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Abstract
Olsson, S. 2019. Host-Guest Interactions for Structural Analysis of Organic Molecules.
Development of new Tools for Stereochemical Characterization. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Science and Technology 1810. 63 pp.
Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0660-5.

The focus of this thesis is on the development of molecular tweezers as host-guest systems for
stereochemical characterization of small organic molecules.

There are two central problems to stereochemical characterization of small molecules. The
first is that there are few methods for the determination of absolute stereochemistry and the
complexity of the task increases with the number of chiral centres in the molecule. The second
is the flexibility of small molecules. The data received from NMR spectroscopy, the standard
method for structural characterization is an average of all conformers present in solution, making
exact determination of the structure challenging if stereocenters are involved.

This research group has previously developed two bis-porphyrin molecular tweezers that
can be used as hosts for relative stereochemical determination by NMR (NAMFIS) by limiting
the flexibility of the guest molecules and for absolute stereochemical determination Exciton-
Coupled Circular Dichroism (ECCD) by providing suitable chromophores. However, the use of
these tweezers was limited to diamine molecules.

To extend the application of both tweezer host systems, a range of metalloporphyrins have
been investigated both computationally and experimentally to identify candidates binding
strongly to oxygen containing functional groups (Paper I). One of the porphyrins identified has
been used to synthesise a new system with the potential to be used for relative stereochemical
determination by NMR (NAMFIS) of molecules with a wide variety of functional groups (Paper
IV).

To further develop the systems, the photo-isomerization properties of the stiff stilbene
linker of one of the tweezers has been investigated. Macrocyclic diether model compounds,
incorporating the stiff stilbene linker have been used to show that the photo-isomerizability
strongly is affected by molecular strain (Paper II). The results suggest that if paired with a
suitable porphyrin (with no UV/Vis absorption overlap) a photo-switchable tweezer might be
constructed.

To map the guest range of the stiff stilbene linked tweezer it was found that this tweezer gives
strong to moderate signals for monoamines with a rigid structure (Paper III). As ditopic binding
is usually a requirement for an ECCD signal when using bis-porphyrin molecular tweezers, this
is a discovery that should be of general interest.
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1 Introduction 

1.1 Working with small organic molecules 
Small molecules are at the core of organic chemistry. These have a variety of 
use in both research and industry; natural products, drug candidates, building 
blocks for polymers and functional materials, and as precursors in organic 
synthesis. Whether they are isolated natural products or a synthetic target, the 
challenge of characterization is always present. Too small for visual inspec-
tion, a variety of techniques have been developed to help answer the tricky 
question of what the structure of an organic compound actually is. To under-
stand the nature of the difficulties there are a couple of fundamental properties 
that need to be discussed. 

1.1.1 Conformation, they just won’t be still 
Whenever discussing small molecules their structure is usually neatly drawn 
as a skeletal formula. This might be a good way of representing how the atoms 
are connected but gives the false impression that these compounds are flat and 
rigid. As organic chemists usually work with solutions, this is a poor assump-
tion. The molecules will be in constant intramolecular motion involving bend-
ing, rotating and stretching of covalent bonds. The different forms these mol-
ecules can adopt through motion are called conformers. The effect of this on 
the analytical techniques used to characterize compounds largely depends on 
the property measured, the time scale and the temperature. For the recording 
of UV-Visible spectroscopy (UV/Vis), mass spectrometry (MS) and infrared 
spectroscopy (IR) spectra this is a minor problem as the properties measured 
(the UV/Vis absorption, molecular mass and IR absorption) are not greatly 
affected by the change in conformation. However, the main technique for de-
termining the three-dimensional structure of small molecules is Nuclear Mag-
netic Resonance (NMR) spectroscopy. This technique has a comparably long 
time scale.1 The result is that the spectrum received will be an average of all 
the conformations present in solution. As the sample needs to stay in solution 
for the technique to work properly, lowering the temperature is a very limited 
solution to this problem. The information that can be extracted about a mole-
cule will therefore be partly dependent on its flexibility, with more cyclic and 
more rigid structures being easier to fully characterize.  
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1.1.2 Configuration, the evil twin problem 
The configuration of a small molecule is best represented by the before men-
tioned skeletal formula. This is by far the most popular way to represent or-
ganic molecules as the positions of atoms and bonds are rendered very com-
prehensive. From methods such as UV/Vis, IR and MS information about the 
size of the molecule and the kind of bonds and functional groups present can 
be gained. However, to determine the way these are arranged in space NMR 
spectroscopy or x-ray crystallography (XRC) are commonly used. As small 
flexible molecules often do not crystalize well options might be limited. There 
are advances being made using crystalline molecular sponges that might 
widen the scope of XRC to include more of these challenging systems.2,3 In 
the meantime NMR spectroscopy might be the only option for some of them. 
NMR usually yields the basic bonding pattern without major difficulty. 1H and 
13C NMR spectroscopy utilizing various two-dimensional methods are rou-
tinely used to elucidate the three-dimensional structure of small molecules. 
There are limitations however, as the time scale for NMR measurements al-
lows for extensive molecular motion. The spectra received are averages of a 
large number of conformers which makes the finer details of molecular struc-
ture difficult to determine.  

 
The class of compounds where the characterization process runs in to major 
problems is chiral molecules. These are pairs of molecules with the same con-
figuration, close to identical in all respects but one: they are non-superimpos-
able mirror images of each other (Figure 1).  

 
Figure 1. Example of three enantiomeric pairs (1,2-Dichlorocyclopentane, alanine 
and thalidomide). These molecules are non-superimposable mirror images of each 
other. 

These compounds are called enantiomers and as a result of their high similar-
ity they have the same UV/Vis, IR, MS and NMR spectra.4 One clear differ-
ence between enantiomers is that they bend plane polarized light in opposite 
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directions. As of yet, there has not been any spectroscopic methods developed 
that can relate optical rotation to absolute stereochemistry. In organic mole-
cules the major source of chirality are stereogenic centers. These are sp3-hy-
bridized carbon atoms binding four different groups. Stereogenic centers are 
characterized as R or S according to the Cahn-Ingold-Prelog system.5 Another 
important source of chirality is helical or axial chirality. The enantiomers dis-
playing helical chirality are characterized as either P or M by using a variation 
of the Cahn-Ingold-Prelog system.6,7 Examples of both types are shown in 
Figure 2.  

 

 
Figure 2. In molecules with stereogenic centers (e.g. alanine) the centers are charac-
terized as R or S. In molecules with axial chirality (e.g. heptahelicane) the enantio-
mers are characterized as P and M.  

Now to the obvious question: Why bother? It is easy to assume (and has been 
assumed historically) that the similarity of the enantiomers will result in iden-
tical properties in most contexts. The main fault of this reasoning is the as-
sumption that chirality is an unusual property. Chirality is very prevalent in 
biological systems which therefore interact differently with different enantio-
mers the same way a right foot will comfortably fit a right shoe but not a left 
one.8 Among the examples in Figure 1 the infamous thalidomide is shown. 
This compound was used to treat morning sickness in pregnant women in the 
late 1950s and early 1960s but it turned out that while one of the enantiomers 
had the advertised pharmaceutical effects the other caused birth defects.9 Be-
cause of the possibility of enantiomers having radical different interactions 
within biological systems, the need to identify, control, and be able to deter-
mine chirality, has become a very central part of organic and pharmaceutical 
chemistry.10   

1.2 Stereochemical determination 
The process of elucidating the chirality of molecules is referred to as stereo-
chemical determination. When discussing this subject, it is important to be 
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clear about what is actually being referred to. Stereochemistry is often dis-
cussed as either absolute or relative. Absolute stereochemistry refers to how 
the atoms are arranged in space. When this information is known the stereo-
genic centre/centres can be assigned as R or S. The relative stereochemistry is 
when a compound has several stereocentres and only their configuration rela-
tive to each other is known. For example, it might be determined that the rel-
ative configuration of a compound with two stereocentres is either (RS) or 
(SR) but it cannot be determined which. Relative stereochemistry is denoted 
with a star (R*) or with rel/relative written in front of the compound name.11  

 
Determination of stereochemistry is preferably done by XRC analysis.12-14 
This produces a 3D image of the molecule where the stereocentres can be as-
signed as R or S absolutely. However, not all compounds crystalize well. Ad-
ditional methods (besides XRC) used for stereochemial characterization in-
clude Exciton-Coupled Circular Dichroism (ECCD) and methods based on 
NMR spectroscopy. Stereochemical determination is always tricky, especially 
so relative stereochemical determination of molecules with multiple stereo-
centers. There are a number of cases where compounds have been wrongly 
assigned.15,16 In these cases molecular flexibility plays a big part, making spec-
tra difficult to interpret. 

1.2.1 The use of NMR spectroscopy 
As NMR spectroscopy is the go-to method for characterization of small mol-
ecules it is natural to try to make it work for stereochemical determination as 
well. The most straightforward way to achieve this is by reactions that convert 
enantiomers into diastereomers.17,18 As these will have different chemical 
shifts it is possible to determine which one has formed and from that deduce 
which enantiomer was present in the starting material. The clear downside of 
this is that it requires the derivatization of the molecule of interest.  

