 32.3, 32.1, 31.9, 31.8, 31.§,
29.8, 29.5, 29.4, 29.3, 29.3, 29.2, 29.1, 28.8, 26.5, 25.4, 24.2, 23.9, 23.6, 23.1, 22.8, 22.7, 22.6,

14.3,14.2,14.1,12.7. m/z(MALDI-TOF): 9202.7 (CsgsHss6N30Nic012Si 1, requires 9202.08)

Fully THS protected Zn porphyrin heptamer THS-ZnP7, octamer THS-ZnP8 and dodecamer

THS-ZnP12
Ar Ar
XN
TBAF VN N=
THS—= =-THS ———»THS—= =THS + H= P ] =
DCM: CHClj, NN
Pyridine, rt A A
Ar Ar
THS-ZnP1 JTHS THS-ZnP1 H,THS-ZnP1 ZnP1
Ar= - Pd(PPh3),Cl,, Cul, p-BQ
THS Toluene/DIPA, rt

THS-ZnPN
N=1,234,..

THS-ZnP1 (790 mg, 0.35 mmol, 1.0 equiv.) was dissolved in DCM (52 mL), chloroform (26
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mL) and pyridine (7.0 mL). The solution was cooled in a water-ice bath and TBAF (520 ulL, 1.0
M in THF) was added. The mixture was stirred and frequently monitored by TLC (petrol/toluene
98:2). As soon as the preferred ratio of deprotection was reached the reaction was quenched with
acetic acid (few drops) and the mixture of THS-ZnP1, H,THS-ZnP1 and ZnP1 was filtered
through a short column of silicagel (DCM/ 1% pyridine).

The crude mixture was used without further purification for the statistical coupling reaction.
The crude mixture was dissolved in dry toluene (40 mL). PdCl,(PPhs), (122 mg, 174 umol, 0.5
equivalent), copper(l) iodide (684 mg, 4.9 mmol, 14 equivalent), 1,4-benzoquinone (677 mg, 6.3
mmol, 18 equivalent) and dry iPr2NH (10 mL) were finally added. The reaction was monitored by
TLC. After one and a half hour, all H,THS-ZnP1 and ZnP1 had gone. The volume was reduced
and the mixture was filtered through a short column of silicagel (Petrol ether/DCM/ 1 % pyridine).
The mixture was passed through a SEC column (toluene/ 1% pyridine) to remove THS-ZnP1 and
1,4-benzoquinone. The crude porphyrin oligomers were further purified by GPC eluting with

toluene/1% pyridine. The forth cycle of GPC traces is shown below:
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THS-ZnP2 (2%), THS-ZnP4 (5%), THS-ZnP5 (6%), THS-ZnP6 (6%), THS-ZnP7 (6%),
THS-ZnP8 (5%) and THS-ZnP12 (3%) were isolated by recycling GPC to be used as references
for making analytical GPC calibration curve for the THF/1% pyridine GPC column as see detail in
Section 4.9.4.

THS-ZnP2, THS-ZnP4, THS-ZnP5 and THS-ZnP6 were characterised as literature.®
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THSZnP7: *H NMR (400 MHz, CDCls): 6y 9.90 (m, 24H, B-H), 9.61 (d, J=4.0 Hz, 4H,
B-H), 8.96 (m, 24H, B-H), 8.86 (d, J = 4.0 Hz, 4H, B-H), 8.32 (s, 20H, 0-H), 8.26 (s, 8H, 0-H), 8.02
(s, 10H, p-H), 8.00 (s, 4H, p-H), 1.55-0.89 (m, 1170H, CH, and CH3). m/z (MALDI-TOF):
12637.4 (CrgoH1268N25Si 3027 requires 12460.8).

THS-ZnP8: *H NMR (400 MHz, CDCly): 64 9.91 (m, 28H, B-H), 9.68 (d, J = 4.0 Hz, 4H,
B-H), 8.96 (m, 28H, B-H), 8.86 (d, J = 4.0 Hz, 4H, B-H), 8.33 (s, 24H, 0-H), 8.27 (s, 8H, 0-H), 8.03
(s, 12H, p-H), 8.00 (s, 4H, p-H), 1.56-0.89 (m, 1326H, CH, and CHs). m/z (MAL DI-TOF):
13993.6 (CopoH1438N32Si34ZNg requires 14160.0).

