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Abstract

The lability of cobalt(lll) in vitamin By, is thought to come about as a function of its
coordination environment. The thermodynamics and kinetics of ligand substitution
reactions of vitamin B, were compared to those of a synthetic, more electron rich,

corrole-based biomimetic model.

The feasibility of corrole synthesis was established with the synthesis of several corroles
with different meso substituents. The biomimetic model was designed such that the
central meso position bore a substituent with a terminal imidazole (referred to as the
‘tail’) which might act as an axial ligand for a coordinated cobalt ion while the remaining
two meso positions bore water-solubilising glucose substituents. Unfortunately, the
biomimetic model was water soluble below pH 4 only. This rendered the model
unsuitable for the present study and these water solubilising groups were not
incorporated into the final model. The model system used in this work is [10-(2-{[4-(1H-
imidazol-1-ylmethyl)benzoyl]amino}phenyl)-5,15-diphenylcorrolato]cobalt(lll), referred to
as DPTC-Co

Intermediates of the ‘tail’ meso substituent were found to be polymorphic and five pairs
of polymorphs were identified. Polymorphism arose from differences in weak

intermolecular forces and these differences were evaluated.

The stability constants for the binding of various neutral N-, P- and S-donor ligands and
anionic N-, S-, I- and C-donor ligands to both vitamin B1,, and DPTC-Co were determined
in a buffered 80:20 methanol:water solvent system. The more stable binding of neutral
ligands to DPTC-Co and anionic ligands to vitamin By, indicates that the interaction
between the metal and an incoming ligand is indeed affected by the metal’s coordination
environment. Cobalt(lll) in DPTC-Co appeared to favour softer ligands while harder

ligands were favoured by vitamin Bq,,.



Kinetic studies showed that the coordination of cyanide to cobalt in vitamin By, was
faster than in DPTC-Co. The reaction between cyanide and vitamin B1,, was found to be
entropically driven while the reaction with DPTC-Co was enthalpically driven. This
suggests that while the reaction between cyanide and vitamin By,, is faster, the reaction

between cyanide and DPTC-Co is electronically more labile.

The coordination environment of cobalt has been seen to significantly affect its
chemistry. Coordination by the more electron rich corrole macrocycle led to a softer and
more electronically labile metal then when coordinated by the corrin macrocycle of

vitamin B1a.
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1.1 Vitamin By,

A vitamin By, deficiency can be a life threatening condition. Deficiency of this water-
soluble vitamin can result in pernicious anaemia, a variety of neurological conditions and
general ill health. In the 1850s, pernicious anaemia was fully described by Addison* and in
1926 an anti-pernicious anaemia factor was discovered by Whipple, Minot and Murphy.*
This factor was later discovered to be vitamin B;,, reported simultaneously in 1948 by
Folkers and associates at the Merck Laboratories in the United States® and Smith and co-
workers at the Glaxo Laboratories in the United Kingdom.3 The crystal structure of
cyanocobalamin, or vitamin By, was finally determined in 1955 by Hodgkin® while the
first total synthesis of vitamin Bi; was completed by Woodward and Eschenmoser in

1973.°

Subsequent to its discovery, the interest in vitamin By, was enormous. The vitamin was
keenly studied and its biological purpose as a precursor for an enzyme cofactor, or
coenzyme — a small molecule which is required by the enzyme for efficient catalysis of
oxidation-reduction or group transfer reactions® — was elucidated with the discovery of a
purine-containing derivative’ of pseudo-By, or dicyanocobalamin. This light-sensitive
cofactor is required by the glutamate mutase enzyme in bacteria.! There are around a
dozen enzymes that are known to require vitamin Bi,-derived coenzymes.® In mammalian
systems vitamin Bj, coenzymes are necessary for only two enzyme-mediated processes
involving alkylation reactions.® The first is the conversion of propionyl-CoA to succinyl-
CoA during the oxidation of odd-numbered chain fatty acids. The enzyme responsible for
this skeletal rearrangement is methylmalonyl-CoA mutase which requires an
adenosylcobalamin coenzyme (as in Figure 1.1.1). The second is the synthesis of
methionine in the biosynthesis of S-adenosylmethionine which is a biological methylating
agent.6 Methionine synthetase or homocysteine methyltransferase is the enzyme which
catalyses the conversion of homocysteine to methionone via the transfer of a methyl
group. This enzyme requires a methylcobalamin coenzyme. The structure of vitamin B;,

and its derivatives is illustrated in Figure 1.1.1 below.
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Figure 1.1.1 Vitamin B, and its derivatives

