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Abbreviations and atom colors

B3LYP
BJ
BP86
BSSE
C-PCM
COSMO
COSMO-RS
DFT
DFT-D
DNA
DOF
HF
LANL2DZ
LDA
LYP
M06
NMR
PAP
PCM
PTE
RNA
RRHO
SMD
TS
TST
TZVP
UEG
VWN

Becke’s three-parameter functional with LYP
correlation
Becke-Johnson, referring to the damping function
used in DFT-D3
Functional with Becke’s exchange functional and
Perdew’s correlation functional from 1986
Basis set superposition error
Conductor-like polarizable continuum method
Conductor-like solvation model
Conductor-like solvation model for real systems
Density functional theory
Density functional theory corrected with Grimme’s
dispersion corrections
Deoxyribonucleic acid
Degree of freedom
Hartree-Fock, referring to the theory
Double-zeta basis set with pseudopotential core
from the Los Alamos National Laboratories
Local density approximation
Lee, Yang and Parr, referring to the correlation
functional developed by those authors
Minnesota type functional published in 2006
Nuclear magnetic resonance spectroscopy
Purple acid phosphatase
Polarizable continuum method
Phosphotriesterase
Ribonucleic acid
Rigid-rotor harmonic-oscillator model
Solvation model based on the solute electron density
Transition state
Transition state theory
Ahlrich’s triple-zeta basis set with valence and
polarization functions
Uniform electron gas
Vosko, Wilks and Nusair, referring to the
correlation functional developed by those authors

optimizing the ligand for activity, insights can be gained into the importance
of certain factors for the catalysis.
The biomimetic complexes are also interesting on their own, i.e. as agents
that can perform the same tasks as the enzymes but under different
conditions or with modified reactivity. For phosphoesterase mimics, possible
applications include the selective cleavage of DNA or RNA strings, where
the mimic complex can have different sequence specificity than the
3
enzymes, or as degrading agents towards organophosphate pesticides.
Different complexes of ligands 3, 4 and 5, that bind either two Zn(II) ions
or one Fe(III) and one Mn(II) ion are studied in this thesis. The complexes
were experimentally studied as catalysts for hydrolysis and
transesterification of two phosphate diesters. The aim of the computational
investigations is to elucidate the catalytic mechanisms of the reactions,
which can then be analyzed to propose modifications in order to increase the
catalytic efficiency. The results of the computational investigations are
presented in Chapter 3.
Next, the results of two studies of molecular capsules will be presented,
i.e. studies of host molecules that more or less completely surround their
16
17-20
guests. A selection of such hosts is shown in Figure 2. Selective binding
of guests to the capsule host occurs when there is shape complementarity
21
between the guest and the interior of the host. The guests are screened from
interactions with the solvent, and thus species that are unstable in solution
16,22
Additionally, several
can be stabilized in the presence of such hosts.
observations have been made of two or more guests being bound
23
simultaneously. The container can act as a nanoreactor, bringing two
22,24-29
The systems
substrates together, and the system can even be catalytic.
can be called biomimetic because the selective binding of substrates, the
shielding of guests from solvent and the catalytic features conceptually
26,28,30,31
resemble the situation in active sites of enzymes.
One specific reaction that was experimentally observed to be accelerated
in the presence of capsule 82 (Figure 2) is the cycloaddition reaction between
32
phenyl acetylene and phenyl azide. This was studied computationally, with
the aim to determine the specific origins of rate acceleration in this system.
The results are presented in Chapter 4.
The cycloaddition reaction was experimentally studied in a nonpolar
solvent. To properly mimic an enzyme, the chemistry should be possible in
33
the same medium as the enzymes are active in, i.e. water. Capsule 92 which
is very similar to 82 was made water-soluble by the choice of appropriate
20
substituents at the R4 position indicated in Figure 2. When studied
experimentally for the binding of alkanes of different lengths, some
20,34,35
The system is studied computationally
interesting trends were observed.
in Chapter 5. Standard methodology, as presented in Section 2.5, fails to
reproduce the experimental findings, and therefore a new protocol is
developed to properly model the solvation effects.
2

5 are studied as catalysts for hydrolysis and transesterification of
phosphodiester substrates. Next, the study of capsule-accelerated
cycloaddition is presented in Chapter 4. Finally, the study of water-soluble
host 9 and its alkane-binding properties are discussed in Chapter 5, and
conclusions and future outlook are presented in Chapter 6.

4

2 Concepts and computational methodology

In this chapter, the computational methodology used in the thesis is briefly
introduced. First, the concepts of energy profiles, rate constants, and
transition state theory will be presented. Then, basic density functional
theory will be introduced, together with various corrections used to calculate
internal energies of molecules. To go from the microscopic molecular
quantities to the macroscopic world of chemistry, corrections must also be
added for solvation and entropic effects. These will also be discussed before
the computational protocol employed in Chapter 3 to 5 is summarized in the
last section of this chapter.

2.1 Energy profiles, rate constants and free energies
A chemical reaction can be visualized as a series of geometrical changes
resulting in the transformation of reactants into products. Since every
molecular geometry is associated with an energy, proceeding from reactants
to products can be likened to moving along a trajectory on a
(multidimensional) energy landscape, on which every change in molecular
geometry is related to a change on the energy coordinate.
In Figure 3, a slice of a hypothetical three-dimensional energy surface is
shown for the case of hydrolysis of a phosphate substrate, named S. In this
reaction, the energy first increases as the H2O⋯P bond is formed, and then
decreases somewhat as a pentacoordinate intermediate I is generated. It then
increases again as the P⋯O bond to the leaving group dissociates, but after
some distance along the reaction coordinate the energy decreases and the
products P and ROH are formed.
In Figure 3, the path from S to P with the lowest increase in energy along
the way is indicated in blue. On this two-dimensional energy profile, the
stationary points are indicated with horizontal lines. Several concepts can be
deduced from this representation. Reactants, intermediates and products are
minima on the energy profile, while the maxima are called transition states
(TSs). The minima thus possess Hessians of the energy with respect to the
molecular coordinates which have only positive eigenvalues, while the TSs,
which are saddle points on the multidimensional energy surface, have one
negative eigenvalue.

5

Δ𝐺‡ = Δ𝐻 ‡ − 𝑇Δ𝑆 ‡ = Δ𝐸 ‡ + 𝑃Δ𝑉 ‡ − 𝑇Δ𝑆 ‡

(iii)

The quantity Δ𝐻 ‡ = Δ𝐸 ‡ + 𝑃Δ𝑉 ‡ is called the enthalpy. The volume
change is usually negligible for reactions taking place in solution, and the
energy barrier Δ𝐸 ‡ is a good estimate of ȟ𝐻‡ . 𝑇Δ𝑆 ‡ is the temperature
times the change in entropy between reactant and transition state. This term
is related to the number of degrees of freedom (DOFs) in the system, i.e. the
number of different states (spatial and electronic) that are occupied under the
reaction conditions.
Many observable quantities can be converted into free energy differences
that are not necessarily connected to the transition state energy. For example,
the equilibrium constant K of a reaction is related to the free energy
difference between reactants and products. For the model reaction in Figure
3, K is defined in Equation (iv). From this constant, the free energy
difference between products and reactants can be determined according to
Equation (v).
𝐾=

[𝐏][ROH]
[𝐒][H2 O]

Δ𝐺 = −𝑅𝑇 ln(𝐾)

(iv)
(v)

Molecular energies can be calculated with various computational
methods. With suitable models for the interaction with solvent and for the
molecular degrees of freedom, corrections can be added to these internal
energies to yield free energies. Calculated free energy differences can hence
be converted to rate or equilibrium constants, which can be compared to
experimental observations.