THS-ZnP12: *H NMR (400 MHz, CDCls): 84 9.91 (m, 44H, B-H), 9.67 (d, J= 4.0 Hz, 4H,
B-H), 8.95 (m, 44H, B-H), 8.86 (d, J = 4.0 Hz, 4H, B-H), 8.33 (s, 40H, 0-H), 8.27 (s, 8H, 0-H), 8.03
(s, 20H, p-H), 8.00 (s, 4H, p-H), 1.56-0.89 (m, 1950H, CH, and CH3). m/z (MALDI-TOF):

21441.3 (C1332H2118N4gsi 50ZN1> ra:]Ui res 209567)

Fully deprotected Zn porphyrin dodecamer ZnP12

TBAF
—» Ht=
CH,Cl,
THS
THS-ZnP12 Ar= - ZnP12
THS 77%

THS-ZnP12 (5.0 mg, 0.24 umoal, 1.0 equiv.) was dissolved in DCM (1.0 mL), chloroform (1.0
mL) and pyridine (20 uL) and then added TBAF solution (1.0 M in THF; 2.4 uL, 2.4 umoal, 2.5
equiv.). After stirring for 10 minutes, the reaction was completed. The crude mixture was passed
through a small silica plug eluting with CHCI; to remove TBAF. The solvent was removed and
dried under high vacuum, providing ZnP12 in 3.8 mg, 77% yield.

ZnP12: 'H NMR (400 MHz, CDCl3): 6y 9.99 (m, 44H, B-H), 9.76 (d, J=4.0 Hz, 4H, B-H),
9.06 (m, 44H, B-H), 8.97 (d, J=4.0 Hz, 4H, B-H), 8.38 (s, 40H, 0-H), 8.32 (s, 8H, o-H), 8.07 (s,
20H, p-H), 8.04 (s, 4H, p-H), 4.22 (s, 2H, ethinyl-H), 1.56-0.89 (m, 1872H, CH, and CH,).

m/z (M ALDI ‘TOF) 20847.2 (C1296H2042N4gsi4gzn12 I’eqw res 2039217)

195



Chapter 4

4.9.3 Linear template-directed synthesis

4.9.3.1 Classical templated synthesis of NiP4 with PhA-ZnP4

NiP2 (6.20 mg, 2.24 umol, 1.0 equiv.) was dissolved in dry DCM (20.7 mL) and 10 mL of
this solution was aiquoted into a 50-mL-flask. Template PhA-ZnP4 (3.40 mg, 0.53 umol, 0.5
equiv.) was added and the mixture was stirred for 20 min, monitoring by UV-vis-NIR
spectroscopy. CuCl (13.9 mg, 0.14 mmol, 140 equiv.) was added, followed by 2,2'-BiPy (21.9 mg,
0.14 mmol, 140 equiv.). A second reaction was set up, similar with respect to the above, but in the
absence of PhA-ZnP4. The reactions were followed carefully by UV-vis-NIR spectroscopy, and
after 3 h had gone to completion. To each of the reaction mixtures, 0.1 mL of pyridine was added.
Then crude product was subjected into a short silica column eluting with gradient 1%-10%
pyridine/chloroform to separate the Zn template and elute the Ni-porphyrin products. The Zn
template can be recovered in 2.9 mg, 86% yield. Then the crude Ni-product was passed through the
small SEC-column eluting with toluene/1% pyridine. The solvent was removed and dried over
vacuum. The crude product was dissolved in toluene/1% pyridine and filtered by microfilter. The
product distribution was analysed and separated by recycling GPC eluting with toluene/1%
pyridine. The desired product NiP4 was obtained in 1.7 mg, 57% isolated yield and the unreacted
substrate was left in 0.3 mg, 10% yield.