While the biological role of vitamin B, was a popular subject, so was its chemistry.
Vitamin By, is the largest, most complex vitamin and contains a biologically-rare cobalt(lIl)
ion encased in a corrin ring. The four pyrrole nitrogens of the corrin ring provide four
equatorial ligands. One axial ligand is provided by a 5,6-dimethylbenzimidazole nucleotide
group (DMBz) while the other axial ligand differs from derivative to derivative as

illustrated in Figure 1.1.1.

The structure of vitamin By, is a curiosity. The corrin ring is present instead of the

biologically-prolific porphyrin macrocycle and a biologically-rare metal ion, cobalt in the
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3+ oxidation state, is found at the centre of the vitamin as opposed to a more common
biological metal such as iron, copper or manganese. Vitamin Bj,, an enzymatic cofactor,
catalyses fast reactions, but cobalt (IlI), a d® low spin transition metal, is the classic
example of a kinetically inert metal ion, while it is the low spin d’ cobalt (I1) ion which is
kinetically labile. The rate of substitution of one ligand for another in hexa-coordinated
cobalt is dependent on the oxidation state of the metal. The rate of substitution of one
water ligand by bulk water in a hexaaqua cobalt is 3.2 x 10° s for the [Co(H,0)¢]*
complex and ten orders of magnitude slower for [Co(HZO)E,]E’+ complex.8 These
substitution reactions are also sensitive to the coordination environment of the cobalt
ion. Cobalt(lll), encased by a porphyrin macrocycle system equivalent to aguacobalamin,
reacts more slowly during ligand substitution reactions. The rate constant for the
substitution of the axially bound water by iodide in the porphyrin system is 1.6 M™* s In
aquacobalamin, a corrin system, the rate constant for the same substitution reaction is

three orders of magnitude faster at 2.2 x 10° M s™.?

These are significant differences! It is clear that both the oxidation state of the metal and
the identity of the coordination environment affect the chemistry of the system. The
unexpected activity of cobalt(lll) in vitamin By, is intriguing: why has nature used a
normally inert metal ion in a biologically important molecule which is required by
biological catalysts, and how has the system been manipulated to enhance this metal’s
inherent inertness? It is thought that the smaller cavity of the partially aromatic corrin
ring increases the electron density of the metal, through a cis inductive effect that is
enhanced by the increased proximity of the electron rich nitrogen donors. This may result
in a cobalt(lll) metal centre with partial cobalt(ll) character, increasing the lability of the

system.*%!
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1.2 Project background

Given that the nature of the cobalt ion’s environment affects the lability of the system
the chemists in the bioinorganic research laboratories at the University of the

Witwatersrand have perturbed the vitamin By, system in a variety of different ways, as

indicated in Figure 1.2.1, in order to determine from where the lability of vitamin B,

originates.
Disruption of the
delocalisation at the 5
position
H,NOC .
Breaking  of  the
CONH macrocycle at the 5
position
H,NOC \ o
WY \ '
Change in \
delocalisation m— \ CONH,
' .
B ! ', Functionalisation
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H,NOC . | )
S ;
= =| =
]
]
: M
Cha_nge_ in NH :' CONH ,
cavity size 0 !
. i Change in the
- HN identity of the
~ axial ligands
H
N
o
\ o
p—
/ \ 0
O -
0}
OH
Figure 1.2.1 Perturbation of the vitamin B, system
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Chemaly and co-workers disrupted the delocalisation of the corrin ring at the 5 position of
aquacyanocobyrinic acid hetamethyl ester, or aquacyanocobester, to form stable yellow
aquacyanocobyrinic acid hetamethyl ester, or stable yellow aquacyanocobester.***? It has
been found that cobalt in aquacyanocobester is both kinetically more labile and
thermodynamically softer than in the stable yellow aquacyanocobester, indicating the
importance of the delocalised electron cloud of the corrin ring in the labilisation of the