2.2 Density functional theory
In the present thesis, density functional theory (DFT) has been used to
calculate molecular energies. It is chosen because it provides a good balance
between accuracy and computational cost for the systems studied here, being
up to 300 atoms in size. DFT is based on the Hohenberg-Kohn theorems, the
first of which states that the energy of a system depends in a unique fashion
36
on its electron density. In DFT, the molecular energy is therefore expressed
in terms of the electron density. The energy expression 𝐸[𝜌] is a functional
37,38
of the electron density 𝜌 and is commonly formulated as in Equation (vi).
𝐸[𝜌] = 𝑇S [𝜌] + 𝐽 [𝜌] + 𝑉NN + 𝐸Ne [𝜌] + 𝐸xc [𝜌]

(vi)
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In the above expression, the first four terms on the right-hand side are
known. 𝑇S [𝜌] is the kinetic energy for a system of non-interacting electrons.
𝐽 [𝜌] and 𝑉NN are repulsive terms; they represent the Coulomb interaction
between the electrons and between the nuclei, respectively. 𝐸Ne [𝜌] is the
(attractive) nucleus-electron interactions. Finally, the 𝐸xc [𝜌] term is the
difference between the exact energy and the energy calculated by summing
up the first four terms. This is called the exchange-correlation functional,
since these are the expressions that are missing in the Coulomb description
of the electrons: the exchange energy is the energy change that stems from
exchange of two electrons, and the correlation energy is the part of the total
energy which cannot be accounted for by treating the electrons in a meanfield manner.
Unfortunately, the exact expression for 𝐸xc [𝜌] is not known. Over the
years, a large number of suggestions have been put forward for this
39
expression. One of the most commonly used ones is B3LYP, which uses a
linear combination of the exchange energy derived from the local density
40
approximation (LDA) used to model the uniform electron gas (UEG), the
41
exchange energy calculated by Hartree-Fock (HF) theory, and Becke’s
42
exchange energy functional called B88. For the correlation energy, a
combination of the UEG correlation functional derived by Vosko, Wilks and
43
Nusair (VWN) and the correlation energy developed by Lee, Yang and Parr
44
(LYP) is used. Three parameters are fitted in order to reproduce a set of
experimental energies.
B3LYP
= (1 − 𝑎0 )𝐸xLDA + 𝑎0 𝐸xHF + 𝑎x 𝐸xB88 + 𝑎c 𝐸cLYP + (1 − 𝑎c )𝐸cVWN
𝐸xc

(vii)
39

The fitted values of 𝑎0 , 𝑎x and 𝑎c are 0.20, 0.72 and 0.81, respectively. In
a slightly modified functional, B3LYP*, the 𝑎0 value is changed to 0.15.
This functional is commonly used for transition metal systems, since it has
been found to better reproduce the energy differences between spin states in
45
such complexes. Importantly, corrections have also been developed for
B3LYP and other functionals to better describe nonuniformities in the longrange dispersion interactions, which are inherently missing in the LDA and
VWN descriptions that were developed for the UEG. The most popular
46
implementation of is DFT-D3, which corrects the exchange-correlation
functional with a new expression.
B3LYP-D3
B3LYP
𝐸xc
= 𝐸xc
+

∑ ∑

𝐴𝐵 𝑛=6,8

𝑠𝑛

𝐶𝑛𝐴𝐵
𝑟𝐴𝐵
𝑛

𝑓d,𝑛 (𝑟𝐴𝐵 ) +

∑

𝑓d,(3) (𝑟̅𝐴𝐵𝐶 )𝐸 𝐴𝐵𝐶

𝐴𝐵𝐶

(viii)
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In this extension of B3LYP, the atom-pair coefficients 𝐶𝑛𝐴𝐵 for atoms of
elements A and B are computed by time-dependent DFT, s6 is set to unity
46
and s8 is parameterized to fit experimental data. The 𝑓d functions are
damping functions that are used to avoid singularities for 𝑟 = 0. The choice
47,48
which includes two
of Becke-Johnson (BJ) damping is recommended,
more parameters to be fitted for each pair of atom elements. Finally, the
three-body energy expression 𝐸 𝐴𝐵𝐶 also depends on the atom-pairwise
coefficients of the elements involved. The DFT-D3 and DFT-D3(BJ)
corrections have been parameterized for a number of popular density
46,48
The DFT-D3(BJ)-corrected B3LYP functional, called
functionals.
B3LYP-D3(BJ), has been shown to perform well for both binding energies
48-50
and energy barriers in benchmark tests.
Another popular set of density functionals is called the Minnesota
51,52
In M06, the exchange energy is a combination of HF exchange
family.
DFT
and 𝐸x , a density-weighted combination of LDA exchange and the
53,54
exchange functional of Perdew, Burke and Ernzerhof. For the correlation
energy a modified version of the UEG expression is used, here named 𝐸cDFT .
In contrast to B3LYP, the M06 type functionals already in their definitions
contain terms that are supposed to account for dispersion interactions.
M06
𝐸xc
= 𝑏0 𝐸xHF + (1 − 𝑏0 )𝐸xDFT + 𝐸cDFT

(ix)

Despite its simple appearance, a large number of parameters are used in
the expressions for 𝐸xDFT and 𝐸cDFT . In total 35 parameters are fitted in order
to reproduce experimental data. Three functionals are parameterized by
setting 𝑏0 to 0, 0.27 and 0.54, respectively, and fitting the other 34
51
52
52
parameters; they are named M06-L, M06 and M06-2X. They thus differ
in the influence of the HF exchange. M06-L is suggested for systems with
transition metals, M06-2X is proposed for non-covalent interactions, and
51,52
M06 is suggested to be a balanced representation for all kinds of systems.
The performances of the B3LYP and M06 families of functionals have
49,50,52.55-61
Based on these tests,
been extensively tested in many benchmarks.
one can make informed selections of which functional to use in the particular
studies.
Apart from the choice of DFT functional, one must also choose the basis
set. Linear combinations of basis functions from this set are used to represent
the molecular orbitals. The larger the basis set, i.e. the more complex shape
of the corresponding basis functions, the better can the orbitals be modeled.
However, no basis set is complete, and there will be inadequacies. One such
problem is basis set superposition error (BSSE), where basis functions on
one molecular fragment delocalize such that also another fragment is being
described by it. The result is an artificial lowering of the energy of the
molecular complex. One means of correcting for this is the counterpoise
62,63
In this approach, for a two-fragment supermolecule AB with
method.
9

fragments A and B, the molecular energy is calculated for each fragment in
the presence of the basis functions from itself and from the other fragments.
The overlapping parts are then subtracted to give a molecular energy that is
corrected for BSSE. In Equation (x), the subscript after each energy denotes
from which species the basis functions are used.
Δ𝐸counterpoise = 𝐸(𝐴)𝐴𝐵 − 𝐸(𝐴)𝐴 + 𝐸(𝐵)𝐴𝐵 − 𝐸(𝐵)𝐵