The reaction was set up again but changed the template PhA-ZnP4 to CPDIPS-ZnP4,
providing the desired product NiP4 in 13.7 mg, 30% yield from 39 mg of NiP2, in 1.26 mg, 42%

yield from 3.0 mg of NiP2 and in 11.9 mg, 54% yield from 22 mg of NiP2.
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NiP4: *H NMR (400 MHz, CDCls): 8y =9.65 (m, 12H, B-H), 9.48 (dd, J=4.8, 5.2 Hz, 4H, B-
H), 8.83 (m, 6H, B-H), 8.76 (d, J = 4.8 Hz, 2H, B-H), 8.70 (m, 6H, B-H), 8.64 (d, J= 5.2 Hz, 2H, B-
H), 8.46 (d, J= 7.6 Hz, 8H, py-H), 8.13 (d, 8H, 0-H), 7.97 (d, 4H, p-H), 4.07 (s, 1H, ethinyl-H),
4.01 (m, 16H, OCH,), 1.47-0.55 (m, 496H, alkyl-H). *C NMR (125 MHz, CDCl3): dc 175.5,
155.3, 145.9, 143.0, 139.9, 135.7, 132.4, 130.2, 129.9, 129.1, 70.0, 69.9, 36.0, 33.7, 32.1, 31.9,
31.9, 31.8, 29.9, 29.8, 29.7, 29.5, 29.4, 29.4, 29.4, 29.3, 29.3, 29.2, 29.1, 29.1, 28.7, 27.4, 27.3,
25.7, 25.4, 254, 24.2, 22.8, 22.7, 22.7, 14.3, 14.2, 141, 12.7. m/z (MALDI-TOF): 5997.73
(CagoHsesN20Ni40sSig requires 6001.01). Amax (CH2CIL)/ nm (log g): 445 (5.56), 485 (5.61), 561
(4.69), 683 (5.30).

NiP2: as described in Section 4.9.2.2

4.9.3.2. Classical templated synthesis of ZnP4 with PhA-NiP4

ZnP2 (7.0 mg, 2.05 umol, 1.0 equiv.) was dissolved in dry DCM (20.5 mL) and 10 mL of this
solution was aiquoted into a 50-mL-flask. Template PhA-NiP4 (3.10 mg, 0.50 umol, 0.5 equiv.)
was added and the mixture was stirred for 20 min, monitoring by UV-vis-NIR spectroscopy. CuCl
(13.9 mg, 0.14 mmol, 140 equiv.) was added, followed by 2,2'-BiPy (21.9 mg, 0.14 mmol, 140
equiv.). A second reaction was set up, similar with respect to the above, but in the absence of
PhA-NiP4. The reactions were followed carefully by UV-vis-NIR spectroscopy, and after 3.5 h
had gone to completion. To each of the reaction mixtures, 0.1 mL of pyridine was added. Then
crude product was subjected into a short slica column eluting with gradient 1%-10%
pyridine/chloroform to separate the Zn-porphyrin products and elute the Ni template. The Ni

template was recovered in 2.2 mg, 71% yield. Then the crude Zn-products were passed through the

197



Chapter 4

small SEC-column eluting with toluene/1% pyridine. The solvent was removed and dried over
vacuum. The crude product was dissolved in toluene/1% pyridine and filtered by microfilter. The
product distribution was analysed and separated by recycling GPC eluting with toluene/1%
pyridine. The desired product ZnP4 wasyield in 0.78 mg, 23% yield.

The reaction was set up again but reduced the reaction time to 1.5 h, providing the desired
product in 1.02 mg, 30% yield.

ZnP4: *H NMR (400 MHz, CDCl3): 8, =9.65 (m, 12H, B-H), 9.48 (dd, J = 4.8, 5.2 Hz, 4H, -
H), 8.83 (m, 6H, B-H), 8.76 (d, J = 4.8 Hz, 2H, B-H), 8.70 (m, 6H, B-H), 8.64 (d, J= 5.2 Hz, 2H, B-
H), 8.46 (d, J=7.6 Hz, 8H, py-H), 8.13 (d, 8H, o-H), 7.97 (d, 4H, p-H), 4.07 (s, 1H, ethinyl-H),
401 (m, 16H, OCH,), 1.47-055 (m, 496H, akyl-H). m/z (MALDI-TOF): 5997.73
(CasoHsssN20NiO5Sig requires 6001.01).

These data match previous literature reports.