cobalt ion.***3

Nowakowska and co-workers disrupted the corrin ring by cleaving the
macrocycle at the 10 position, forming 5-seco-dicyanocobester.** The now acyclic ligand
surrounding the cobalt ion is able to adjust to the steric demands of the cobalt ion. It was
found that there was a small decrease in the stability constants for the binding of various
ligands when compared to stable yellow aquacyanocobester.'® These preliminary results,
together with those of Chemaly and co-workers, suggest that a change in the electronic

structure of the cobalt’s coordination environment is more important than the topology

of the corrin ring.

Knapton and co-workers explored the effect of functionalization of the 10 position. Both
10-chloro®* and 10-nitroso™ derivatives of vitamin B, were prepared. The n-delocalised
system of the 10-chloro derivatives were found to be more electron rich due to n
donation from the chloro group at the C10 position.9 The coordination of anionic ligands
was more favourable in the case of the aqua 10-chloro vitamin By, derivative than to
aquacobalamin itself and the converse was true of the binding of neutral N-donor
Iigands.10 The electron withdrawing nitroso group, on the other hand, was found to
deactivate the metal ion towards substitution reactions. These results indicate that the
electronic structure of the corrin ring influences the ability of the coordinated metal to

bind axial ligands.

The size of the macrocyclic cavity was altered by Mathura and co-workers through the
use of a porphyrin based biomimetic model, N-acetyl-Co(lll) microperoxidase-8.'° The
coordination of neutral N-donor ligands to the porphyrin biomimetic was favoured over
aquacobalamin while the converse was true for anionic ligands, indicating the effect of

the change in the residual charge on the metal centre (+2 in the case of the corrin and +1
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for the porphyrin).'® The nature of the ligand was found to affect the kinetics of the ligand
exchange reaction in the two different macrocyclic systems. These results, together with
the results discussed above, highlight that the nature of the coordination environment of

the metal ion plays an important role in the chemistry of cobalt(ll1).

The electronic nature of the macrocycle in vitamin By, is clearly central to its chemistry.
This work seeks to further explore this hypothesis through the use of an aromatic
macrocycle with a cavity size comparable to that of the corrin ring. The corrole ring

answers this description and is the basis of the biomimetic model designed in this work.
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1.3 Corroles: history and nomenclature

Corroles are fully aromatic tetrapyrrole macrocycles containing a direct pyrrole-pyrrole
bridge. These macrocycles are the link between the fully delocalised porphyrin and the
partially delocalised corrin ring of vitamin By,. This family of macrocycles is illustrated in
Figure 1.3.1. As a result of the absence of one of the methine bridges of the porphyrin
system, corroles have a smaller cavity than porphyrins,’” and a more electron-rich 1t
system than corrins'® due to a fully aromatic system containing 18 1t electrons delocalised
over 19 atoms. The corrole obeys Hiickel’s 4n+2 rule and thus conforms to Hiickel’s rule
for aromaticity. In addition, there is a decrease in symmetry, from the Dy, symmetry of an

17.18 Corroles are stronger acids than

unsubstituted porphyrin to C,, of the related corrole.
their porphyrin and corrin counterparts due to the presence of one ‘pyridine-like’
nitrogen atom and three ‘pyrrole-like’ nitrogens (porphyrins have two of each type while
corrins have three ‘pyridine-like’ and one ‘pyrrole-like’ nitrogen).'” This allows for a tri-
anionic system, while porphyrins are di-anionic and corrins are mono-anionic. Together
with the small cavity size of corrole macrocycles, the tri-anionic nature allows for
complexation with metals in both very high and very low formal oxidation states.®*°
Interestingly, corrole rings are often completely planar, while porphyrins tend to bend
and buckle slightly. This may be due to the removal of one of the methyl groups in the

formation of the direct pyrrole-pyrrole link which results in a more rigid (and planar)

resonating system.