 
There are several methods to determine the relative stereochemistry of small 
molecules by NMR spectroscopy. These include the use of chemical shift re-
agents and the analysis of J-couplings and computational fitting of experi-
mental data to similar known compounds.19-22 These methods work reasonably 
well for rigid molecules but give less robust results with flexible compounds. 
A method developed to fill this gap is NMR Analysis of Molecular Flexibility 
in Solution (NAMFIS).23,24 This is a method used to identify the most abun-
dant conformers of a molecule in solution. The method involves matching li-
braries of conformers, calculated by molecular mechanics (MM), to experi-
mentally measured NMR data such as nuclear Overhauser effects (NOE) and 
scalar J-couplings. However, the conformational space can be too big for 
NAMFIS to successfully determine the relative stereochemistry for flexible 
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molecules without some restrictions of the molecular movement. A clear ad-
vantage of the NMR based methods is that compounds with several stereocen-
ters can be analysed. 

1.2.2 The use of Exciton-Coupled Circular Dichroism 

Exciton-Coupled Circular Dichroism (ECCD) is a technique for the determi-
nation of the absolute stereochemistry of chiral molecules with two or more 
chromophores.25 The interaction of the electric transition moments of the chro-
mophores will give rise to Cotton effects and the spectrum will display char-
acteristic bisignate curves.26 The signs of the couplets reflect the chirality of 
the investigated molecule. As not all molecules of interest have two interact-
ing chromophores supramolecular complexes have been used to make ECCD 
a more general method.27 The molecule of interest is complexed with a host-
molecule that contains the chromophores and will adapt its structure to the 
chirality of the guest molecule (Figure 3).  

 

 
Figure 3. Top: tweezer conformation when free (left) and when complexing chiral 
guests (middle and right). Bottom: Corresponding CD signal. When molecular twee-
zers are used for ECCD analysis the tweezer itself give no CD signal. When a chiral 
guest is complexed, the tweezer adopts the chirality and the complex will generate a 
CD signal. The enantiomer will give the opposite signal. 

With the help of computational methods, the M- and P-enantiomers formed 
by the host-guest system together with a chiral guest can be related to either 
the positive or negative Cotton effects. By checking in which complex (M or 
P) a chiral guest would be most stable and comparing this to the experimen-
tally measured CD signal the absolute stereochemistry of the guest can be elu-
cidated.28 A downside of this method is that it is limited to compounds with 
one or two stereocentra.  
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1.3 Enter molecular tweezers! 
In order to address both the issues with flexibility and the need for chromo-
phores, molecular tweezers have been used (Figure 4). They have successfully 
worked as an aid for determination of both relative and absolute stereochem-
istry by NMR and ECCD.29-31   

 
Figure 4. Molecular tweezers consist of two tips containing binding sites connected 
by a linker. Guest molecules coordinate ditopically to the binding sites. 

A molecular tweezer can be divided into parts which fill different functions. 
They generally consist of two tips whose function is to be able to coordinate 
ions or functional groups. The tips are connected by a linker which keeps them 
at a certain distance. The linker can provide additional functionalities such as 
rigidity, a secondary binding site or a dynamic function for changing the size 
of the tweezer. Molecular tweezers are part of host-guest systems that can bind 
guest molecules ditopically and in that way restrict molecular movement (Fig-
ure 5). If a tweezer contains two or more chromophores it also meets the re-
quirements for ECCD and UV/Vis investigations.  

 
Figure 5. Host-guest complex formed between a molecular tweezer and guest mole-
cule.  
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1.3.1 Design of the systems 
There are many reported molecular tweezers.32,33 They are usually designed 
with a certain application in mind and therefore vary a lot in components and 
properties. However, the basic template of a molecular tweezer remains the 
same; you need two tweezer tips that can coordinate guest molecules and a 
linker in between (Figure 4).  
 

1.3.1.1 Porphyrin tweezer tips 
Metalloporphyrins are well known for their ability to coordinate to guest mol-
ecules in the axial position.34 A lot of them are commercially available and the 
required reactions for linker attachments are well established. Because of this 
they are a popular choice for the tips of molecular tweezers. Depending on the 
intended application, the free base or different metalloporphyrins have been 
used (Figure 6).28,35 

 
Figure 6. A basic porphyrin consists of four linked pyrrole units. The positions on the 
pyrroles are called -positions and the positions on the linkers are called meta-posi-
tions. A porphyrin that is not coordinating a metal cation is called a free base (e.g. P 
or TPP), a porphyrin that is coordinating a metal cation is called a metalloporphyrin 
(e.g. MP or MTPP). 

Porphyrins also have strong UV/vis absorption and the use of bis-porphyrin 
tweezers for determination of the absolute stereochemistry of guest molecules 
by ECCD is an established method.29 

Metalloporphyrins also have interesting properties regarding NMR spectros-
copy. Porphyrins are aromatic systems and aromatic systems have delocalized 
-electrons that are free to move around. In the presence of a magnetic field 
these electrons will start to circulate, generating a ring current. This creates 
an anisotropic local magnetic field in the direction opposite to the inducing 
magnetic field (Figure 7).  
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Figure 7. The porphyrin is an aromatic system. In the presence of a magnetic field 
(B0) the electrons of this system will start to circulate, generating a ring current. This 
current generates a local magnetic field in the opposing direction to the one applied, 
i. e. B0. Above and below the plane of the ring the applied magnetic field will be 
partially canceled causing shielding ( < 0) and in the plane of the ring reinforcement 
between the magnetic fields results causing deshielding ( > 0). 

This kind of anisotropy effect is called the ring current effect.36-38 This effect 
is strong for metalloporphyrins and guest molecules coordinated to the metal 
will have lowered chemical shifts. In molecular tweezers the guests are posi-
tioned in between two metalloporphyrins, resulting in a large combined effect 
of two porphyrin rings. Thus, the chemical shifts for the entire guest molecule 
may move into the negative region of the NMR spectrum. This can be very 
advantageous as this area is usually free of signals from the tweezer and con-
taminants. Additionally, the effect will depend on the individual nuclei’s phys-
ical distance to the porphyrin so signals that might otherwise overlap might 
become separated from each other. 

1.3.1.2 Tweezer linkers 
Many different linkers have been used in molecular tweezers, from simple 
carbon chains to more complex crown ether and isophthalic acid linkers.28,29,35 
The choice of linker is central for the application of the tweezer. If the intent 
is ECCD, a flexible linker might be able to accommodate a larger range of 
guests. However, if the intent is to limit the flexibility of the guest a more rigid 
linker structure is necessary. Based on previous studies in our group, two link-
ers with very interesting properties have been selected (Figure 8).39,40   
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Figure 8. Linkers for molecular tweezers that have been shown to have interesting 
properties in previous studies by this group. The glycoluril linker (top) has a semi-
rigid structure. Because it is covalently bound to two -positions on the porphyrin 
no rotation of the porphyrin is possible. The Z-stiff stilbene linker (bottom) has a 
slightly pre-twisted structure that produces a tweezer with inherent axial chirality. 
This linker is attached to one of the -positions of the porphyrin, allowing for rota-
tion of the porphyrin tips. 

The first is the glycoluril linker. This is a semi-rigid linker that is attached to 
two of the porphyrin -positions, thereby preventing rotation of the porphyrin 
units. The glycoluril linker has some flexibility when it comes to the gap 
size.39 This research group has previously shown that NAMFIS, combined 
with a glycoluril-based bis-porphyrin tweezer can be used to determine the 
relative stereochemistry of small flexible diamines with multiple stereocen-
ters.41 The other interesting linker is the Z-stiff stilbene linker. Due to steric 
hindrance, this linker is slightly skewed in the Z-conformation resulting in ax-
ial chirality. The tweezer synthesized with this linker is a racemic mixture but 
adapts to chiral guests and initial studies on diamines showed very promising 
results in ECCD.40 The inherent twist of the linker seems to enhance the CD 
response. 

1.4 Presenting the problems 
There are several good proofs of concept both from this group and others for 
the use of bis-porphyrin molecular tweezers for determination of both absolute 
and relative stereochemistry.29-41 The main limitations are centered on the 
range of guests that can be analyzed. The factors central to this point are the 
guests ability to bind to the metalloporphyrin, the size of the guest and the 
flexibility of the guest. The first problem is mainly porphyrin related whereas 
the second and third are linker related.  
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1.4.1 The problem with alcohols 
Most of the bis-porphyrin tweezers reported are based on the ZnTPP unit (Fig-
ure 6).28,29,35 This porphyrin binds very well to amine guests and consequently 
diamines have been extensively studied, especially by ECCD.42-44 However, 
the ZnTPP binds poorly to oxygen containing functional groups.45 A simple 
web search on the catalogue of, for example Sigma Aldrich will show that 
hydroxyl groups are a lot more common than amines, ca 2:1. Add carboxylic 
groups and ketones and the number of possible oxygen-containing guests is 
huge. Nature is a great source of chiral compounds and here the hydroxyl 
group is also very prevalent.46-48 With this in mind, a natural next step in im-
proving the versatility of bisporphyrin tweezers is to modify the porphyrins to 
accommodate oxygen containing functional groups as well as amines.  
 