4.9.3.3. Classical templated synthesis of NiP6 with THS-ZnP6

NiP2 (9.0 mg, 3.0 umol, 1.0 equiv.) was dissolved in dry DCM (33.3 mL) into a 1000-mL-
flask. Template THS-ZnP6 (10.7 mg, 1.0 umol, 0.33 equiv.) was added and the mixture was
stirred for 20 min, monitoring by UV-vis-NIR spectroscopy. CuCl (41.5 mg, 0.42 mmol, 140
equiv.) was added, followed by 2,2'-BiPy (65.0 mg, 0.42 mmol, 140 equiv.). The non-templated
reaction was prepared similarly as the templated reaction but in the absence of template THS
ZnP6. The reaction was followed carefully by UV-vis-NIR spectroscopy, and after 3 h had gone to
completion. 0.3 mL of pyridine was added. Then crude product was subjected into a short silica

column eluting with 20% pyridine/chloroform to remove the coupling reagent. Then the crude
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mixture was passed through the small SEC-column eluting with toluene/1% pyridine. The solvent
was removed and dried over vacuum. The crude product was dissolved in toluene/1% pyridine and
filtered by microfilter. The product distribution was analysed and separated by recycling GPC
eluting with toluene/1% pyridine. The template THS-ZnP6 was separated and recovered in 9.2
mg, 86%yield. The desired product NiP6 was separated in 5.1 mg, 56% yield.

NiP6: '"H NMR (400 MHz, CDCly): 6y 9.64 (m, 20H, -H), 9.47 (m, 4H, p-H), 8.82 (d, J= 4.0 Hz,
10H, B-H), 8.75 (d, J=4.0 Hz, 2H, B-H), 8.70 (d, J=8.0 Hz, 10H, p-H), 8.63 (d, J = 4.0 Hz, 2H,
B-H), 8.47 (s, 8H, py-H), 8.45 (s, 4H, py-H), 8.13 (s, 8H, 0-H), 8.10 (s, 4H, 0-H), 7.97 (s, 4H, p-H),
7.95 (s, 2H, p-H), 4.05 (s, 2H, ethinyl-H), 3.96 (m, 24H, OCH,), 1.47-0.55 (m, 744H, alkyl-H).
3C NMR (125 MHz, CDCl3): dc 175.5, 155.3, 145.9, 145.7, 143.2, 143.0, 139.9, 139.7, 138.4,
135.7, 133.7, 132.8, 132.2, 131.5, 129.1, 128.9, 128.7, 125.1, 123.2, 99.2, 69.9, 69.9, 38.9, 33.7,
32.3, 32.1, 31.9, 31.8, 31.8, 29.8, 29.5, 29.4, 29.3, 29.3, 29.2, 29.1, 28.8, 26.5, 25.4, 24.2, 23.9,
23.6, 23.1, 22.8, 22.7, 14.3, 14.2, 14.1, 12.7. m/z (MALDI-TOF): 8996.17 (Cs70Hg4sN30NigO12Si 1>

requires 9002.01). Amax (CH,CI)/ nm (log &): 448 (5.67), 485 (5.78), 562 (4.83), 708 (5.5).

By-product NiP12 from NiP6

After pure NiP6 was obtained from the templating reaction, it was kept in the freezer at - 20 °C
for two weeks. The Glaser coupling reaction of NiP6 gradually occurred, providing the
by-products. The crude mixture was injected into GPC (THF/1% pyridine). The by-product was
isolated and identified by '"H NMR and MALDI-ToF mass anaysis, confirming NiP12. This
compound can be used as areference for the Vernier-reciprocal templating reaction.

NiP12: *H NMR (500 MHz, CDCl3): dy 9.63 (m, 44H, B-H), 9.46 (m, 4H, B-H), 8.81 (m, 20H,
B-H), 8.74 (d, J=5.0 Hz, 2H, B-H), 8.68 (m, 20H, B-H), 8.62 (d, J=5.0 Hz, 2H, B-H), 8.46 (s,
20H, py-H), 8.43 (s, 4H, py-H), 8.12 (s, 20H, o-H), 8.09 (s, 4H, o-H), 7.96 (s, 10H, p-H), 7.94 (s,
2H, p-H), 4.04 (s, 2H, ethinyl-H), 3.96 (m, 48H, OCH,), 1.47-0.62 (m, 1488H, alkyl-H).

m/z (M ALDI ‘TOF) 18106.9 (C1140H 1696N60Ni120248i 24 reCIUi res 180029)
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4.9.3.4. Vernier templated synthesis of ZnP12 with PhA-NiP6