The number system used in corrole chemistry is similar to that of other macrocycles. The
carbon backbone of the corrole is numbered from the pyrrole-pyrrole bridge with the 5,
10 and 15 positions representing the methine bridges or meso positions. The hydrogen-
bearing pyrrolic carbons are known as the B positions while the remaining pyrrolic
carbons are known as the a positions. Both the meso and P positions can be

functionalised.
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Figure 1.3.1 Three tetrapyrrole macrocycles and the conventional numbering scheme

Corroles were first synthesised in 1964 by Johnson and Kay;?° however it was only after
1999, when the first ‘one-pot’ synthesis was reported simultaneously by Paolesse and co-
workers®* and Gross and co-workers,*? that there was a dramatic increase in the number
of corrole-based articles in the literature. The advent of an easy synthetic route to
corroles led to an interest in the properties and applications of these macrocycles. In
particular, 5,10,15-triarylcorroles were of great interest due to the reactivity and
oxidative sensitivity of the carbon atoms in the meso position.”® As a result of this
chemistry, meso-substituted corroles are robust and stable towards oxidation.'®%
Increased stability and electronic character allows for complexation with a wide variety of
metals including metal ions with high formal oxidation states such as iron(lV), cobalt(IV)
and cobalt(V)17’22’24 where corroles act as tetradentate trianionic Iigands.22 In addition to

the stabilization of these high formal oxidation state metals, metal-corrole systems have

shown remarkable lability with respect to the substitution reactions of axial Iigands.19
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1.4 Corrole applications

With the discovery of the interesting chemistry of corrole systems, several applications
for these molecules were quickly discovered which are summarised in a comprehensive
review of corrole based applications by Aviv and Gross.” The ability of corroles to

coordinate to metal ions with very high oxidation states allows for their use in

17,18,23,25,26

catalysis. Corroles have been used to catalyse oxidation reactions such as the

hydroxylation”® and hydroperoxidation?® of alkanes; epoxidation reactions;***
. g4 18723 . . . 23,26

sulfoxidation as well as reduction reactions such as oxygen reduction; carbon

dioxide reduction to yield useful products;23 decomposition of reactive oxygen species
such as hydrogen peroxide and peroyxnitrite, one of the most damaging reactive oxygen
species generated in organisms during oxidative stress.” In addition to redox catalysis,
corroles have been used in the catalysis of group transfer reactions, such as carbene and

1823 3nd C-H and N-H insertions of carbenes.?3

nitrene transfer to olefins
Another area of corrole chemistry application is in the sensor arena. Corroles have been
found to be useful gas sensors in the detection of carbon monoxide levels due to the
selective binding of diatomic oxygen or carbon monoxide depending on the oxidation
state of the co-ordinated cobalt ion (cobalt(ll) and(lll) respectively).23 Optical pH sensors
utilise corrole systems due to the potential for three different protonation states®® while
they have also been used in the construction of ion selective and liquid-membrane

electrodes.”®

Together with porphyrins and phthalocyanines, corroles have been used in dye sensitized
solar cells.”® While corroles have been shown to be potential dyes in these systems,
optimisation in this field is required to increase the efficiency of corrole systems so that
they are comparable to existing solar cell systems.23

22,23

With the publication of the preparation of water-soluble corroles, corroles have also

been identified to have potential medicinal applications.l&23

These systems have shown
promising anti-tumour activity by preventing cell proliferation and tumour

10
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progression.’®?® The oxidation of lipoproteins, which plays an important role in the
development of atherosclerosis was reduced by the antioxidant properties of a water
soluble iron corrole.'® The fluorescent properties of corroles also allow for their potential

use as imaging agents for in vitro investigations of cancerous tissue. '

11
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1.5 Corroles as biomimetic macrocycles

The world was first introduced to the concept of biomimetics by Otto Schmitt in the

1950s in his attempt to create a mechanical device that copied the electrical action of a

nerve.”’ Later, in the 1970s, the following definition for biomimetics appeared in

Webster’s Dictionary:

“The study of the formation, structure, or function of biologically
produced substances and materials (as enzymes or silk) and biological
mechanisms and processes (as protein synthesis or photosynthesis)
especially for the purpose of synthesizing similar products by artificial

mechanisms which mimic natural ones.”?’