A strong binding to the tweezer is critical for the NMR-based methods. There 
will usually be an exchange between bound and free guest in the analyzed 
sample and if this is rapid, it will make the NMR-signals very broad. Another 
problem with low affinity to the tweezer is that a huge excess of guest might 
have to be added for enough guest to be bound to the tweezer. In ECCD this 
will not affect the data as the signal of the tweezer is studied but in NMR were 
the signal of the guest is followed the signal of the bound guest might drown 
in the signal of the free guest. To facilitate both ECCD and NMR studies a 
metalloporphyrin binding oxygen-containing functional groups on a level 
similar to ZnTPP binding amines would be ideal. 

1.4.2 The problems with size and flexibility 
The size of the guests is a limitation in several ways. First of all, ditopic bind-
ing requires two binding sites on the guest molecules. For small chiral guests 
two functional groups that can bind to the tweezer might not be available. To 
solve this, derivatization of the guest to provide a second binding site has 
sometimes been used.44 But as modification of the guest itself should always 
be a last option other solutions should be sought. So far all reports of ECCD 
analysis of monotopically binding guests have included some kind of second-
ary binding to the linker or functional groups on the porphyrin rim.49-53 Since 
relatively few studies have looked into this there might be room for improve-
ments. 
 
Another limiting factor regarding the size is if the guest is larger than the twee-
zers gap size. A tweezer that could either adapt itself via some mechanism or 
exist in different sizes would be desirable to widen the range of guests it could 
accommodate. Different sizes of tweezers could also help to limit the flexibil-
ity of some guest molecules. Some example of switchable tweezers have been 
reported and the concept shows promise (Figure 9).28    
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Figure 9. Example of a switchable molecular tweezer with two configurations. A 
long flexible guest could potentially be stretched out by such a system, facilitating 
more detailed analysis.  

However, a point in favor of a more modular system is that you need a tweezer 
of different rigidity depending on guest and analysis. For the NMR-based 
methods little molecular movement is better whereas the ECCD and UV/Vis 
applications are less affected by this, due to the different in time scale of these 
methods. The ability to choose linker size and rigidity depending on the guest 
and intended analysis method would increase the utility of these kinds of sys-
tems. 

1.5 To solve the problems: aims of this thesis 
The main aim of this thesis is to address the problems with binding to oxygen-
containing functional groups and improve the range of guest sizes from the 
perspective of linker dynamics. The plan is to work with the tweezer designs 
previously studied by the group as a starting point and make the necessary 
adjustments in order to be able to accommodate as large a range of guest mol-
ecules as possible.  

1.5.1 Porphyrins vs alcohols 
For the porphyrin tweezer tips it is desirable to keep the TPP (Figure 6) frame-
work as the solubility of this porphyrin in organic solvents is unusually good.54 
The easiest solution to the alcohol binding problem is to exchange the zinc(II) 
cation for another metal with a higher affinity for oxygen. Both the literature 
and computer calculations can be used to find suitable metal ions. A previous 
study by Li et al. also indicated that adding electron withdrawing groups to 
the porphyrin increases the binding affinity towards alcohols.45,55 With this in 
mind porphyrins halogenated at the phenyl rings and/or -positions might 
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show better affinities towards oxygen (Figure 6). Combining these two prop-
erties gives a large number of possible candidates (Figure 10).   

  
Figure 10. Starting with four free base porphyrins (top) and combining them with 
nine metal cations (middle) results in 36 different metalloporphyrins (bottom) to 
evaluate.  

The standard way of evaluating the strength of binding is by measuring the 
binding constant. Porphyrins have a strong UV/Vis absorption that shows a 
clear red-shift when complexing another molecule.53 From the measurement 
of this red-shift at different host:guest rations the binding constant can be cal-
culated.56-60 There are other parameters that can be followed in order to deter-
mine the binding constant, such as NMR chemical shifts, but that method is 
more time consuming and requires larger quantities of porphyrin and guest.  

1.5.2 Stiff stilbene linker 
Amongst the previously studied linkers the stiff stilbene (SS) and glycoluril 
linkers (Figure 8) have shown interesting properties. Especially the SS linker 
has several properties that make it a good target for further studies. This linker 
exists in two conformers with E and Z geometry and can be photo-isomerized. 
The wavelengths for the “photo-switching” are 300 nm and 360 nm respec-
tively which is close to the absorption of the TPP type porphyrins.61,62 Possible 
problems with photo-switching the SS-tweezer might arise from this overlap. 
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However, there is the possibility that the absorption of some of the new por-
phyrins might be sufficiently shifted compared to the ZnTPP to allow for 
photo-switching of a new SS-linked tweezer. Another factor that would be 
interesting to investigate is if the force of the isomerization is sufficient to 
stretch a coordinated guest molecule or if a tweezer:guest complex would pre-
vent the switching. A combination of calculations with experimental studies 
of synthesized cyclic SS-systems should answer this question.  

 
Another option using the SS-linker is to use the E- and Z-isomers combined 
with porphyrin units as modules to design tweezers appropriate for different 
guest sizes. From previous calculations, it is known that the gap size of the Z-
SS-tweezer is approximately 6.1 Å and that of the E-SS-tweezer is approxi-
mately 18.4 Å. As the synthesis of the Z-SS-tweezer is already known, the 
synthesis of its E isomer by the same method appears to be straightforward.  

1.5.3 Tweezers 
The perhaps most interesting property of the Z-SS-tweezer is the axial chiral-
ity it displays. Preliminary studies indicated that CD signals are enhanced by 
this feature. The main question is if this tweezer could work for monotopically 
bound guests. This would represent a significant improvement of the range of 
guests accessible by this method. Using the Zn-Z-SS-tweezer to investigate a 
library of monoamines with no secondary binding sites and different amounts 
of flexibility would be a natural starting point.  

 
To make the systems as utilitarian as possible the linkers need to allow for 
covalent attachment to two porphyrins that possess good binding affinities to-
wards both nitrogen and oxygen containing functional groups. Combining the 
SS-linker or the glycoluril linker with the porphyrins selected in this study 
results in a number of potential candidate structures (Figure 11).  

It should be noted that the SS-tweezer could potentially also be either switched 
to the E isomer or synthesized this way in order to accommodate larger guests. 
All tweezer syntheses are challenging as the resulting structures are large and 
have poor solubility. Additional challenges include that the final coupling re-
actions typically give low yields and some tweezers are sensitive to light and 
possibly air.39,40 How the change of porphyrin will affect the reactions in-
volved is difficult to predict as these porphyrins have only rarely been studied.  

After successful synthesis and characterization of a new potentially oxophilic 
molecular tweezer, binding studies would be conducted in order to confirm 
this property. Both ECCD and NMR studies could be performed depending 
on the linker used. 
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Figure 11. Combining the Z-SS-linker and the glycoluril linker with the selected 
porphyrins results in eight different tweezers. The estimated difficulty of the synthe-
ses involved is indicated by color (green-straightforward, orange-challenging, red-
very challenging).  
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2 The toolbox, overview of methods 

2.1 Synthesis and complexations 
There are different types of chemical bonds. Organic synthesis is mainly fo-
cused on making and breaking covalent bonds. These are the bonds making 
up organic molecules by atoms sharing electrons. In this thesis organic syn-
thesis is used to functionalize porphyrins, make molecular tweezers and guest 
molecules. However, the main focus is on another kind of bond, the metal-
ligand coordination bond. This is the kind of interactions that make up metal-
ligand complexes and that is the basis for the host-guest interactions in our 
tweezer systems. 

2.1.1 Synthesis 
The synthetic work of this thesis is mainly centered on two areas, porphyrin 
functionalization and tweezer coupling reactions. Porphyrin functionalization 
can take place either at the meta- or -positions (Figure 6). In this study all 
porphyrins used are of the TPP motif and have either phenyl or pentafluoro-
phenyl groups in the meta-position. The porphyrins have been functionalized 
either to change their properties as hosts for metal cations or to add a func-
tional group for coupling to a linker. The tweezer coupling reactions used to 
produce the two different kinds of tweezers require either a free amine group 
at a -position or a dione at one of the pyrrole units (Figure 12). 

 
Figure 12. The coupling reactions used to produce two of the previously reported 
tweezers, namely the glycoluril tweezer (top) and the Z-SS-tweezer (bottom).39,40 
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The linkers are either tipped by acid chlorides or by double free amine groups. 
One of the major challenges of the coupling reactions is the sensitivity of all 
of the components. The high reactivity of most of the compounds makes pu-
rification impractical and the reactions are performed with mostly crude start-
ing materials. This naturally adds to the difficulty of the purifications of the 
tweezers, as several bi-products can form, and negatively affect the yields. 

A number of cyclic SS-systems have also been synthesized in order to study 
the photodynamic properties of the SS-unit. The syntheses of these systems 
are similar to that of the tweezers but the linker is added before the stiff stil-
bene is formed via the McMurry reaction (Figure 13).63 Another difference is 
that the couplings to the linkers are via Williamson’s ether synthesis rather 
than an amide coupling reaction.64 

 
Figure 13. The synthetic pathway to the SS-macrocycles studied in paper II.  