ZnP4 (3.5 mg, 0.51 umol, 1.0 equiv.) was dissolved in dry DCM (3.0 mL) into a 25-mL-flask.
Template PhA-NiP6 (3.2 mg, 0.30 umol, 0.60 equiv.) was dissolved in dry DCM (3.0 mL) and
then added into the Zn porphyrin solution. The mixture was stirred for 20 min, monitoring by
UV-vis-NIR spectroscopy. CuCl (7.1 mg, 0.07 mmol, 140 equiv.) was added, followed by
2,2'-BiPy (11 mg, 0.07 mmol, 140 equiv.). The reactions were followed carefully by UV-vis-NIR
spectroscopy, and after 4 h, there was insignificant change in absorption spectrum. To the reaction
mixture, 0.6 mL of pyridine was added. Then crude product was subjected into a short silica
column eluting with gradient chloroform/1%-10% pyridine to separate the Zn-porphyrin products
and elute the Ni template. Then the crude Zn-products were passed through the small SEC-column
eluting with toluene/1% pyridine. The solvent was removed and dried over vacuum. The crude
product was dissolved in toluene/1% pyridine and filtered by microfilter. The product distribution
was anaysed by recycling GPC eluting with toluene/1% pyridine based on the GPC calibration

curve as published.™ The desired product ZnP12 was analysed by fitting peak areain 21% yield.

4.9.3.5. Vernier-reciprocal template-directed synthesis of NiP12 and ZnP12 with NiP6 and ZnP4
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NiP6 (5.0 mg, 0.56 umol, 1.0 equiv.) was dissolved in dry DCM (3.3 mL) (Ni-stock solution).
ZnP4 (5.38 mg, 0.79 umol, 1.5 equiv.) was dissolved in dry DCM (9.0 mL) (Zn-stock solution).
1.0 mL of each stock solution was aliquoted into a 100-mL-flask. The mixture was further diluted
with 1.0 mL of dry DCM. The mixture was stirred for 20 min. CuCl (2.36 mg, 24.0 umol, 140
equiv.) was added, followed by 2,2'-BiPy (3.72 mg, 24.0 umol, 140 equiv.) 3timesat 0, 3 and 6 h.
The Ni-control reaction was set up similarly with respect to the above but added dry DCM (1.0
mL) instead of the Zn-stock solution. The Zn-control reaction was set up similarly with the
previous reaction but added dry DCM (1.0 mL) instead of the Ni-stock solution. The pyridine-
control reaction was set up similarly with the first reaction but also added pyridine (0.3 mL). The
reaction mixtures were stirred vigorously with the dry tube at room temperature. 20 uL of the
linear Vernier templating reaction was aliquoted at 1, 3, 4, 6, 7 and 8 h and passed through a short
silica plug eluting with DCM/10% pyridine. Then al solvents were removed before injecting to
GPC (THF/1% pyridine) to monitor the starting material consuming by time. All reactions were
stopped after 8 h and then passed through a short silica plug €l uting with DCM/10% pyridine. The

crude product mixture was analysed by GPC eluting with THF/1% pyridine and MALDI-ToF MS.

4.9.4 Analytical GPC calibration curve

4.4 4.4
ZnP12 log M= 7.947 - 0.1264 1 log M=8.212-0.1352t
THS-ZnP12 o2 - 19810 ;
4.2 4
424 THS-ZnP8
THS-ZnP7
4.04
4.04
= =
E) E} 3.8
384
364
364 [O data THS-ZnP2
—_— it
S B S A S R S R 34
28 29 30 3 32 33 34 35
Time {min) Time (min)

Figure 4.49 GPC retention times of linear Zn (left) and Ni (right) porphyrin oligomers plotted against log
molecular weight. Squares and circles indicate Zn and Ni oligomers, respectively. All data were recorded in
THF containing 1% pyridine. The points are fitted to solid lines (red, Zn oligomers; blue, Ni oligomers),
according to linear equation (log M = a— bt).*®
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Analytical GPC was carried out on a series of linear Zn porphyrin oligomers and a series of
linear Ni porphyrin oligomers to confirm the purities of these compounds for anaytical GPC
calibration (Figure 4.48). Analytical GPC traces of all Zn and Ni species were measured at 591
and 450 nm, respectively eluting with THF/1% pyridine. The intensities of all GPC peaks were

normalised.