The use of biomimetics, however, is an age-old phenomenon with humans attempting to
replicate nature. The manner in which they clothe themselves, the tools which they use
and the quest for flight are but a few examples of humans’ mimicry of nature.?’”*® This

broad field of study covers a variety of disciplines including chemistry, physics, medicine

and engineering.27’28

There is a great deal of interest in the synthesis of macrocyclic biomimetic systems which
are used for the discovery of mechanistic and functional details of biological
macrocycles.” These systems involve the synthesis of a macrocycle with a tail motif which
can act as an axial ligand for the co-ordinated metal ion. A lot of work has been done in

this area with porphyrins, which are used as biomimetic systems for haem

29-35

biochemistry. The models have been used to mimic enzymatic catalytic cycles in

31,36

biology in order to understand mechanistic details and to determine the possible

31,32,35

nature of intermediates in said cycles. This is often achieved through the synthesis

of a system which mimics the active site of an enzyme, such as cytochrome ¢ oxidase.>**
Tailed corroles have also been synthesised as a starting point for corrole ring-based
biomimetics of haem—proteins.37 In the case of corrole-based analogues, the effect of the

change in cavity size (when compared to that of porphyrins) is of interest.

12
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Collman and co-workers proposed a synthetic route for a tailed porphyrin in 1998.% This
route involved the synthesis of an imidazole acid chloride tail which was then coupled to
a porphyrin bearing amine moieties.”® The synthesis of the acid chloride tail is given
below in Scheme 1.5.1. This tail has been used by several other research groups in the

synthesis of mainly porphyrin®®3*2>38 put also corrole®” biomimetic systems.

// \§/
HN\) ii) conc HCI -

i) X o

Cl Cl

Scheme 1.5.1 Collman’s imidazole acid chloride tail synthesis

Water solubility plays a key role in the synthesis of a successful biomimetic system. With
the water solubility of enzymes, proteins, polypeptides, amino acids and in particular,
vitamin B, and the metallated corrin ring at the heart of this vitamin, it is important that

any biomimetic model be water-soluble as well. Several water-soluble corroles have been

39-43

synthesised to date. These corroles contain either pyridinium or sulfonate

22,40-43

moieties. Figure 1.5.1 below illustrates the water-soluble corroles synthesised.

13
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+
N(CH;)5

CeFs

SO,H

CeFs

Figure 1.5.1 Water-soluble  corroles. (1) methylation of 5,10,15-tris[4-(2-pyridyl)-2,3,5,6-
tetrafluorophenyl]corrole22 (2) 4-pyridinium corrole™ (3) quaternary ammonium corrole™
(4) bis-sulfonic acid corrole derivative®
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1.6 Project aims

The work reported here aimed to investigate the synthesis of a corrole-based biomimetic
system of vitamin By, and the ligand exchange reactions of this system compared to those
of aquacobalamin. The central question is how does the coordination environment of

cobalt affect its chemistry?

The chemistry of the corrole macrocycle has not previously been explored in the
bioinorganic research laboratory at the University of the Witwatersrand. As such,
determination of the feasibility of the synthesis and purification of these macrocycles was
the first major aim of this study. The effect of the incorporation of large substituents at

the meso positions on the stability of the macrocycle also needed to be determined.

The second major aim of this work was to design and synthesise a corrole based system
reminiscent of vitamin By,. As a biomimetic system, this model required firstly a long
substituent which could act as an axial ligand for a coordinated cobalt ion; secondly, a
water-solubilising system was to be designed and incorporated into the biomimetic
model so that the reactions could be studied in aqueous media. The third major aim of
this work was thus to synthesise a water-soluble corrole. Other work in the bioinorganic
research laboratory on the synthesis of water-soluble porphyrins involved the
incorporation of glucose moieties as water solubilising agents.** As a result, this water-

solubilising system was to be used in an attempt to synthesis water-soluble corroles.

In order to answer the central question of this study, the stability constants and kinetic
parameters of ligand substitution reactions were determined for both vitamin Bi,, and
the biomimetic model, the fourth major aim of this work. This required an understanding

of both the solution chemistry of the model.