(x)

DFT methods are single-determinantal, which means that the electrons
are treated in a mean-field manner and only one electronic configuration is
considered when the energy of a compound is calculated. One shortcoming
of such a treatment is that the representations of specific spin states, in which
the electrons can pair up in different ways, become erroneous. For the case
of antiferromagnetic coupling (𝑆 = 0) the 〈𝑆 2 〉 value calculated with
standard DFT deviates from the value that is expected from a pure spin state,
𝑆(𝑆 + 1) = 0. The calculated spin state is therefore said to be contaminated.
One way to correct for this is to use the broken symmetry approach
64
developed by Noodleman. If the spin contaminated system is denoted 𝑆 ′ ,
the difference in energy between this state and the high-spin state 𝑆max is
𝐸(𝑆max ) − 𝐸(𝑆 ′ ) = (𝑆max )2

𝐽
2

(xi)

The coupling constant J is calculated from this expression. It is then used
to calculate the energy correction for the true antiferromagnetic state
according to
𝐸(0) = 𝐸(𝑆max ) + 𝑆max (𝑆max + 1)

𝐽
2

(xii)

2.3 Solvation models
All systems studied in the present thesis were experimentally investigated in
the solution phase, where the molecule is surrounded by a huge number of
solvent molecules. The solvent and the solute can interact in a variety of
ways. For example, in the case of water solvent, it can form hydrogen bonds
to the polar parts of the solute, coordinate to metal centers in organometallic
compounds, form hydrophobic interactions with the nonpolar parts of the
solute, and even react with the solute to form new species (like in Reaction
(1)). Nonpolar solvents can interact with the solute via for example
dispersive interactions.
Taking these possibilities into account in the computational modeling
explicitly requires an extensive amount of work. Just positioning a few
10

solvent molecules around a solute in an optimal way can be a tedious task.
Fortunately, there are simpler approaches to this problem that in many cases
work satisfactorily.
65,66
the solvent is implicitly
In polarizable continuum models (PCMs),
modeled as a homogeneous dielectric continuum that is characterized by a
dielectric constant ε. The charges on the molecular surface of the solute
(Figure 4) are calculated and are then allowed to interact with the dielectric
medium. The solute and the dielectric medium are iteratively allowed to
polarize each other in a self-consistent manner until convergence is reached.
The interaction free energy between the solute and the solvent is estimated
from this process.
The PCM methods are parameterized against experimental solvation free
67,68
energies. Two of the most widely used implicit models are C-PCM, which
is based on a scaled-conductor treatment of the dielectric (called
69,70
71
COSMO), and SMD, which relies on a similar approximation and also
includes a term that represents the non-electrostatic interactions between
solvent and solute. They both predict hydration free energies of neutral
72,73
species with accuracies on the order of 0.6-1.6 kcal/mol.
70,74
where RS stands for ‘real
A slightly different model is COSMO-RS,
solvents’. In this approach, the surface charges are calculated for both the
solvent and the solute, and for both species a histogram is constructed,
representing the number of surface segments of a certain charge. These socalled σ-profiles (Figure 4) are then used to give the solvation free energy of
the solute. The agreement with experiments is of the same order as those
obtained with C-PCM and SMD. For example, for the hydration free
energies of a set of 284 neutral species the mean absolute deviation from
75
experiments was 0.6 kcal/mol.
The implicit models usually perform well when the solvent interacts with
the solute through weak interactions. However, sometimes strong hydrogen
bonds are made or the solvent binds to a coordination site on the solute. The
implicit solvent models discussed above do typically not account in an ideal
way for such interactions. One way to treat this situation is to include a few
explicit solvent molecules in the model of the solute, and then describe the
rest of the solvent with an implicit model. Several computational protocols
have been derived for how to compare models with a different number of
76-78
We deal more with such a situation in
coordinated solvent molecules.
Chapter 5, which is concerned with the study of a water-soluble capsule.
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2.5 Computational details
The calculations in the present thesis were conducted with the Gaussian 09
83
software suite. Geometries were optimized with B3LYP (Section 3.1 and
3.2), B3LYP* (Section 3.3), or B3LYP-D3(BJ) (Chapter 4 and 5). In the
optimizations, the 6-31G(d,p) basis set was used for all atoms except
phosphorus and oxygens bound to phosphorus, for which 6-311+G(d) was
used, and Zn, Fe and Mn, for which the LANL2DZ pseudopotential was
84
used. For all compounds, thorough conformational searches were
performed in order to identify the most stable geometries. On the basis of
these geometries, single-point calculations were done with the same
functional as the geometry optimizations, using the 6-311+G(2d,2p) basis
set for main-group atoms and LANL2DZ for metals. In Chapter 3, the twobody DFT-D3 corrections for B3LYP (the second term in Equation (viii))
were added separately to the energies. For the supramolecular complexes
studied in Chapter 4 and 5, the three-body DFT-D3 term was also added to
all energies, since it is not included in the Gaussian 09 implementation of the
B3LYP-D3(BJ) functional. In Section 3.3, the antiferromagnetic energies are
corrected using the broken symmetry approach. In Chapter 5, some of the
obtained energies were also corrected according to the counterpoise scheme,
Equation (x).
Solvation effects were modeled with the C-PCM model (Chapter 3), at
the same level of theory as the geometry optimizations, or the COSMO-RS
model (Chapters 4 and 5), calculated at 𝑇 = 298.15 K and using the
42,85,86
87,88
with the COSMOtherm software.
BP86/TZVP level of theory
Concentration corrections, Equation (xiii), were added for all compounds. At
the same level of theory as the geometry optimizations, frequency
calculations were carried out to confirm the identity of the structure
(minimum or transition state) and to calculate the thermal free energy
corrections at 298.15 K according to the quasi-RRHO protocol. In Chapter 4
and 5, the quasi-RRHO calculations were done using rotational symmetry
number 𝜎𝑅 = 1, and the molecular point groups were determined using
89
GaussView. The corresponding corrections to the rigid-rotor entropies,
𝑅𝑇 ln(𝜎𝑅 ), were then added to the quasi-RRHO corrections.
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one more coordination site occupied by the ligand, was observed to bind one
14
hydroxide ion.
The aim of the calculations is to characterize the active forms of the
catalysts in Reaction (1) and (2) and to elucidate the reaction mechanisms.
2+
For (Zn(II)23) , the possibilities of one or two hydroxide ions being
coordinated to the catalyst must be considered, and the coordination of the
substrate to the catalyst must be determined. An X-ray structure was
2+
previously obtained for the tetranuclear complex [(Zn(II)23·OAc)2] , i.e. a
2+
dimer of the (Zn(II)23) complex with one acetate bridging the two zinc ions
100
in each monomer. This structure is used as a starting point for the
calculations, in which one of the monomer structures is extracted from the
X-ray geometry and the acetate is manually substituted for one or two
2+
hydroxide ions. In the case of (Zn(II)24) , the isopropyl moiety is also
replaced with a pyridyl. The substrate is coordinated in a number of ways to
identify the most stable catalyst-substrate complex, and from there different
mechanistic scenarios were assessed.
The results of the calculations will now be presented, first for Reaction
(1) and then for Reaction (2).