4.9.5 Extinction coefficients of Zn and Ni oligomersper porphyrin unit

Figure 4.49 shows the overlay of extinction coefficients per porphyrin unit of NiP4, NiP®6,
THS-ZnP4 and THS-ZnP6. The green vertical line points out the absorption at 479 nm where all
species assumably have the same extinction coefficient per porphyrin unit. Thus, we can caculate
analytica yield of all species directly from the absorption at this wavelength in the GPC traces.
The blue vertical line indicates the absorption at 779 nm where only Zn porphyrin species absorb
dominantly. This is the aternative wavelength to observe yields of Zn porphyrin oligomer

products.

Figure 4.50 Extinction coefficients per porphyrin unit of NiP4 (black solid line), NiP6 (black dot
line), THS-ZnP4 (red solid line) and THS-ZnP6 (red dot line). (a) Full range spectra. (b) Zoom in

at 479 nm (top) and 779 nm (bottom).
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Appendix

A.1 Equation of 1:1 binding isotherm model

For the formation of a 1:1 complex between a porphyrin #-mer (P) and an n-dentate ligand (L):

K,

P+L <—= PL
Kf = —— (eq. A1)

K; [P][L] — [PL] =0 (eq. A.2)

As there is no consumption in the titration, it is true that:

[P] = [P]o — [PL] (eq. A3)

[L] = [L]o — [PL] (eq. A4)
where [L]o and [P]y are the total concentration of the guest ligand and the porphyrin host in the
system and they are known in the titrations.

Substituting eq. A.3 and A.4 into eq. A.2 gives:

Kf[PL]? — (K¢([Plo + [Llo) + DIPL] + K¢[P]o[L]o = 0 (eq. A.5)

Solving the quadratic equation gives the required solutions

(Ke([P]o + [L]o) + D) £ \/(Kf([P]O + [L]o) + 1% — 4K¢[Po[L]o (eq. A.6)
[PL] = 2K;
pL]  (Ke([Plo + [Llo) + 1) £ \/(Kf([P]O + [L]o) + 1% — 4K [Po[L]o (eq. A7)
[Plo 2K¢[P]o

At the initial state of titration, all porphyrin species are unbound. At a specific wavelength, the
absorption 4, can be calculated as:

Ay = ep[P]ol (eq. A.8)

where ¢p is the extinction coefficient of unbound P at a specific wavelength, / is the path length of

the cuvette.
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At the final state of titration, all porphyrin species are bound. At the same wavelength as
described in eq. A.8, the absorption A¢ can be calculated as:

Ar = ep [P]ol (eq. A.9)

Then, the absorption 4 can be calculated as:

A= Ep[P]l + SPL[PL]Z = Ep([P]O - [PL])Z + gpL[PL]l (EQA].O)

Substituting eq. A.8 and A.9 into eq. A.10 and then rearrangement of these gives:

A -4 - @ (eq. A.11)
As— Ay [Plo
As aresult,
A—A4, (Ke([Plo + [Llo) + 1) £ \/(Kf([P]o + [Llo) + 1)2 — 4K¢[P]o[L]o (eq. A.12)
Af— Ay 2K¢[Plo
Trial of both equations in ed. A.12 in the states (:_':O = (0 — 1) of the titration indicates the
Ao
right one, which is the 1:1 binding isotherm model:
A—A4, (K¢ ([Plo + [Llo) + 1) — \/(Kf([P]o + [Llo) + 1)2 — 4K¢[P]o[L]o (eq. A.13)

Ar—Ay 2K¢[P]o
where 4y can be approximated to the first point of the titration and A4¢ to the final asymptote of the
titration curve. Both 4, and A can be set as variables in the Origin software. The absorption chosen
in the data processing procedure can be the difference between two or even more wavelengths
which give the greatest increase and decrease in absorption during each titration. This can

eliminate effects that might cause variation in the baseline.