2.1.2 Complexations 
Complexation reactions are at the heart of this thesis. The ones used here are 
of two kinds, porphyrin metalations and the formation of host-guest com-
plexes. Porphyrins are generally synthesized as free bases and even when this 
is not the case the intended metal is generally not used in the synthesis.65-67 
Porphyrins can be both metalated and demetalated, so that a metal used in a 
specific step can later be removed and replaced by another (Figure 14).   
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Figure 14. Free base porphyrins can be metalated with a variety of metal ions. The 
metalloporphyrin can be demetalated by exposure to a strong acid to regain the free 
base. Most metalations and demetalations are associated with high yields.  

Many porphyrin metallation reactions are carried out by dissolving the por-
phyrin in chloroform, dichloromethane (DCM) or dimethylformamide 
(DMF), adding the metal cation as a salt in great excess and refluxing the 
mixture until full conversion is observed by UV/Vis or thin layer chromatog-
raphy (TLC).68-71 A demetalation is achieved by exposure to strong acid, usu-
ally sulfuric acid. Whether a solvent is used or the porphyrin is dissolved in 
the acid itself varies depending on the metal and porphyrin involved.72,73 
 
The complexation of guest molecules to porphyrins or molecular tweezers is 
based on the principle of self-assembly.74 When dissolved and mixed the por-
phyrin and guest will start interacting with each other forming a complex (Fig-
ure 15).  

 

 
Figure 15. A metalloporphyrin has the ability to complex one or two guest mole-
cules in an axial position. The number and nature of complexed guests depends on 
the porphyrin and metal in question.74  

Different metalloporphyrins will form complexes with different guest families 
making it a very interesting field of study. With the possibility to change both 
metal ion and to functionalize the porphyrin in different ways one could po-
tentially tune the system to complex the guest (or guests) of choice. 

2.2 Binding studies 
When studying host-guest systems there exist a couple of parameters that are 
used to characterize the composition and dynamics of the complex. The first 
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one is the binding stoichiometry which shows the system’s composition. The 
second one is the binding constant (Ka) which is a measurement of the strength 
of the host-guest interaction.  

2.2.1 Binding stoichiometry 
If host-guest systems involve hosts and/or guests with more than one binding 
site the stoichiometry of the formed complex is not necessarily predetermined. 
To elucidate the stoichiometry of a specific complex the “method of continu-
ous variation” (known as Job plot) can be used.75,76 In this method a series of 
measurements with different host-guest ratios but constant combined (host + 
guest) concentration is performed. When plotted against the molar fraction of 
host or guest a characteristic curve is obtained (Figure 16). 

 

 
Figure 16. Job plot, showing the theoretical curves for 1:1(purple), 1:2(blue) and 
1:3(red) binding stoichiometry, with maxima at the indicated molar fractions.  

 
Depending on the stoichiometry of the complex the maximum of the curve 
will be at different molar fractions. For 1:1 stoichiometry the maximum will 
be at 0.5, for 1:2 at 0.66 and for 1:3 at 0.75. Any analytical method that mon-
itors a parameter dependent on the concentration of host-guest complex can 
be used to construct Job plots, such as UV/Vis, NMR, IR, fluorescence spec-
troscopy or ECCD.  
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2.2.2 Binding constants 
The binding constant (K) is a thermodynamic measurement of the strength of 
the host-guest interaction (Equation 1 and 2). It is related to the free energy 
and thus also to entropy and enthalpy (Equation 3 and 4).  
 

	 ⇄
	
		                Equation 1 

               Equation 2 

∆G RTlnK               Equation 3 

∆G ∆H ∆S              Equation 4 

This is a useful relationship as a negative free energy will indicate a favored 
process whereas a positive free energy will indicate that the reverse process is 
favored. As the free energy of a complex versus the free energy of the free 
components can be calculated using the density functional theory (DFT) 
method the stability of a complex can potentially be predicted prior to its syn-
thesis.  

 
The binding constant for a host-guest complex can be experimentally deter-
mined by monitoring a changing property of the host or guest when the 
host:guest ratio is changed. The standard way of doing this is in a titration 
experiment where the guest concentration is gradually increased. A change in 
UV absorption or in NMR chemical shift is monitored and the binding con-
stant is calculated via one of a number of available methods.56-59 The method 
used in this thesis is an iterative non-linear regression analysis.60  

2.3 Nuclear magnetic resonance spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy is a very important analyt-
ical technique for the structural characterization of organic molecules at an 
atomic level. It is one of the few methods available to determine the 3D mo-
lecular structure of a compound. It is also a powerful tool in the study of com-
plexation dynamics. In this application it has the advantage over UV/Vis spec-
troscopy, where signals of host, guest and complex usually overlap, by poten-
tially showing separate signals for the host and guest and their relative ratio. 
It is also possible to observe unwanted ligands that might cause interference. 
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Below are described three parameters of special significance to the present 
study: chemical shifts, scalar coupling constants and the nuclear Overhauser 
effects.   

2.3.1 Chemical shifts 
The chemical shift is proportional to the resonant frequency of a nucleus in a 
magnetic field. It is measured in ppm and determined relative to a standard 
compound, such as tetramethylsilane for 1H and 13C. The chemical shift is re-
lated to (amongst other factors) the electron density around a nucleus, which 
most importantly is depending on inductive effects, resonance effects and hy-
bridization.77 In addition, anisotropy effects are usually present.77 These arise 
from local magnetic fields generated by moving electrons in chemical bonds 
in the vicinity of the nucleus. Thus, a nucleus will experience a local magnetic 
field Blocal that may be different from the magnetic field B0 generated by the 
magnet of the NMR instrument. The nucleus is considered to be either 
shielded (Blocal < B0) or deshielded (Blocal > B0) depending on its position in 
space. The position in space may vary over time in non-rigid molecules. In 
addition, interactions with other molecules or ions generate additional effects 
which also may be orientation-dependent. Since the exact position of a nucleus 
and the details of intermolecular interactions are normally not known pre-
cisely, it may be difficult to relate the chemical shift directly to a chemical 
structure. However, chemical shifts can be used specifically to shed further 
light on structural mysteries.41,78,79 When studying the complexation to por-
phyrins or bis-porphyrins the ring current effect will have a dramatic effect on 
the chemical shifts of the guest molecules (Figure 7).   

2.3.2 Scalar coupling constants  
Neighboring atoms in a molecule will affect the NMR signal of a nucleus by 
generating fine structure, so-called signal splitting. This phenomenon is 
known as scalar coupling. By analyzing the splitting pattern (multiplicity) and 
the size of the splitting (quantified by the scalar coupling constant, J) infor-
mation on the number of coupling spins and their proximity as well as dihedral 
angles can be extracted. As this is a coupling by spins through covalent bonds 
these parameters give valuable information about the molecular structure. Dif-
ferent conformational parameters such as bond angles and the dihedral angle 
between two atoms can be derived.80,81 The scalar coupling constant has long 
been one of the most valuable tools in structure determination, and fitting of 
experimental data to calculated coupling constants have been used in order to 
determine the structure of small organic molecules.20,22 This method has also 
been attempted to determine relative stereochemistry of small organic mole-
cules, with mixed results.15,16,20,22  
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2.3.3 Nuclear Overhauser effects 
The Nuclear Overhauser Effects (NOE) is an important parameter for eluci-
dation of the three-dimensional structure of a molecule. The NOE is based on 
an interaction between nuclei through space rather than through bonds. It can 
therefore give information about distance between nuclei. The NOE arises 
from dipolar cross relaxation. The effect is distance dependent and protons 
usually need to be within 5 Å for an observable effect.82 The effect is also 
dependent on molecular motion and will represent an average of various con-
formers present. This is a very useful parameter when studying supramolecu-
lar complexes as the parts making up the complex, i. e. host and guest, might 
be close in space but not connected by covalent bonds. It can also be used to 
study the possible tweezer conformers.  