3.1 Hydrolysis reaction with dizinc complexes
First, the reaction is studied with one hydroxide ion bound to the catalyst in a
position bridging the two zinc ions. From here the reaction is found to take
place via the same steps regardless of whether the ligand is 3 or 4. The
+
obtained reaction mechanism, catalyzed with (Zn(II)23·OH) and
+
(Zn(II)24·OH) , is given in Scheme 2.
Several binding modes of substrate 6 to the catalysts are evaluated, and in
the most stable one (16a) the substrate coordinates to Zn2 with one of the
phosphate oxygens. However, for the reaction to proceed, it is found that the
other phosphate oxygen must bind to Zn1. The hydroxide now loses its
bridging role and instead takes a terminal position on Zn2 to form the 16b
complex. This conformation is calculated to be 7.2 kcal/mol less stable than
16a with ligand 3 and 9.0 kcal/mol with ligand 4.
From this position, the hydroxide performs a nucleophilic attack on the
phosphorus center of 10. In the transition state 17-TS, the distance between
the hydroxide and the phosphorus is 2.13 Å with 3 and 2.08 Å with 4 (Figure
7). Compared to 16a, the TSs are calculated to be 10.8 and 11.7 kcal/mol in
energy with 3 and 4, respectively. The result of the nucleophilic attack is a
pentacoordinate phosphate species bound to the catalyst, complex 17, with
energies similar to the TSs. With 3, it is calculated to be +9.4 kcal/mol, and
with 4 +11.0 kcal/mol.

17

Scheme 2. Mechanism for hydrolysis of 10 with dizinc complexes of 3 and 4.
From here, the leaving group can dissociate from the phosphorus, while
the phosphate-bound hydroxide forms a hydrogen bond to the carboxylate
oxygen coordinated to Zn1. Without the solvation corrections, this is
calculated to occur with barriers of 6.1 and 0.2 kcal/mol with 3 and 4
respectively, but when the solvation effects were added, this second TS is
calculated to be somewhat lower in free energy than 17 (see Figure 8). Thus,
the calculations suggest that the dissociation of the leaving group
dissociation is essentially occurring in a concerted fashion with the
nucleophilic attack.
Complex 18a is now formed with 3 and 18b is formed with 4. In these
complexes, both hydrolysis products coordinate to the catalyst.
Arylphosphate 11 bridges the zinc ions via two oxygens, while the hydroxyl
group of the phosphate has lost its coordination to the zinc ions and only
hydrogen-binds to the carboxylate moiety. With the 3 ligand, the phenoxide
product 12 coordinates to Zn2 with the phenolic oxygen and one of the nitro
groups, such that Zn2 is now hexacoordinate. The formation of these
catalyst-product complexes is calculated to be quite exergonic; compared to
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cycles in the calculations. This insight is now acknowledged by other
102
researchers who later studied similar reactions computationally.

3.2 Transesterification reaction with dizinc complex
Next, Reaction (2), i.e. transesterification of substrate 13, is studied with the
2+
(Zn(II)23) complex. Like in the previous section, the first step in the
computational study is to identify the most stable catalyst-substrate complex.
This analysis proves to be harder than with the substrate 10 since 13 harbors
an extra potentially coordinating group in its isopropanol moiety. The
binding mode calculated to be the most stable with one hydroxide present in
the catalyst turns out to be one that is very similar to what was previously
103,104
In this binding mode, named
suggested for a symmetric dizinc complex.
19a (Scheme 3 and Figure 10a), the phosphate oxygens coordinate to one
zinc ion each. Furthermore, the isopropanol moiety binds to Zn1, forming a
hydrogen bond to a hydroxide ion that is terminally bound to Zn2.
In order to form the transesterification products of Reaction (2), a bond
must be formed between the isopropanol oxygen and the phosphorus center,
and the alcohol group must be deprotonated. These events can occur in
different orders: The deprotonation can occur before, concertedly with, or
after the nucleophilic attack. These events will be taken into consideration in
the present section.
By consideration of the 19a binding mode, it is natural to assume that the
Zn2-bound hydroxide is the most likely species to act as Brønsted base in the
mechanism. However, although many attempts are made to identify
transition states for the deprotonation of the substrate or for the nucleophilic
attack of the Zn1-bound alcohol group, no such TSs are located.
Instead, it is found that in order for the nucleophilic attack to occur, the
isopropanol group must decoordinate from Zn1 while preserving the
hydrogen bond to the Zn2-bound hydroxide. This catalyst-substrate binding
mode is named 19b and is calculated to be 7.9 kcal/mol higher in energy
than 19a. The reaction mechanism starting from here is shown in Scheme 3.
From its position in 19b, the isopropanol can attack the phosphorus center of
13, and it is calculated that in the corresponding TS, named 20-TS, this
occurs in concert with deprotonation of the alcohol by the Zn2-coordinated
hydroxide. The free energy of 20-TS is calculated to be +16.4 kcal/mol with
respect to 19a.
A pentacoordinate phosphate species named 20 is now formed. This
species is calculated to be +13.2 kcal/mol compared to 19a. The bond
between phosphorus and leaving group 15 is then cleaved via 21-TS. In
analogy with the catalyzed hydrolysis of 10 presented above, this TS is
located at the level of theory used for the geometry optimizations, but when
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all effects were added it turns out to be lower in energy than 20. Thus, also
this reaction is found to be of essentially concerted nature.

Scheme 3. Mechanism for transesterification of 13 with dizinc complex of 3.
The catalyst-product complex 21 is then formed, and the most stable
geometry of it is calculated to be −9.0 kcal/mol in energy compared to 19a.
When compared to complex 22, in which product 15 has been released to
solution, the latter complex is calculated to be marginally more stable, −0.2
kcal/mol. Thus the calculations suggest this to be the resting state of the
reaction.
From here, the energetics of the catalyst regeneration process is estimated
in the same way as was done in the study of Reaction (1) above, and it is
calculated to be endergonic by 3.1 kcal/mol. Adding this value to the 16.4
kcal/mol calculated for accessing 20-TS from 19a, an overall barrier of 19.5
kcal/mol is obtained. This is in good agreement with the barrier obtained
from the experimentally-measured rate constant, which is 23 kcal/mol. The
free energy profile of the complete reaction is shown in Figure 9.
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energy barrier. No theoretical support is found for the existence of a preequilibrium before the rate-determining step. However, an unproductive 19a
binding mode is identified as the most stable catalyst-substrate complex.
Since dissociation of this complex is required for the reaction to proceed,
this might hypothetically be involved in the experimentally observed preequilibrium.