A.2 Equation of general n-dentate denaturation model

For the denaturation of a general n-dentate ligand-porphyrin oligomer (PL) complex with
pyridine (Py):

Kdn
PL+nPy <—= PPy, +L

Kgp = mo— (eq. A.14)
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Kqn [PL][Py]™ — [PPy,][L] = 0 (eq. A.15)

As there is no reaction of the components it is also true that:

[PPy,] = [L] (eq. A.16)
and

[PL] = [P], — [PPy,] (eq. AL7)

As a massive excess of pyridine (Py) is required compared to the complex (PL) in order to
compete with the ligands (L), it can be assumed that:

[Py] = [Pylo — [PPyn] = [Pylo (eq. A.18)

Substituting eq. A.16, A.17 and A.18 into eq. A.15 and rearrangement give:

[PPy,,]? + Kan[Py]"[PPy,] — Kaqn[Py]"[P]o = 0 (eq. A.19)

Solving the quadratic equation gives:

—Kan[Pylo" + \/Kén[Py]ozn + 4Kgn[Pylo"[Plo (eq. A.20)
[PPYn] = 2
As before:
ang —KanlPYI" £ [KGIPYIO™ + 4Kan[PYIG" P €. A1)
As— A 2[P],
A-4q

Trial of both equations in eq. A.21 in the states ( = 0 — 1) of the titration indicates the

Af—Ag

right one, which is the n-dentate denaturation isotherm model:

aag —KanlPYI"+ [KGIPYI™ + 4KanlPY" P, (0. A22)
Ar— Ay 2[P]o

A.3 Calculation of concentration at 50% bound (Csp)

For the formation of m:n complex between porphyrin oligomer (P) and an ligand (L):

K

mP+nL‘—LIL P,L,
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M (eq. A.23)

At 50% bound, then

[mﬂ = [nﬂ = [PpLn] = @ (eq. A.24)

where c¢sp is the concentration in which complex is bound only 50%.
Substituting eq. A.24 into eq. A.23 and rearrangement give:

2
Cso = (eq. A.25)

m+n—1
I K

A.4 Statistical factors

In the equilibrium of reactants A and B to give products C and D:

K

A+B <<—= C+D

The observed equilibrium constant (K) can be expressed in terms of the partition functions (Q;)

of each species:

K = 2 (eq. A.26)
QAQB

The partition function of each species i contained a contribution from its symmetry. It can be

removed by dividing O; by symmetry number:

0L IN OAC
K = % A”B _ Kehem * Ko where K, = A”B (eq. A.27)
QAQB O'CO'D O'Ca'D
and
0 = Oint " Oext (eq. A.28)

The measured binding constant (K) can be factorised into the intrinsic equilibrium constant for
the process (K.hem) and the symmetry factor for the equilibrium (K;) which is calculated through
the symmetry numbers (o) of the species involved in the process.'” The symmetry number (o) is
the product of an internal symmetry number (oi,), which is calculated from the number of
degenerate internal rotors, and an external symmetry number (oc), which is deduced from the

point group of the molecule.
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Table A.1 Relating external symmetry number (o.,;) to point group.

Point group Oext
Cy, G, Cy, Coy 1
Cy, Cpyy Cop, Son n
Dy, 2

Dy, Dyg, Do 2n
Ty 12

Oy 24

Iy 60

The calculation of statistical factors in Figure 4.16 as shown below:

(a) 2-rung ladder complex

NiP2 CPDIPS-ZnP2 CPDIPS-ZnP2eNiP2
C2v D2h Cs C2v

Cext = 2 Cext = 4 Cext =1 Cext = 2

Oint =1 Oint = 2 Oint = 2 Oint =1
c=2 c=8 c=2 c=2

(b) 4-rung ladder complex

K,=16 Ks=2
NiP4 CPDIPS-ZnP4 CPDIPS-ZnP4eNiP4
Coy D2n Cs Cav
Gext = 2 Cext = 4 Cext =1 Cext = 2
Oint=1 Oint = 8 Oint = 4 Oint=1
c=2 c=32 c=4 c=2

Figure A.1 The analyses of the statistical factors in Figure 4.16a and b.
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é é é é K, =8
+ FO=O=O=H=—=

NiP4 CPDIPS-ZnP4
Cov Don
Cext = 2 Cext = 4
oint =1 Gint =8
c=2 c=32

Appendix

Cs Cs
Cext =1 Cext =1
Gint =8 Gint = 4

c=8 c=4

K, =1
P A—
—_——

CPDIPS-ZnP4eNiP4

CZV CS
Oext = 2 Cext =1
Oint = 1 Gint = 2

c=2 c=2

Figure A.2 The analysis of the statistical factors in Figure 4.16c.
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