2.4 ECCD 
The basics of this method is described in the introduction (section 1.2.2).  

2.5 Computational methods  
Computational methods are a powerful tool in the study of molecular systems. 
Depending on the size and complexity of the system there is a wide array of 
available methods for the calculation of geometry, energy and dynamics. For 
small and simple systems more parameters can be calculated at a lower com-
putational cost. For larger systems, simpler methods are usually used to study 
the approximate structure and dynamics of the system. This kind of data can 
be used to evaluate potential target systems to study or as a compliment to 
understand experimental results and observations. There are a number of 
methods pairing calculated data and structures to experimentally measured 
data for the determination of structures and stereochemistry.83-85 

2.5.1 Molecular mechanics  
Molecular mechanics (MM) is a method based on classical mechanics. It treats 
all atoms as particles and uses force-fields to calculate their positions and from 
this the energy of the system. As this method has a low computational cost it 
can be used for the calculation of geometries, transition states and confor-
mations even for large systems such as proteins.86 MM has also become an 
important tool in the study of supramolecular systems.87-89 The energies re-
ceived can be used to compare different conformations but it is not considered 
a correct reflection of bond formation and dissociation energies.86 The force-
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field used for the investigations of the conformers in Paper II and different 
conformations of the host-guest systems in Paper III was OPLS3.90 

2.5.2 Density functional theory  
Density functional theory (DFT) is a quantum mechanical method that is used 
to calculate the electronic structure of atoms and molecules in the ground state. 
It is based on the Hohenberg-Kohn theorems which states that the energy of a 
system in the ground state is determined by the electron density.91,92 In DFT, 
functionals are used in order to calculate the energy of the system. Even 
though it is a lot more expensive in terms of computational cost compared to 
MM the DFT method is a relatively cheap method to calculate the electronic 
structure of molecules compared to other quantum mechanical methods. One 
downside is that it does not describe dispersion interactions well, but there are 
dispersion-corrected methods which improve the accuracy of the calcula-
tions.93,94 To further improve the method and give a more accurate description 
of e.g. bond lengths, vibrational frequencies and atomization energies there 
are several hybrid-DFT methods. In these the approximations for the ex-
change-correlation energy include parts of exact exchange from Hartree-Fock 
theory.95,96 The binding constant, energy and geometry calculations carried out 
were using either the dispersion corrected hybrid-DFT functional B3LYP-
D3(Paper I) or standard B3LYP (Paper II and III).95,97  
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3 Porphyrins and guest interaction (Paper I) 

3.1 The plan 
To facilitate the use of molecular tweezers for stereochemical characterization 
of molecules lacking amino groups we attempted to solve the problem of bind-
ing guests with oxygen-containing functional groups to metalloporphyrins. As 
mentioned in the introduction (section 1.5.1), the focus was on changing the 
metal cation and on using a different porphyrin with a more electron poor cen-
ter. Based on previous studies by Borhan and coworkers, showing enhanced 
binding to isopropanol and isopropylamine for 5-(4-methylcarboxyphenyl)-
10,15,20-tri(pentafluorophenyl)porphyrin compared with the corresponding 
ZnTPP-monoester, halogenated porphyrins were selected as potential targets 
(Figure 17).45,55  

 
Figure 17. The previously reported 5-(4-methylcarboxyphenyl)-10,15,20-tri(pen-
tafluorophenyl)porphyrin (left) and 5-(4-methylcarboxyphenyl)-10,15,20-tri-
phenylporphyrin (right).45,55 

Metal cations were chosen based on their oxophilicity and on their size.98 As 
the central coordination cavity of porphyrins is approximately 4 Å (N to N) 
this sets a rough size limit for the metal cations. Another selection was made 
based on metal cations that were known to bind to TPP. Based on these criteria 
nine metals were chosen. As shown in Figure 10 four porphyrins combined 
with nine metals would potentially yield 36 metalloporphyrins for the study. 
In order to limit this number the simpler MTPP:s were studied first and the 
most promising metals were then complexed to the more exotic porphyrins.  

 
Another important factor is the model guest molecules. To keep the studies 
simple small molecules representing alcohols, carboxylic acids and ketones 
were chosen, i. e. methanol, acetic acid and acetone. As a reference, pyridine 



34 

was also included. Pyridine is not a typical amine, but it is well studied as a 
ligand to metalloporphyrins.99-101   
 
As can be easily perceived this kind of study is fairly time-consuming. A com-
putational study was therefore included to investigate if standard computa-
tional methods could be used in order to accurately predict the metalloporphy-
rin:guest interactions. To limit the computational cost only methanol was used 
as a guest.  

3.2 Synthesis 
The TPP and TPFPP are commercially available and the -positions are free 
for reactions facilitating coupling with a linker. Therefore, they were acquired 
commercially and used as received. The TPPBr8 is commercially available but 
its synthesis from TPP and MTPP is well documented. As the TPFPPBr8 is 
not commercially available the bromination of the porphyrin -positions was 
investigated starting with the bromination of TPP.  

 
There are many cases of the -position bromination of TPP in the literature. 
They mainly fall into two categories, the ones using bromine and the ones 
using N-Bromosuccinimide (NBS).102-108 In the process of investigating this 
reaction a large number of the reported methods were tried with only one 
method (NiTPP reacted with NBS in 1,2-dichlorobenzene) resulting in the 
product in high yields. All other methods resulted in decomposition of the 
starting material or in very low yields (Figure 18).  

 
Figure 18. The different synthetic pathways tested to synthesize MTPPBr8.  
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Following the bromination, treatment with a strong acid (H2SO4) results in 
demetalation and the free base is received. The same method was used to pro-
duce the NiTPFPPBr8. However, all attempts to demetalate this metallopor-
phyrin returned the starting material (Figure 19). As all other pathways to the 
brominated species yielded no product the TPFPPBr8 was removed from the 
study.  

 
Figure 19. Synthesis of the NiTPFPPBr8 (middle) and the attempted synthesis of the 
TPFPPBr8 (right).  

The complexation reactions of the porphyrin free bases to the metal cations 
followed established methods, as is described in the supplementary material 
to Paper I.68-71 

3.3 Complexation experiments 
The fastest and most common way to measure porphyrin:ligand binding con-
stants (Ka) is by UV/Vis titrations. When the metalloporphyrin complexes a 
ligand a clear red shift is observed and the changes in absorption at different 
wavelengths can be used to calculate the binding constant. Upon titration of 
some metalloporphyrins it was observed that no (or very small) red-shifts oc-
curred. Instead, a decrease followed by an increase of absorption was noted 
(Figure 20). 

 
Figure 20. Showing the UV/Vis titrations of ZnTPP and CoTPPCl with pyridine. 
The ZnTPP:pyridine titration shows the characteristic red-shifts (left) whereas the 
CoTPPCl:pyridine titration only displays differences in intensity (right). 
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The reason for the lack of red shift was revealed by 1H NMR studies. The 
“free” porphyrins not displaying red-shifts when complexing guests were al-
ready complexing water. Thus, upon titration with another guest an exchange 
of guest was observed rather than a free porphyrin binding to a free guest. For 
most systems drying at 50oC under high vacuum for 24 h would remove the 
water, with the CoTPPCl being an exception. With this complication the bind-
ing constants were measured by proton NMR rather than UV/Vis. The ad-
vantage of this method is that it is possible to observe both host and guest 
separately and also keep track of any impurities and other complexing mole-
cules. Due to the porphyrin ring current effect a guest forming a complex with 
a porphyrin will have a different chemical shift compared to the free guest 
(Figure 7). With free and bound guests exchanging, the average chemical shift 
will change with the porphyrin:guest ratio. This change can be used to calcu-
late the binding constant. Using NMR titration data the binding constants of 
fourteen metalloporphyrins to four guest molecules (methanol, acetic acid, ac-
etone and pyridine) were determined (Table 1). 

Table 1. The measured binding constants (Ka) of methanol, acetic acid, acetone and 
pyridine to fourteen metalloporphyrins. 

 Binding constant, Ka (M-1) 

Porphyrin Methanol Acetic acid Acetone Pyridine 

AlTPPCl 3.8×10-3 2.8×101 nb nb 

CoTPPCl 3.2×10-3 1.7×102 nb cc 
CoTPFPPCl 5.4×101 1.8×104 nb cc 
FeTPP nb nb nb nb 
MgTPP 5.7×101 D 7.4 1.7×101 
MgTPFPP 1.5×102 2.3×103 3.1×102 1.3×104 
MgTPPBr8 1.6×102 8.2×102 3.8×102 1.3 
MnTPPCl nb nb nb nb 
NiTPP nb nb nb nb 
SnTPPOH2 nb nm nm 1.3×104 
O=TiTPP nb 4.8×102 nb nb 
ZnTPP 2.4×10-3 3.6×102 nb 6.8×103 
ZnTPFPP 1.5×101 1.2×103 1.1×10-2 2.7×104 
ZnTPPBr8 2.0×101 2.5×102 6.0×10-3 3.2×102 

nb = no binding; nm = not measured; nc = cannot calculate, binding too weak; cc = cannot 
calculate, binding too strong; D = demetallation; a very broad signals; b stoichiometry 1:2. 

3.4 Computational predictions 
The theoretical binding constant (Ka,theo) can be calculated from the free en-
ergy of binding (G) by breaking out the binding constant in Equation 3 
(Equation 5): 
  

∆

                 Equation 5 
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The free energy of binding is defined as the free energy of the complex minus 
the free energies of the porphyrin and the guest (Equation 6): 
  
∆ 	 	             Equation 6 
 
A negative free energy of binding indicates that the complex is energetically 
favorable compared to the porphyrin and guest as free entities. Thus, by using 
computational methods to calculate the free energies of the porphyrin, guest 
and complex, information about the stability of the complex can be gained.  
 
As reliable energies for various systems were needed, DFT calculations were 
used. There are different DFT methods and the literature shows that it can 
differ which one gives the best representation of different metalloporphy-
rins.109-111 For this study both B3LYP-D3 and M06 with the 6-31G(d,p) basis 
set for the H-, C-, O-, F-, Cl-atoms and SDD basis set and pseudo potential for 
all metals were tried and compared.95,97,112-114 Of these B3LYP-D3 gave the 
best correlation between calculations and experiments over the full set of por-
phyrins. Another factor to take into account is that metals have different spin 
states. To find the one with the lowest energy in each case the three lowest 
spin states were calculated for each metal. In addition to the free energy, the 
metal-ligand bond length and the system charge distribution were investi-
gated.  