3.3 Hydrolysis reaction with iron-manganese complex
Purple acid phosphatase (PAP) is another phosphatase enzyme, which has its
name from the purple color arising from a charge transfer from an Fe(III) ion
9,105
to a coordinated tyrosine residue.
Apart from the Fe(III) ion, the active
site also contains another metal ion which could be either of Fe(II), Zn(II),
9,105
Mg(II) or Mn(II).
A schematic representation of the active site of PAP
106
from sweet potato is shown in Figure 6 above. This enzyme has an Fe(III)
107
ion and an Mn(II) ion in its active site.
15
A biomimetic complex, based on ligand 5, was synthesized and was
108
shown to bind an Fe(III)Mn(II) motif. The ligand is identical to 3 except
that the pyridyl moieties of 3 have been replaced with methyl imidazoles. It
is thus also an unsymmetric ligand, in which the two metal ions bind in one
binding pocket each; Fe(III) binds to the carboxylate site, providing four
coordinations from the ligand, and Mn(II) binds to the other, three108
coordinated, site.
108
An X-ray structure was obtained for the compound. In this structure,
two acetates are bridging the two metal ions, and a chloride ion binds to
Mn(II). Both metal ions are thus hexacoordinate. The complex was
experimentally monitored for activity towards hydrolysis of 10, and it was
found that the reaction proceeds at similar rates as was measured for the
108
dizinc complexes studied in the previous sections.
Computational studies are conducted in order to characterize the active
catalyst and to identify the nucleophile in the reaction. Several possibilities
exist: the acetates and the chloride can be substituted for water (or
hydroxides) and the substrate. First, the results will be presented with a
complex in which the chloride ion has been replaced by the substrate,
binding in a monodentate fashion to Mn(II), and one of the acetates has been
replaced by a hydroxide, bridging the metal ions. The resulting complex is
named 23 (Scheme 4).
This complex is characterized from an electronic point of view. While the
ferromagnetic (𝑆 = 11⁄2) and antiferromagnetic (𝑆 = 0) cases are calculated
to be similar in energy, other possible spin configurations are found to be
significantly higher. The antiferromagnetic singlet state is calculated to be
slightly more stable than the ferromagnetic one, so this species was used in
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the calculations. This is also in agreement with experiments, as the coupling
−1 108
constant measured for the system (−15 cm ) is small and negative.

Scheme 4. Mechanism for hydrolysis of 10 with FeMn complex of 5.
In the transition state for hydrolysis of 10, the hydroxide then attacks the
phosphorus center of the substrate. Concomitantly, the hydroxide
decoordinates from Mn(II) and the bond between phosphate and leaving
group 12 is broken. This TS, called 24-TS (Figure 10a), is calculated to be
13.1 kcal/mol higher in energy than 23.
In the most stable product state, 12 is found to coordinate to Mn(II) with
its phenyl oxygen. The phosphate product 11 is now bound to both metal
ions in a bidentate fashion. This species, named 24, is calculated to be −16.2
kcal/mol in free energy compared to 23.
Following the same scheme as above to estimate the energetics of the
catalyst regeneration process, it is calculated that the cost of forming 23 from
24 is 6.4 kcal/mol. Hence, the overall barrier for the reaction, going from 24
in one catalytic cycle to 24-TS in the next, is calculated to be 19.5 kcal/mol
(Figure 10b). This is similar to what was calculated for the dizinc catalysts
above.
Several other mechanistic scenarios are tried, varying both the identity
and the position of the nucleophile, the binding mode of the catalyst, the
number and identity of coordinated species, the spin configuration, and
whether the hydroxide acts as a nucleophile or as a Brønsted base. However,
all these attempts give higher species and/or higher energy barriers. Thus,
the calculations suggest complex 23 to be the active catalyst.
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and the host, it is of fundamental interest to determine what factors are
causing the rate acceleration.

To this end, quantum chemical calculations are performed here, and an
energy decomposition analysis of the results is carried out to gain insight
into the acceleration effect of the capsule. Another implicit aim of the
calculations is, as usual, to evaluate the adopted quantum chemical
methodology. Hitherto, only a few theoretical studies of rate acceleration or
catalysis have been performed for reactions occurring inside supramolecular
109-120
so there is not yet a well-established methodology
host-guest complexes,
to be used in studies of host-guest catalysis.

4.1 Characterization of capsule
The experimental reaction was performed in off-the-shelf mesitylene-d12
solvent, in which the two impurities benzene-d6 (28) and p-xylene-d10 (29)
were present in millimolar amounts. Despite the low concentrations of the
impurities, when 8 was dissolved in mesitylene-d12 the only complex that
was observed was 28·29@82. Therefore, this complex is chosen as the
starting point of the calculations.
In the NMR experiments, the 28·29@82 complex was observed to give
19,32,121
signals corresponding to a C4v symmetry.
In such a complex the N-H
groups at the rim of each pyrazine-imide unit makes bifurcated hydrogen
bonds to two carbonyl oxygens in the other 8 subunit so that in total eight
bifurcated hydrogen bonds are formed. The monomeric unit in this
arrangement is from now on called 8a, and the geometry of the 28·29@8a2
complex is shown in Figure 11. As it turns out, when the geometry of
28·29@8a2 is optimized, another arrangement is found in which the 8
monomers were of approximate C4 symmetry. In this cavitand geometry,
named 8b, each pyrazine-imide unit twists such that one of the carbonyl
28

4.2 Binding free energies inside the capsule
Experimentally, when reactants 25 and 26 were added to the mixture of
cavitand 8 in mesitylene-d12, the host-guest complexes observed by NMR (in
order of abundance) were 25·26@82, 26·30@82, 26·26@82, 25·25@82 and
32
25·30@82. Note that of these complexes, two include dioxane guest 30
which is an impurity in the commercial solution of 25. To see whether the
binding trend could be reproduced by the calculations, all possible host-guest
combinations are evaluated with the methodology presented in Section 2.5.
The results are given in Table 1, where the relative stabilities of selected
complexes are compared to 28·29@8b2.
Table 1. Calculated stabilities of selected inclusion complexes, relative to
28·29@8b2.
𝚫𝑮0

conc
𝚫𝛅𝑮free

conc
𝚫𝑮0 + 𝚫𝛅𝑮free

28·29@8b2

0.0

0.0

0.0

25·25@8b2

+0.5

−2.7

−2.2

25·26@8b2

−1.5

−2.3

−3.8

25·30@8b2

−1.0

0.0

−1.0

26·26@8b2

−3.2

−1.9

−5.1

26·30@8b2

−2.7

+0.4

−2.3

Complex

As seen from Table 1, all experimentally observed compounds are
calculated to be of similar or lower free energy than 28·29@8b2, but the
experimental order of abundance is not fully reproduced. However, when the
experimental concentrations are taken into consideration via Equation (xv),
where X and Y are different guests, the agreement with experiments is
significantly improved.
[𝑋][𝑌 ]
conc
= 𝑅𝑇 ln (
δ𝐺free
[𝟐𝟖][𝟐𝟗])

(xv)

Corrected in this way, the calculations predict 26·26@8b2 to be the most
stable host-guest complex, being 1.3 kcal/mol more stable than 25·26@8b2,
i.e. slightly different from the experimental observation. This is a relatively
small error, and in the following sections, the 25·26@8b2 complex (shown in
Figure 12) will be used as the ground state species, according to the
experiments.