Finally, the fifth aim of this study was to gain insight into the nature of the corrole-cobalt-
ligand complexes through analysis of absorption spectra calculated using DFT methods in

an attempt to understand the electronic structure of these complexes.

15
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The hypothesis of this work is that the increased electron density of the fully delocalised
corrole system (compared to the partially delocalised corrin system) will affect the
chemistry of the coordinated cobalt ion resulting in a system that is both more kinetically

labile and with a softer metal ion than vitamin B,,.
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2.1 Introduction

2.1.1 Synthetic approaches: ‘One-pot’ syntheses

Prior to the discovery of a one-pot synthetic route for the synthesis of corroles there was
little interest in these macrocycles owing to their laborious and inefficient synthesis. With
the publication of the first easy and feasible routes to corroles in 1999, interest has
increased, and the number of publications on the subject has exploded.’ There are two
general synthetic approaches in corrole synthesis. The first is the ‘one-pot’ route, while
the second follows a step-wise or ‘lego’ approach, where building blocks of the

macrocycle are synthesised and then assembled to form the desired macrocycle.

The basis for corrole synthesis stems from the Rothemund reaction, developed in the
1930s, which uses the condensation of a 1:1 ratio of pyrrole and an aldehyde to form a
porphyrin.2 The modified Rothemund reaction manipulates the reaction conditions by
using a 3:1 ratio of pyrrole and an aldehyde in an attempt to suppress the formation of
porphyrin and promote corrole formation. The yields of these reactions are generally low
(below 10%).>* A typical reaction scheme for the synthesis of 5,10,15-triphenylcorrole is
illustrated below in Scheme 2.1.1. The first step involves an acid catalysed electrophilic
substitution reaction vyielding pyrrole-aldehyde condensation oligomers of various
lengths. The second step is the oxidative ring closure to form the macrocycle of interest.
It is thought that the second step proceeds through the oxidation (atmospheric oxygen in
aerobic systems or a chemical oxidant in anaerobic systems) of a tetrapyrrane (also

known as a bilane) intermediate.
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tetrapyrrane
(aslo known as a bilane)

Modified

0]
Rothemund ! Ph-R Rothemund
synthesis Oxidant " gy nthesis
Ph-R Ph-R

Oxidant
Porphyrin<—— RPh*PhR ‘Ph!&
Ph-R

Ph-R Corrole

Scheme 2.1.1 Rothemund and modified Rothemund syntheses in the synthesis of tetraarylporphyrins
and triarylcorroles

Together with low yields, the modified Rothemund reaction yields a mixture of products
as illustrated in Figure 2.1.1, including the corresponding N-confused porphyrin and the
sapphyrin. While the details of the reaction mechanism have not been fully investigated,”
a speculative mechanism is given below in Scheme 2.1.2, as described by Badger and co-

workers.®
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Scheme 2.1.2 Proposed reaction mechanism for the modified Rothemund reaction
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Figure 2.1.1 Products of the modified Rothemund reaction.
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The one-pot syntheses®*"”

that have revolutionised corrole chemistry vary substantially.
Two different methodologies were published in 1999. In spite of the differences between
these two methodologies and other methodologies that arose after 1999, the molecular
basis of one-pot A; corrole synthesis remains the same. This entails two independent
steps, the first of which involves the reaction between pyrrole and benzaldehyde
derivatives. This reaction is acid-catalysed electrophilic substitution and results in a
mixture of aldehyde-pyrrole polymers of various lengths with alternating pyrrole and
aldehyde subunits. The second step involves the oxidative ring closure of the polymers
and subsequent aromatisation to yield a variety of macrocycles based on the length and
identity of the polymer chain produced in the first step.” The desired polymer for corrole
synthesis is composed of the condensation of four pyrrole and three aldehyde subunits.
This is known as a bilane or tetrapyrrane.” The various one-pot synthetic methodologies
vary in the first step, but are similar in that the second step is generally achieved with the
use of an oxidant such as 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or p-chloranil

(tetrachloro-1,4-benzoquinone) in an organic solvent such as chloroform or

dichloromethane.