 
To reduce the computational cost the calculations were limited to one guest 
(methanol) and the majority of the calculations were performed on MP sys-
tems (Figure 21). As indicated in Figure 21 some of the substituted TPP-type 
systems were included in order to investigate the effect of halogenation on the 
charge distribution.  

 
Figure 21. Structures of the porphyrins included in the computational study.  
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Comparison of the calculated data with the experimental results showed that 
a combination of two factors was needed in order to predict stable complexes. 
The free energy of binding should be high and the methanol ligand should 
display a negative change in charge upon complexation.  

3.5 Conclusions 
The computational study resulted in a relatively fast and easy method to de-
termine the potential stability of a porphyrin:guest complex without having to 
do the synthesis and complexation experiments. As the experiments show that 
relatively few of the metalloporphyrins actually bind to the ligands this is a 
valuable tool that could save a lot of time in the lab.  

 
For this thesis, the most valuable results are the experimental binding con-
stants (Table 1). From these, four interesting porphyrins emerged (Figure 22). 

 
Figure 22. Metalloporphyrins in the experimental study that showed the strongest 
binding to the largest number of guests. *Cannot calculate, binding too strong. 

The CoTPFPPCl and ZnTPFPP have reasonable binding constants to metha-
nol, acetic acid and pyridine but no or weak binding to acetone. Most interest-
ing are the ZnTPPBr8 and the MgTPFPP that have suitable binding constants 
for all the tested guests. All of these could potentially be used in the construc-
tion of new tweezers. From a practical point of view, the TPFPP porphyrin is 
theoretically easier to couple to a linker as the -positions are free (Figure 11). 
To couple the TPPBr8, the bromination would have to take place after the 
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functional group used in the coupling has been added. This synthesis is sus-
pected to be more challenging than the coupling of the TPFPP for which the 
same synthetic pathway as for TPP should be accessible. Based on these fac-
tors the metalloporphyrin of choice for future construction of tweezers would 
be the MgTPFPP.  
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4 Linker dynamics (Paper II) 

4.1 The plan 
As mentioned in the introduction (section 1.5.2) the stiff stilbene linker exists 
as two geometric, i. e. E and Z isomers and so far, the Z-isomer has been used 
to construct bis-porphyrin tweezers. A tweezer based on the E-isomer would 
have a larger gap size and potentially be able to bind to guests that are too 
large for the Z-SS-tweezer. The two tweezers could be synthesized separately 
but a more intriguing prospect would be to use the SS linker’s ability to 
isomerize photochemically (“photo-switch”). Not only could the E-isomer be 
generated from the Z-isomer when needed, it would also open up other fea-
tures such as the stretching of an already bound guest (Figure 9). The stiff 
stilbene is photo-switchable with λmax 300 and 360 nm for the E and Z isomer 
respectively, but whether the force is strong enough to switch the tweezer and 
most importantly stretching a long chain is as yet undetermined.61,62 Thus for 
clarification, a series of cyclic model compounds were investigated both ex-
perimentally and computationally.  

4.2 The cyclic compounds 
The stiff stilbene macrocycles were kept as simple as possible. A Williamson 
ether synthesis was used to insert a linker between the two indanone units.64 
The stiff stilbene was then formed via the McMurry reaction (Figure 13).63 
Four different linker lengths were used, six, eight, ten and twelve carbons long 
(Figure 23). Note that the Z-isomer was received from the McMurry reaction. 

 
Figure 23. The four SS-macrocycles with linker lengths of 6, 8, 10 and 12 carbons 
can theoretically be photo-switched between Z (left) and the E (right) isomer.   
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The distance, r, between the two oxygens of the Z-stiff stilbene unit is 5.4 Å. 
In a fully stretched all-trans O-(CH2- CH2)n-O chain the distance between the 
oxygen atoms increases with the number of carbon atoms with r = 7.5 Å (n = 
3), 9.4 Å (n = 4), 9.9 Å (n = 5) and r = 10.3 Å (n = 6). Therefore, the shortest 
linker (n = 3), should make switching almost impossible as this would result 
in a highly strained structure. In contrast, the twelve-carbon linker (n = 6) 
should result in a strain-free stiff stilbene macrocycle.   

4.3 Switching study 
As a reference for the switching behavior of the SS-macrocycles a SS-diester 
previously studied in the group was used (Figure 24).62 

 
Figure 24. The reference SS-diester previously studied in the group.62  

The photo-stationary mixture of the reference compound contains an isomer 
ratio of 55:45 E:Z. Irradiation of the SS-macrocycles show the expected drop 
in E-isomer as the linker length is decreased (Figure 25).  

 
Figure 25. The E/Z composition of the photo-stable mixture of the cyclic com-
pounds compared to that of a non-cyclic reference.  
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The switching was followed both by UV/Vis and NMR spectroscopy. Inter-
estingly the amount of E-isomer never hit zero. The decreased linker length  
clearly increased the photo-stability of the Z-isomer, but never to the point of 
making it fully photo-stable. 

The energy differences between the E- and Z-isomers were calculated by DFT 
(B3LYP, 6-31G(d,p), SCRF-SMD with DCM as solvent) and shows that the 
energy difference between the cis and trans isomers dramatically increase as 
the length of the linker shortens (Figure 26).95,112,115-117 For the longest (12 
carbon) linker the trans isomer is energetically favored as compared to the cis 
analogue but not to the same extent as in the unlinked reference.  

 
Figure 26. Showing the difference in free energy (G) in kJ/mol between the Z and 
E isomers of the SS-macrocycles and the unlinked reference compound.   

As indicated by both the computational and experimental switching study the 
linker seems to somewhat affect the photo-stability even for longer linker 
lengths.  

4.4 Conclusions 
The switching study of the SS-macrocycles shows that the switching mecha-
nism is strong enough to stretch even tight carbon chains. However, compar-
ing the calculated energy differences between the E and Z isomers to the ex-
perimental results strongly suggest that the linker affects the switching. For 
the longest linker the E-isomer is energetically favored but even then the Z-
isomer dominates the photo-stationary mixture.  
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Since the switching still works until the linker gets very short it should be 
possible to use this mechanism in order to photo-switch a SS-based tweezer. 
One downside is that the switching results in a roughly 1:1 E/Z mixture even 
when acyclic. However, the huge difference in structure between the E and Z 
tweezers should make the two clearly distinguishable by NMR spectroscopy 
if the concentration of the E-isomer is high enough. Another problem is that 
the UV/Vis absorption of the SS unit and the absorption of the TPP overlap. 
With the very high absorption of the porphyrins preliminary studies on the Z-
SS-tweezer have indicated that the switching will be ineffective due to this 
aspect. However, the previously presented porphyrin studies (Paper I) opens 
up the possibility to use other porphyrins as tweezer tips. For example, the 
MTPFPPs do not have any significant absorption overlap with the SS unit and 
might therefore be a good starting point for an improved photo-switchable SS-
tweezer. If a good tweezer design is found the stereochemical characterization 
of guests varying from roughly, 6-18Å (distance between to metal centers in 
a corresponding bis-metalloporphyrin tweezer with SS linker) in length could 
be covered with the same system. 
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5 Molecular tweezers (Papers III and IV) 

5.1 A plan of three parts 
The main focus of this thesis is to study how bis-porphyrin tweezers can be 
improved for use in stereochemical characterization.  As mentioned in the in-
troduction (section 1.5) a central part is to widen the range of available guests 
that can be characterized using the established NMR and ECCD methods. The 
plan to achieve this consists of three parts: (i) To investigate if the Z-SS-
tweezer previously studied in our group can also produce CD signals for 
monotopically binding guests; (ii) to synthesize and investigate the properties 
of the E-SS-tweezer; (iii) to use the results from paper I to design and synthe-
size a new tweezer with the potential to bind both oxygen and nitrogen con-
taining functional groups.   

5.1.1 A Twisted Tweezer (i) 
As mentioned in the introduction (section 1.5.3) the main limitation of the bis-
porphyrin tweezers are that ditopic binding is required. The goal is to investi-
gate if a signal can be detected from the Z-SS-tweezer with monotopically 
binding guests. Previous studies have shown that the Z-SS-tweezer (Figure 
12) performs very well for ECCD characterizations.40 The main feature that 
sets the Z-SS-tweezer apart from other tweezers used for stereochemical char-
acterization by ECCD is that instead of adopting a twist after coordinating a 
chiral guest this tweezer has an inherent twist. The source of this is the axial 
chirality of the Z-SS linker due to steric interaction between two aromatic pro-
tons. When not coordinating a chiral guest molecule the tweezer exists as a 
racemic mixture (Figure 27). 