30
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energy barrier of approximately 26 kcal/mol. The calculations thus
underestimate this value by roughly 4 kcal/mol.
The TS towards formation of the 27b regioisomer is also calculated inside
the capsule but is found to have a significantly higher free energy barrier,
about 40 kcal/mol compared to 25·26@8b. This pathway can thus be
discarded.
It is now of interest to decipher how the capsule accelerates the reaction.
To do so, the reaction barriers calculated in the presence and in absence of
capsule are compared (Figure 14). First, the results are compared without the
free energy corrections, which roughly constitute the entropic effects. At this
level of theory, the barrier for the uncatalyzed reaction is calculated to be
23.7 kcal/mol. The entropic effect on the uncatalyzed barrier is thus
approximately +4.3 kcal/mol. Then, the reactants and the TS are calculated
with the same geometries as they adopt when bound inside the capsule. The
calculated effect of this strain, imposed on the molecules by the
incarceration, is a lowering of the barrier by 2.4 kcal/mol. The cause of this
lowering is due to the geometry of the reactant supercomplex being more
distorted by the capsule than the TS is. This leads to a favoring of the latter
with respect to the former complex.
Finally, the distorted geometries of the reactants and the TS are placed
inside the capsule, and it is calculated how the interaction between the
capsule and the encapsulated species affects the free energy barrier. It is
found that this effect reduces the barrier by only 0.7 kcal/mol. Hence, only
taking into account the enthalpic component of the energies, the barrier for
the reaction is calculated to be 23.7 − 2.4 − 0.7 = 20.6 kcal/mol. Comparing
this value to the free energy barrier calculated above, 21.6 kcal/mol, it is
seen that the entropic component only affects the barrier by +1.0 kcal/mol.
On the other hand, for the uncatalyzed reaction the effect of including the
entropic corrections was +4.3 kcal/mol. Thus, compared to the outside
reaction, this is calculated to reduce the barrier by 4.3 − 1.0 = 3.3 kcal/mol.
This is in part due to the fact that in absence of capsule, formation of the
reactant supercomplex from the separated reactants is calculated to be an
endergonic process, while in the presence of 82 the encapsulated reactant
supercomplex becomes the ground state. In other words, it is costly to bring
the reactants together in solution, but in the presence of capsule this process
becomes downhill in free energy.
Taken together, this energy decomposition has identified three
components that lower the free energy barrier of the cycloaddition reaction
in the presence of capsule compared to in its absence. The entropic effect,
discussed above, reduces the barrier by 3.3 kcal/mol. The imposed strain,
disfavouring the reactant supercomplex more than the TS, lowers the barrier
by an additional 2.4 kcal/mol. Finally, the capsule is calculated to interact
slightly better with the TS than with the reactants, causing a further
reduction of the barrier by 0.7 kcal/mol.
33

catalyzed and the uncatalyzed reactions, the origins of the rate acceleration
can be quantified. In this case, it is shown that two main components
contribute to the lowering of the barrier: the reduced entropic penalty and the
fact that the reactants are more distorted than the TS by the encapsulation.
These insights can potentially be used to design more efficient catalysts in
the absence of electrostatic stabilization of the TS: the host should provide
better shape complementarity with the TS than with the reactants and the
products. The reactants should, however, be bound strongly enough for the
entropic penalty of association to be overcome, while the binding energy of
the products should ideally be low in order to facilitate turnover.

35
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5 Alkane binding to water-soluble cavitand
and capsule (Paper V)

In the previous chapter, capsule 82 was studied in nonpolar solvent
mesitylene-d12. For a host to be truly biomimetic, it should be able to imitate
33
its template under biological conditions – which means in water. This does,
however, make the feat of self-assembly harder to accomplish, especially if
this process utilizes polar contacts like hydrogen bonds. The water molecules
surrounding the cavitands will compete for these interactions. Despite this
challenge, several self-assembling supramolecular hosts have been
33,123-126
synthesized for the use in aqueous environments.
One such host molecule is 9, which is similar to 8 but differs in two
aspects. Namely, the n-undecyl substituents are replaced by alkyl pyridinium
ions, and the pyrazine-imide units (the ‘side panels’) are replaced by
benzimidazolone units, such that the imide groups at the rim of the vase20
shaped monomers are replaced by urea moieties. The cavitand has been
20,34,35
observed to self-assemble to encapsulate hydrophobic guests in water.

An interesting trend was seen when these cavitands were mixed with n34
alkanes. For alkanes of length up to and including n-nonane (31), the
cavitand formed 1:1 complexes with the alkane, which was observed to bind
to vase monomer 9 in a coiled conformation (i.e. making gauche interactions
34
along all of the alkane chain). For n-alkanes from n-undecane (33) and up,
the cavitands were observed to self-assemble around the alkane, forming 2:1
20,34
complexes. An equilibrium was observed between the 1:1 and 2:1 hostguest complexes when the guest was n-decane (32), see Figure 15. For this
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5.1 Effect of using a truncated model
Before any changes are made to the computational protocol presented in
Section 2.5, it is tested whether the truncation of the model, i.e. the
substitution of the alkyl pyridinium moieties for methyls, affects the
computational results. It turns out that they do not if one counterion per
positive charge is included in the model. For the full (untruncated) system,
both the gas-phase potential energies (𝐸gas ) and the implicit solvation
corrections (𝛿𝐺solv ) are found to be very similar to the values calculated with
the truncated model. Optimized geometries of the truncated models of 32@9
and 32@92 are shown in Figure 15, and computational results are shown in
Table 2.
Table 2. Energy (kcal/mol) of Equilibrium (4) calculated with different
computational approaches. × = The value is taken from the ‘reference
a
protocol’.
𝚫𝑬gas 𝚫𝜹𝑮free 𝚫𝜹𝑮solv
Method
Experimental value
a
Reference protocol
−115.9
+7.5
+62.0
Cavitand model
4+
[Full model]
+118.1
×
−99.7
4+
−
−115.5
×
+58.4
[Full model] ·(Cl )4
Functional
M06-2X
−95.7
+6.2
+60.1
B3LYP (no dispersion correction)
−105.9 +19.2
+66.3
b
B3LYP-D2
−102.3
×
×
Basis set
6-311+G(2d,2p) + Counterpoise
−114.7
×
×
Free energy protocol
RRHO
×
+8.6
×
Implicit solvation model
C-PCM
×
×
+44.6
SMD
×
×
+61.1
a
The computational protocol described in Section 2.5.
b
Calculated with geometries optimized with B3LYP-D3(BJ).