The work of Paolesse and coworkers® altered the pyrrole:bezaldehyde molar ratio
typically used in porphyrin synthesis from approximately 1:1'° to 3:1 in an effort to limit
the number of aldehyde units (becoming meso substituents) to three (forming a corrole),
preventing the inclusion of a fourth aldehyde (which would form a porphyrin). They later
expanded on this synthesis in 2001* with the synthesis of A; corroles bearing different
meso substituents which could be further functionalised. In these systems, all eight of the
B substituents were the same as were the three meso substituents. Corrole yields were

low, typically well below 10%.

Gross and coworkers’ used a solvent-free approach in the presence of a solid support.
Equimolar quanitites of pyrrole and aldehyde were heated for several hours in the
presence of florisil, alumina or silica. The black tar-like product was then washed with dry
dichloromethane and oxidised with DDQ in the presence of air. Later, Gross and co-

workers found that the presence of the solid support and the use of heat were
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unnecessary® as rapid mixing of pyrrole and fluorinated aldehyde led to a highly
exothermic reaction and the reaction was complete within minutes. DDQ oxidation was
still required but subsequent purification was easier with the formation of fewer by-
products than in equivalent reactions which occur in the presence of solvent. This is
thought to be due to the very short reaction times and the simplicity of the reaction
procedure.® Yields were found to be highly dependent on the electronic nature of the
aldehyde, with electron-poor aldehydes performing poorly. Yields also varied with scale,
with the yield decreasing significantly with upscaling, where the use of the solid support
was imperative. In the case of fluorinated aromatic aldehydes, yields varied between 8%
and 11%. With the use of benzaldehyde, tetraphenylporphyrin was obtained with no
corrole detected, highlighting the limitation of a method which is only effective in the
presence of highly electron-rich aldehydes. Gross’s methodology was expanded on by
Collman and Decréau in 2003,” with an increase of yields of up to 15% with the use of a
short burst microwave radiation followed by DDQ oxidation. Again, this synthesis was
successful with the use of electron-rich aldehydes only. In spite of this limitation, this
method allows for fast synthesis of A; corroles bearing electron-rich meso substituents.
The use of the term ‘solvent-free’ is perhaps misleading as the workup and oxidation
stage of the procedure involved the use of up to 200 ml of dichloromethane for a 1.9
mmol scale reaction and up to two column chromatographic purification steps were used

to afford pure product.

Another solvent-free approach has been developed by Collman and Decréau® which also
makes use of electron-poor aldehydes as well as a pyrimidyl-aldehyde. This synthesis
makes use of microwave irradiation instead of conventional heating and refluxing

methods, with increased yields after very short irradiation periods.’

It must be noted that the two reported solvent-free methods were effective only in the
presence of electron-poor aldehydes where an increase in strongly electron-withdrawing
groups, such as fluorine, increase the ‘activating inductive effect’® on the aldehyde,

making it more reactive towards pyrrole. In the case of non-fluorinated aldehydes, the
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modified Rothemund reaction remains the most effective ‘one-pot’ synthetic route for

corrole synthesis.’

While ‘one-pot’ syntheses were desired for their ease of preparation and quick results,
there was little control as to the ratio of desired product and undesired by-products. In
particular, the only means of influencing the corrole:porphyrin ratio in favour of corrole

appeared to be by control of the pyrrole:aldehyde ratios.

In 2006, Koszarna and Gryko published an efficient synthetic method for the synthesis of
meso-substituted corroles using a water:methanol solvent system in the presence of
catalytic HCP as opposed to a purely organic solvent system as had been used in
previously published syntheses. Gryko’s method was found to be very efficient due to the
selectivity of intermediates formed based on their solubility in the 1:1 methanol:water
mixture in the presence of 0.1 equivalents of hydrochloric acid. The difference in
solubility of the starting materials and the desired bilane product together with other
intermediates was exploited. The starting materials and dipyrromethane intermediate
(two pyrrole and one aldehyde subunit) were soluble in the water:methanol mixture. The
bilane, on the other hand, was less soluble in this solvent system and thus precipitated
from solution, effectively halting the reaction at the bilane stage. The bilane could then
be isolated and oxidised to the corrole macrocycle. In this way, the synthesis of
porphyrins and other core-modified porphyrins was greatly reduced.” The use of p-
chloranil as opposed to DDQ as oxidant was found to increase corrole yields. This
synthetic strategy was found to increase corrole yields significantly from well below 20%

to between 13% and 56% depending on the identity of the starting materials.
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2.1.2 Synthetic approaches: The ‘lego’ approach