 
Figure 27. The Z-SS-tweezer has inherent axial chirality and exists as a racemic 
mixture, with the M- and P-enantiomers in equal amounts when not coordinating a 
chiral guest. 
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That the M- and P-enantiomers would form in equal amounts from synthesis 
is intuitive, but the question remains if they exist at equilibrium and can switch 
freely. This is suggested by the fact that the coordination of a guest leads to 
excess of one of the enantiomers, but then again the guest might bind to one 
of them in a higher degree. To answer this question the M to P transition of 
the linker was studied by DFT (B3LYP, 6-31G(d,p), SCRF-SMD with DCM 
as solvent). 95,112,115-117 The dihedral angle was changed stepwise with geome-
try optimization, frequency and stability calculations. The results showed that 
the energy needed for the transition is 1.2 kJ/mol, which is significantly lower 
than the approximately 2.5 kJ/mol representing the thermal energy at room 
temperature. From this we conclude that the SS linker exists as an equilibrium 
mixture rather than a static mixture between the E and Z-enantiomers.  

 
To test if the Z-SS-tweezer also works for monotopically binding guest mole-
cules a number of monoamines with varying size and flexibility was chosen 
(Figure 28).  
 

 
Figure 28. The guest molecules used to test if the Z-SS-tweezer could give a CD 
signal for monotopically binding guests. Colors indicate the strength of the CD sig-
nal received.  
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Of the guests investigated, three gave strong CD signals and another eight 
gave moderate signals. As the guests only have one functional group for co-
ordination to the porphyrin this is a very good result. Evaluation of the struc-
ture of the guests shows that the small and flexile guests do not give a CD 
signal whereas the more rigid ones do. In some cases, a clear distinction is 
difficult to make. For example, why G19 and not G8 and G13 but not G10 give 
a signal is hard to explain.  
 
To further verify that the signals arise from monotopically binding guests the 
binding constants were investigated. From comparing the binding constants 
of free TPP binding to pyridine and 1,6-diaminohexane with the Z-SS-tweezer 
binding the same diamine as well as guests resulting in no, moderate and 
strong CD signals some interesting indications were given. The guests with 
no or moderate CD signals have binding constants to the Z-SS-tweezer of the 
same order of magnitude as the free TPP binding to pyridine. The guests giv-
ing a strong CD signal have binding constants to the tweezer of the same order 
of magnitude as the free TPP binding to the diamine, but one order of magni-
tude lower than the tweezer binding the diamine. This could be interpreted as 
the guests with the strong CD signal represent something between monotopic 
and ditopic binding. There are two intuitive possible explanations for this ob-
servation. The first is that the guests with a strong CD signal might be binding 
ditopically, but a lot weaker at the secondary site. The other explanation is that 
there exist stabilizing forces between two guest molecules binding simultane-
ously inside the tweezer cavity, making them behave as a diamine rather than 
two monoamines. 
 
To determine which explanation is more likely to be correct the binding sto-
chiometry was investigated by the construction of Job plots based on ECCD 
for one of the guests giving a strong CD signal (D-G9) and a chiral diamine 
reference (Figure 29).75,76 The reason for constructing the Job plots using 
ECCD rather than UV/Vis even though the signal strengths are low at these 
host:guest ratios is that all the guests bind to the tweezer. Thus, the results 
from UV/Vis or NMR spectroscopy need not be related to the complex pro-
ducing the CD signal. However, when using ECCD only CD active complexes 
contribute to the Job plot and all other complexes are effectively invisible. As 
shown by the results in Figure 29 the D-G9 is binding with a 1:2 stoichiometry 
which would fit to simultaneous monotopical binding of two guest molecules 
with interaction between them. From this it can be deduced that for the guests 
giving a strong CD signal some interaction between two monotopically bound 
must be responsible for the stronger binding constants. 
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Figure 29. Job plot of (2S,3R,4R,5R)-1,6-diamino-1,6-dideoxy-2,3,4,5-tetra-O-me-
thyl sorbitol41 binding with a 1:1 stoichiometry, thus ditopically (left). D-tyrosine 
methylester D-G9 binding with a 1:2 stoichiometry, thus monotopically (right). The 
theoretical curves for 1:1 and 1:2 binding stoichiometry, respectively are shown in 
red.  

Molecular modeling (MM) was used to investigate the guest:guest interactions 
that might stabilize the CD active complexes (OPLS3 force field).90 All guests 
giving a CD signal can -stack. The guest D-G9 can also form guest:guest 
hydrogen-bonds. The number and strength of these interactions seems to be 
central to understanding the differences in binding constants and CD signal 
strength. It is clear that the possibility to form complexes stabilized by 
guest:guest interactions adds further support to the hypothesis that the ob-
served CD signals arise from complexes formed by monotopically binding 
guests.  

 
Attempts to analyze both the free tweezer and the formed complexes with 
XRC to further confirm these claims are currently ongoing.  

5.1.2 The elusive trans-Tweezer (ii) 
Another feature of the SS-tweezer requiring further study is the possibility to 
use the E-SS-tweezer for larger guests. As photo-switching the ZnTPP-tipped 
tweezer is inefficient due to overlap between absorption bands of the SS-unit 
and the porphyrins the direct synthesis of the tweezer is a logical starting point 
to investigate its properties. If the E-SS-tweezer has interesting properties, the 
synthesis of the potentially photo-switchable MTPFPP analogue might be 
considered. 
 
Numerous attempts have been made to synthesize the E-isomer of the stiff 
stilbene tweezer (Figure 30).  
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Figure 30. The structure of the E-SS-tweezer, the i. e. trans-tweezer. 

With the synthesis of the Z-SS-tweezer being relatively straightforward for a 
molecule of this size and giving a reasonable yield (20%-30%) no difficulties 
were initially expected. However, as all attempts to generate the E-tweezer via 
the same synthetic route failed it became clear that the two tweezers are not 
as similar as they appear on paper. 

In the Z-SS-tweezer synthesis, the amide bond is formed via the reaction of 
the di-acid chloride stiff stilbene linker and the aminoporphyrin TPPNH2. This 
reaction has been tried in different solvents and temperatures without results 
(Figure 31). Attempts to use coupling reagents have also been made. Model 
compound reactions with terephthalic acid and TPPNH2 gave the best results 
for HATU. Therefore, both HATU and HBTU have been tried to produce the 
tweezer from the SS di-carboxylic acid. Another pathway, via the di-acid io-
dide was also attempted. Following the procedure reported by Wakeham et. 
al. the di-acid iodide is generated in situ from the di-carboxylic acid and po-
tassium iodide.118 As indicated in Figure 31, all attempts so far have been un-
successful.  

  
Figure 31. Various coupling reactions have been tried in order to produce the trans-
SS-tweezer. None of the reactions have yielded more than trace amounts of product.  
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The question of why the trans-tweezer is so difficult to synthesize compared 
to the cis-version is not clear at this time. Solubilities of the E and Z linker 
compounds are different, with the E linker being less soluble. Since heating, 
sonication and/or using other solvents or solvent mixtures dissolved the com-
pound this cannot be the main problem. One theory is that the porphyrins ten-
dency to stack to each other acts as a preorganization factor for the synthesis 
of the Z-SS-tweezer. Without this aid, the product might be to entropically 
disfavored to form. More detailed experimental and computational studies 
into the reaction mechanism and conditions might yield the answer.  

5.1.3 The new and exciting “Fleezer” (iii) 
This group has previously shown that our glycoluril bis-ZnTPP tweezer (Fig-
ure 12) can be used in combination with NAMFIS to determine the relative 
stereochemistry of small flexible diamine guests with several stereocenters.41 
Given the few dependable methods to determine the relative stereochemistry 
of small molecules it is of great interest to increase the range of guests avail-
able to this method. In Paper I metalloporphyrins were screened with the pur-
pose to find species with strong binding to oxygen containing functional 
groups. Based on these results a new glycoluril tweezer expected to have bet-
ter binding capabilities was synthesized. 

 
Based on the results from Paper I the MgTPFPP was chosen as the new met-
alloporphyrin for the tweezer tips. Combined with the semi-rigid glycoluril 
linker this would result in a new fluorinated bis-porphyrin tweezer dubbed the 
Fleezer (Figure 32). 

 
Figure 32. The structure of the MgTPFPP-glycoluril tweezer (called the Fleezer).  

The plan for the synthesis of the Fleezer was to use the same synthetic route 
as for the synthesis of the previously studied ZnTPP-glycoluril tweezer.39,41 
As shown in Figure 12 the final coupling is a reaction between the TPP dione 
and the tetra-amino glycoluril linker. To produce the TPP-dione the porphyrin 
was first nitrated, the product reduced and then Dess-Martin periodinane 
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(DMP) was used to produce the dione product. The synthesis of the Fleezer 
following this path is shown in Figure 33.  

 
Figure 33. Planned synthesis of the Fleezer based on the previously reported synthe-
sis of the ZnTPP-glycoluril tweezer.39,41 

The main problem with this approach turned out to be that the stability of the 
TPFPPNH2 is a lot higher that the stability of the TPPNH2. The TPPNH2 is 
generally not purified due to its high reactivity whereas the TPFPPNH2 is so 
stable that it is difficult to make it react at all. The reaction with the DMP gave 
the desired product, but in a yield of only 4 %. As this is clearly not acceptable, 
an alternative route was sought. Another aspect to note after observing the 
stability of the TPFPPNH2 is that the synthesis of the SS-based tweezers uses 
the aminoporphyrin in the amide coupling reaction. Due to the undesired sta-
bility of the TPFPPNH2 another synthetic pathway, or another coupling alto-
gether will probably be needed to form this kind of tweezer. 
 