𝚫𝑮tot
−5
−46.4
+25.9
−49.6
−29.4
−20.5
−32.8
−45.2
−45.3
−63.8
−47.3

5.2 Variations of computational methodology
Next, the dependency on the methodological choices is assessed. That is, the
density functional, the dispersion model, the basis set, the protocol used to
calculate thermal effects and the implicit solvation model are varied and the
effects on the free energy of the reaction are discussed (Table 2).
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In general, the free energy is calculated to be quite insensitive to basis set
superposition error and the method to calculate the free energy contribution
but proves to be quite sensitive to the choice of density functional and
solvation model. The choice of density functional will be discussed first.
The largest effect is obtained if the calculations are carried out without
dispersion corrections at all, which is an expected result since complex
32@92 should be quite stabilized by these interactions. Calculating the free
energies with the B3LYP functional, i.e. using the original expression (vii)
and not correcting it for dispersion, the exergonicity of Equilibrium (4) is
calculated to decrease significantly: the reaction free energy changed from
−46.4 to −20.5 kcal/mol. However, an auxiliary constraint can be introduced
here: that 32 should be predicted to be bound by the cavitand, i.e. that
Equilibrium (5) should be exergonic.
𝟑𝟐 + 𝟗 ⇌ 𝟑𝟐@𝟗

(5)

Calculated with B3LYP, the energy of this reaction is calculated to be
endergonic by as much as 22.8 kcal/mol. This can be compared to the results
obtained with B3LYP-D3(BJ), which actually also predicts Equilibrium (5)
to be endergonic, but only by 2.5 kcal/mol. It is apparent that correcting for
dispersion is necessary to properly represent the binding of 32 to 9.
Changing B3LYP-D3(BJ) to B3LYP-D2, in which the predecessor of
127
DFT-D3 is used to model the dispersion, or to M06-2X, also causes a
significant change in the predicted free energy of Equilibrium (4). With
M06-2X, the free energy is calculated to be −29.4 kcal/mol, and B3LYP-D2
predicts it to be −32.8 kcal/mol. At the same time, with these approaches the
free energy of Equilibrium (5) is calculated to be rather close to the
experimental observation: M06-2X predicts the reaction to be endergonic by
1.2 kcal/mol while B3LYP-D2 predicts it to be quite exergonic, −7.5
kcal/mol.
Apart from the density functional, the results are also found to be
sensitive to the choice of implicit solvent model. While COSMO-RS and
SMD give similar results (−46.4 and −47.3 kcal/mol, respectively), C-PCM
predicts the reaction to become even more exergonic: −63.8 kcal/mol. This
discrepancy can be related to how the solvation models treat urea, which is
present at the rim of the vase monomers. The hydration free energy of the
urea molecule is calculated to be about −11 kcal/mol with COSMO-RS and
SMD, but −8 kcal/mol with C-PCM. As a comparison, the hydration free
energy of urea has been calculated to about −14 kcal/mol with Monte Carlo
128
simulations. Compared to this value, all three implicit approaches
underestimate the interactions between urea and water, but C-PCM does so
more than COSMO-RS and SMD. As an effect, the hydration of vase-shaped
monomer 9 is expected to also be underestimated by C-PCM, and
Equilibrium (4) is calculated to be more endergonic.
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As mentioned in Chapter 2, implicit solvent models fall short when it
comes to representing systems that make strong interactions with the solvent.
In these cases, mixed explicit/implicit models can be used to model the
compound of interest, in which a limited number of explicit solvent
76-78,129,130
This approach will now be
molecules are included in the model.
tested to further assess the sensitivity of Equilibrium (4) to the choice of
solvation model. For now, the B3LYP-D3(BJ) functional will be kept, but
the results will in the end also be presented with M06-2X and B3LYP-D2.

5.3 Mixed explicit/implicit solvation
In this section, the solvation effect on the free energy of Equilibrium (4)
will be examined with a mixed explicit/implicit scheme. Since we will be
dealing with systems containing many hydrogen-bonded entities, both
exch
for systems with
counterpoise corrections and free energy corrections 𝛿𝐺free
N identical species are included.
exch
𝛿𝐺free
(𝑁) = 𝑅𝑇 ln(𝑁!)

(xvi)

The most common approach when using mixed explicit/implicit methods
is to include the same number of solvent molecules on each side of the
equation. In the case of Equilibrium (4), such an approach is not viable,
since one can imagine many more positions to add water molecules in the
32@9 structure than in 32@92. Hence, a model is needed in which different
numbers of water molecules can be added on each side of the reaction arrow.
77
One such approach was described by Goddard et. al, where it was
proposed that the surplus water molecules on either side of the reaction
77
arrow should be added as water clusters. This way, there is a cancellation of
systematic errors since similar clusters are compared – on one side of the
equation, the water molecules are bound to a solute in a cluster-like
formation, and on the other side they are bound to other water molecules in a
cluster. A caveat of this method, however, is that water clusters of different
sizes should not be compared. For example, a 12-water molecule cluster is
calculated to be 7.1 kcal/mol less stable than two 6-water clusters.
This affects Equilibrium (4): if for example N water molecules are used in
the model of 32@9 and no waters in the model of 32@92, then a cluster of
2N water molecules should be added on the right-hand side of the equation.
One approach to remedy this problem is to add two N-sized water clusters on
the right-hand side. Another, more systematic way, is presented below.
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Table 3. Free energy (kcal/mol) of Equilibrium (4), calculated with different
functionals and solvation models.
Reference
a
protocol
−47.3
−63.8
−46.4
−30.9
−32.5

Revised
protocol
B3LYP-D3(BJ)
SMD
−16.5
B3LYP-D3(BJ)
C-PCM
−28.4
B3LYP-D3(BJ)
COSMO-RS
−27.8
M06-2X
SMD
−0.8
b
B3LYP-D2
SMD
+12.8
Experimental value
−5
a
The computational protocol described in Section 2.5, with functional and
solvation model as defined in this table.
b
Calculated with geometries optimized with B3LYP-D3(BJ).
Functional

Solvation model

5.4 Tests of the mixed explicit-implicit method
As stated above, nonane 31 was found to be preferentially bound by the
20,34
cavitand and undecane 33 by the capsule. This gives two more equilibria
to evaluate:
2 × 𝟑𝟏@𝟗 ⇌ 𝟑𝟏@𝟗2 + 𝟑𝟏
2 × 𝟑𝟑@𝟗 ⇌ 𝟑𝟑@𝟗2 + 𝟑𝟑

(6)
(7)

The free energies of these reactions are related to that of Equilibrium (4).
Equilibrium (6) should be less exergonic (or more endergonic), and
Equilibrium (7) should be more exergonic than Equilibrium (4). The free
energies of Equilibria (4), (6) and (7), calculated with the revised method,
are given in Table 4. Here, B3LYP-D3(BJ) and M06-2X are employed in
conjunction with the SMD solvation model.
The experimental trends are well-reproduced with the two methods
considered in Table 4. B3LYP-D3(BJ) predicts a steady increase in the
affinity of the n-alkane for binding to dimer 92 vis-à-vis monomer 9: For 32,
this affinity is 12.5 kcal/mol higher than with 31, and with 33 the affinity
further increases by 11.5 kcal/mol. With M06-2X the three equilibria in
Table 4 are calculated to be closer in energy. Equilibrium (4) and (10) are
predicted to have very similar free energies, which disagrees with
experiments. However, the free energy of Equilibrium (4) is significantly
closer to the experimental value of −5 kcal/mol than when calculated with
B3LYP-D3(BJ).
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centered spheres, and when they are merged some empty pockets still reside
between guest and host. They are treated as parts of the dielectric continuum,
which means that the guests are modeled to be directly interacting with the
solvent. To quantify the effect of this interaction, the empty pockets between
host and guests are eliminated by manual addition of cavity spheres. This
treatment reduces the calculated endergonicity of Equilibrium (5) to +14.1
and +6.1 kcal/mol with B3LYP-D3(BJ) and M06-2X, respectively.
Hence, while the preference between the formation of 1:1 and 2:1
host:guest complexes with host 9 and n-alkane guests is better reproduced
with the mixed explicit-implicit solvent method introduced above, there is
still uncertainty involved when water is treated as a guest, as in Figure 18.