Searching the literature for reactions that were reported to work for this exact 
porphyrin a synthesis of the TPFPP-dione via the dihydroxy-TPFPP was 
found.119,120 The synthesis starts with the dihydroxylation by OsO4 followed 
by the Swern oxidation to the dione product (Figure 34). 
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Figure 34. The synthetic route to the MgTPFPP-dione.  

The reaction has been carried out both on the free base porphyrin and on var-
ious MTPFPP. Even though the Mg(II) was not one of the metals reported the 
fact that the reactions seemed to produce similar yields independent of metal 
ion resulted in the decision to carry out the metalation as the first step. The 
reason for this is that the magnesium metalation reaction of TPFPP rarely 
gives 100 % yield, 70-80 % being more typical. However, the unreacted start-
ing material can be recovered and used later, thus minimizing the loss. The 
tetra-amino glycoluril linker was received from the reduction of the tetra-nitro 
glycoluril linker, as previously reported.121 Reaction of the tetra-amino linker 
with the MgTPFPP-dione in DCM/MeOH in the dark produced the Fleezer in 
3 % yield. After purification by column chromatography characterization of 
the product by NMR, UV/Vis and matrix-assisted laser desorption/ionization 
mass spectroscopy (MALDI-MS) all confirmed the identity of the Fleezer. 
These results are very promising and optimization of the reaction conditions 
are ongoing as well as studies of the Fleezers binding properties.  

5.2 Conclusions 
To summarize the three aims set at the beginning of this chapter: (i) It has 
been shown that the Z-SS-tweezer can give CD signals for monotopically 
binding guests. This significantly increase the range of guests for absolute ste-
reochemical characterization by ECCD using molecular tweezers. (ii) The 
synthesis of the E-SS-tweezer was not successful. Another coupling might 
produce better results. (iii) A new optimal tweezer based on the results from 
Paper I has been synthesized and characterized. This tweezer could potentially 
be used for the determination of the relative stereochemistry for guests with 
only oxygen containing functional groups.  
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6 Conclusion and outlook 

The synthesis and application of bis-porphyrin tweezers have been studied 
from a modular standpoint. The tweezer was divided into the porphyrin tips, 
metal cations and the connecting linker with the prospect to combine specific 
porphyrins, metal cations and linkers to form tweezers tailored for certain ap-
plications. The targeted applications are the determination of the absolute ste-
reochemistry of small chiral molecules by ECCD and the determination of the 
relative stereochemistry for small flexible molecules with multiple stereocen-
ters by NAMFIS.  
 
In Paper I the porphyrins and metal cations were studied in order to find can-
didates that firstly, strongly bind to oxygen containing functional groups and 
secondly, also bind amines. Several metalloporphyrins with interesting bind-
ing properties emerged from this study (Figure 22). The results can be used to 
widen the range of guests that can be characterized by using molecular twee-
zers. 
 
In Paper II the SS linker unit was investigated with the future prospect to use 
it to synthesize a photo-switchable bis-porphyrin tweezer. The switching 
properties of the unit turned out to fulfill the requirements but in order to make 
a functioning tweezer it needs to be combined with porphyrins without 
UV/Vis absorption overlap. From Paper I we know that the MTPFPPs would 
fulfill this requirement. If successful, this would allow for larger guests and 
the stretching of guests. 

 
In Paper III the Z-SS-tweezer is investigated as a host to chiral monoamines 
for ECCD. We have shown that this tweezer binds guests monotopically with 
a 1:2 stoichiometry giving a moderate to strong CD signal for eleven out of 
the nineteen investigated guests (Figure 28). The guests giving CD signals 
have relatively rigid structures and the potential to form guest:guest -stack-
ing and/or hydrogen bonds. This shows that the characterization of many 
monotopically binding compounds is possible with this tweezer. 

 
In Paper IV a new tweezer is constructed from MTPFPP and the glycoluril 
linker (Figure 32). A new synthetic path was needed as the stability of the 
TPFPPNH2 made the one used for the ZnTPP based glycoluril tweezer inac-
cessible. Initial characterizations all support the suggested structure of the so-
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called Fleezer. The hope is that this tweezer will bind eaqually well to amines 
and oxygen containing functional groups, enabling relative stereochemical 
characterization of a wide range of flexible guest molecules. 

 
Besides the work presented in the papers this thesis also presents some obvi-
ous but failed attempts without which the story would be somewhat frag-
mented. Most notable of these is the so far inexplicable difficulties encoun-
tered when trying to synthesis the trans-tweezer (Figure 31).  

 
The work of this thesis is the continuation of previous studies and much still 
remains to be done. From the perspective of the author, the natural continua-
tion of this work would be to optimize the synthesis of the Fleezer and then 
thoroughly investigate its properties. The synthesis of a new SS-tweezer with 
MTPFPP tips could result in a tweezer usable for stereochemical analysis by 
ECCD of guests containing different functional groups and binding both 
mono- and ditopically. Therefore, this should be a priority. The structures of 
both the new and the existing tweezers, in particular when binding guests 
could be studied in more detail by XRC. Renewed attempts to form crystals 
of the tweezers and their complexes should therefore be made.  
 



55 

7 Sammanfattning på svenska 

Organisk kemi är vetenskapen om kolföreningars egenskaper och reaktioner. 
Även om dessa föreningar kan vara mycket stora (t.ex. plaster) så är de i regel 
uppbyggda av små länkade enheter. Dessa kallas små molekyler och de stude-
ras flitigt då de används i allt från läkemedel till bränsle och olika material. 
Eftersom dessa molekyler är mycket små är en av de stora utmaningarna för 
kemisten att bekräfta att molekylen verkligen ser ut som hen tror. Det finns 
flera metoder att tillgå men ingen är helt perfekt utan oftast används en kom-
bination av flera för att säkerställa molekylens identitet. När vi ser bilder på 
dessa molekyler så verkar problemet inte så stort, de representeras av några få 
linjer och bokstäver på ett papper (Figur 1).  

 

 
Figur 1. Små molekyler representeras ofta på detta sätt, som några linjer och bokstä-
ver. Molekylerna ovan (till vänster och i mitten) är även icke-identiska spegelbilder 
av varandra. I verkligheten är de tredimensionella och väldigt dynamiska (höger).  

Ett sätt att börja förstå problemet är att jämföra molekylen med en tvååring. 
Om man tar en bild av en tvååring, begränsad till ett rum på ca 25 m2 vid 25 
oC, så ser man en bild av ett stationärt barn i ett rum. Den som har varit i ett 
rum med en pigg tvååring vet att säkra metoder för att uppskatta i vilken del 
av rummet barnet kommer existera vid en viss tidpunkt saknas. Det är även 
omöjligt att veta om barnet kommer stå, sitta, rulla, skratta eller skrika för full 
hals. En organisk molekyl i lösning är som en pigg tvååring på en öppen yta. 
Den rör sig, vrider och sträcker sina bindningar, roterar och viker sig hit och 
dit. Vad som ser platt och ordnat ut på papper är i själva verket något mycket 
dynamiskt.  
 
För att göra uppgiften av identifikation av små molekyler ännu svårare kan 
dom existera i nästan identiska par. Dessa kallas enantiomerer och har samma 
förhållande till varandra som en höger- och vänsterhand, de är spegelbilder 
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utan att vara identiska. För att göra det mer komplicerat kan samma molekyl 
inehålla flera center med den här typen av symetri. 
 
Man kan använda molekylära verktyg som kallas molecular tweezers (mole-
kylära pincetter) för att hålla molekylerna stilla under analys. När rörligheten 
minskar kan vissa befintliga metoder användas för att identifiera molekyler 
och deras interna symetri.   
 
Den här avhandlingen handlar om att förbättra molekylära pincetter så att fler 
molekyler ska kunna identifieras.  En molekylär pincett består av tre delar: två 
toppar och en länk dem emellan (Figur 2).  

 
Figur 2. Molekylära pincetter består av två toppar och en länk. De kan binda till mo-
lekyler på topparna och därmed hålla dem stilla under analys. 

De två topprna i våra pincetter utgörs av en typ av molekyl som heter porfyrin. 
Dessa är starkt färgade föreningar som bla ger färg åt blod och klorofyll. I 
Paper I undersöktes hur dessa kan fås att binda till flera olika typer av mole-
kyler.  
 
I Paper II undersöktes hur den länkande delen från en av våra pincetter kan 
ändra form när den blir belyst av ljus av en viss våglängd. Målet var att se om 
denna förmåga skulle kunna användas för att ändra form och storlek på pin-
cetten och därmed kunna binda större gäster eller sträcka långa kedjor.  
 
I den senare delen av avhandlingen undersöktes pincetterna i sig. Det visades 
hur en, i gruppen, redan framtagen pincett kan användas för att identifiera 
vissa molekyler som bara kan binda till en av porfyrinerna. 
 
Sist och, ur författarens perspektiv, viktigast kommer presentationen av syn-
tesen av en ny pincett baserad på de resultat som dom tidigare undersökning-
arna givit. Förhoppningen är att denna ska kunna användas på en stor grupp 
olika molekyler.  
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