5.5 Conclusions
To summarize, a new computational protocol is here developed for more
accurate quantum chemical calculation of stabilities of models including
explicit solvent molecules, compared to when the solvent is only modeled
implicitly. The simple protocol, in which the hydration free energy of water
is corrected such that the formation of water clusters is predicted to be
thermoneutral, is not at all limited to cases like the one presented above. It
can be used in calculations of all kinds of systems where it is of interest to
determine how many solvent molecules that should be included in the model
of the system. For the system studied above, the success of the applied
method shows that the key to calculating the free energy of Equilibrium (4)
correctly with DFT methods is to correct for the underestimation of the
solvation energy of complex 32@9.
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6 Conclusions and outlook

In this thesis, the catalytic and substrate-binding properties of five
biomimetic complexes were studied using quantum chemical methods. The
calculations have provided insights into the observed trends that would not
be easily available otherwise.
In the case of the dinuclear complexes of 3, 4 and 5, the identity of the
nucleophile in the studied hydrolysis and transesterification reactions was
identified as a hydroxide terminally bound to one of the metal centers. The
calculated free energy profiles, spanning two consecutive catalytic cycles,
predicted catalyst-product complexes to be the resting state in the reaction
mechanism, a prediction that has been confirmed by experiments on similar
complexes. The rate-determining free energy barriers were thus found to be
associated with proceeding from the catalyst-product complex in one cycle
to the transition state of nucleophilic attack in the next. For the design of
future complexes, the computational results indicate that efforts should be
concentrated on disfavouring the binding of the reaction products.
Next, a cycloaddition reaction was studied inside capsule-shaped host 82,
for which a previously unrecognized geometry was identified. In agreement
with experiments, the free energy barrier for the reaction was calculated to
be lowered with respect to the uncatalyzed reaction, but to a larger extent in
the first reaction cycle than in following turnovers. An energy decomposition
analysis predicted that the rate acceleration can be mainly attributed to two
effects: a lowering of the entropic cost of bringing the substrates together,
and a larger destabilization of the reactant supercomplex than of the
transition state caused by the encapsulation. These conclusions imply that
shape complementarity between the supramolecular host and the transition
state is of high importance in the development of more efficient catalytic
host-guest systems.
Finally, the alkane binding trends of capsule 92 were studied, and the
necessity of incorporating explicit solvent molecules to properly reproduce
the experimental observations was identified. A new computational protocol
was introduced for calculation of the solvation free energies of mixed
explicit/implicit models that can be compared to the results obtained with
implicit models. In this protocol, high-level quantum chemical calculations
were combined with a simple correction for the hydration free energy of a
single water molecule. The method was put to the test and with the choice of
the appropriate density functional, it well reproduced the alkane binding
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trends observed by experiments. A future application is to use this protocol
to study the binding of longer alkanes, which has been proposed to lead to
capsule widening via interactions between the capsule rim and water
35
molecules from the solution. The method is however not in any way
restricted to the modeling of supramolecular complexes but could be used to
give estimates of binding energies of water molecules to any system.
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Populärvetenskaplig sammanfattning

Enzymer är stora biologiska molekyler som gör kemiska reaktioner
möjliga som annars inte skulle ske. Flera processer som är nödvändiga för
livet som vi känner det beror av att det finns enzymer som kan snabba på
dem utan att själva förgås – det vill säga katalysera dem. En ökad förståelse
av hur enzymkatalys fungerar kan ge nya möjligheter till att till exempel
utforma läkemedel och göra kemiska processer i industrin mer miljövänliga.
Det finns flera sätt för oss att lära känna enzymer närmare. Ett är givetvis
att studera enzymerna direkt i sin naturliga miljö, celler. Sådana studier är
emellertid ofta svåra då celler är väldigt stökiga miljöer. Kompletterande
tillvägagångssätt behövs, och ett sådant är att skapa och studera modeller
som liknar enzymet på ett eller flera sätt. Hur sådana så kallade biomimetiska
modeller lyckas reproducera enzymets verkningar ger insikt i vilka faktorer
som är viktiga för enzymets beteende.
I den här avhandlingen har två sorters system studerats, som försöker
efterlikna enzymer på olika sätt. Systemen har tidigare undersökts noggrant i
laboratorier. I den här avhandlingen används teoretiska metoder, där
beräkningskemiska datorprogram används för att fördjupa kunskapen om de
biomimetiska modellerna. Insikter som inte är lätta att komma fram till med
laborativa mätmetoder kan på så vis nås. Ett centralt begrepp i det här fallet
är energi: varje steg i en kemisk reaktion motsvaras av att molekyler är
arrangerade på ett särskilt vis, vilket i sin tur motsvaras av en energi. Med så
kallad
täthetsfunktionalteori
räknas
energier
ut
för
olika
molekylarrangemang och när de jämförs kan slutsatser dras om varför
reaktionerna sker.
I de första studierna undersöks tre komplex som är gjorda för att
efterlikna den lilla del av det stora enzymet där den katalyserade kemiska
reaktionen sker, det så kallade aktiva sätet. De modellkomplex som studerats
i den här avhandlingen har tillverkats för att efterlikna det aktiva sätet i en
klass enzymer som bryter fosfoesterbindingar, starka bindningar som finns i
bland annat DNA. Dessa enzymer har ofta två metalljoner i sitt aktiva säte,
och de komplex som undersökts här binder antingen två zinkjoner eller en
järn- och en manganjon. Med beräkningarnas hjälp ser vi att en
vattenmolekyl, som sitter mellan de två metalljonerna, spelar en aktiv roll i
att fosfoesterbindningarna bryts (Bild 1). När reaktionen har gått så måste
produkten släppas loss så en ny fosfoestermolekyl kan binda in och
reaktionen upprepas. I det här fallet visar beräkningarna dock att produkten
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insikter och därmed kompletterat de bilder som målats upp med laborativa
observationer. Både fosfoesterkomplexen och kapslarna har möjliga
tillämpningar inom läkemedelsutveckling: utvecklingar av de förra skulle
kunna användas för att till exempel bryta ner infekterat DNA, och de senare
skulle kunna användas för att transportera läkemedel till rätt plats i kroppen
eller binda skadliga ämnen och förhindra dem från att reagera.
Förhoppningsvis kan kunskapen som utvecklats i denna avhandling bidra till
utvecklingen av sådana hjälpmedel.
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