Control over the formation of the corrole macrocycle over the porphyrin or other
macrocycles is possible in a step-wise approach, with the synthesis of parts of the
macrocycle, which would then be fused to form the desired corrole. This will be referred
to as the ‘lego’ approach. The ‘lego’ approach has been used by many research groups in
the synthesis of porphyrins and other core-modified porphyrins, such as corroles. Two
pyrrole units linked by a methine bridge, commonly known as a dipyrromethane, is one of
the first intermediates in the building of the desired macrocycle. Dipyrromethanes are
synthesised from pyrrole and an aldehyde in the presence of a catalytic amount of acid,**
often trifluoroacetic acid (TFA), as indicated in Scheme 2.1.3 from the method published
by Lee and Lindsey in 1994.' This method allows for the design of macrocycles with
different meso-substituents. This efficient synthesis (both in terms of time and yield -
generally not less than 50%) has been reported by several groups'*? and the
dipyrromethane product has been identified as an important precursor for corrole

>1314 pipyrromethane synthesis requires a large excess of pyrrole (typically a

synthesis.
40:1 ratio of pyrrole to aldehyde is used) to prevent the formation of oligomers,** while
the short reaction time and low temperature (15 minutes at room temperature) prevent

pyrrole polymerisation.

Scheme 2.1.3 Dipyrromethane synthesis11 i) cat. TFA, 15 minutes

Dipyrromethane units can then be condensed with an aldehyde under acidic conditions
and in the presence of a chemical oxidant to yield a porphyrin or, if the ratios are

>1L13 35 in Scheme 2.1.4. Gryko and Jadach reported the preparation of

adjusted, a corrole
a series of corroles using dipyrromethanes with various meso-substituents with a

selection of aldehydes with varied results (between 0% and 22%) but notably with low
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porphyrin formation (between 0% and 12%)."* They reached several conclusions on this
2+1 condensation. Firstly, a high concentration of substrates and very low concentration
of TFA as catalyst favours corrole formation over porphyrin formation.'* Secondly, they
used a variety of substituted dipyrromethanes and aldehydes and found that a range of
aryl substituents, including those bearing methoxy, alcohol, ester, nitro, halogens, nitrile

and thionated functional groups, was tolerated in this reaction.™

Oxidant

Scheme 2.1.4 Corrole synthesis from dipyrromethanes

In an alternative ‘lego’ approach two pyrrole rings are coupled together first to form the
2,2’-bipyrrole subunit before construction of the rest of the macrocycle. There are several
routes to the synthesis of 2,2’-bipyrrole from pyrrole. One method involves the
dimerisation of pyrroles using palladium acetate with a reported 44% vyield.”> This
synthesis required the preparation of 1-benzoylpyrrole which was then heated with
palladium acetate followed by hydrolysis of the benzyl moieties with a methanol-water
solution containing hydrochloric acid.™ In another synthesis reported by Fu and Gribble,
2,2’-bipyrrole was prepared in a 53% vyield from the synthesis of pyrrolyl ketoalcohol
followed by treatment with ammonium acetate in an ammonium hydroxide-ethanol

solution.*®

The corrole macrocycle is constructed from the acylation and subsequent reduction of
dipyrromethane to form a dicarbinol. This is then coupled with 2,2’-bipyrrole in a [2+2]

condensation to yield a corrole,***’

with decreased chance of porphyrin formation.
Acylation of dipyrromethane occurs through deprotonating with a Grignard reagent
followed by reaction with the desired acid chloride as in Scheme 2.1.5. Both the di- and

mono-acylated dipyrromethanes can be recovered, typically in a 5:1 ratio.** The
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monoacylated dipyrromethane can be treated with a Grignard reagent and acid chloride

again to yield the diacylated product. Reduction yields the dicarbinol which can be

coupled with 2,2’-bipyrrole to result in a corrole system in up to 12% yield.***’

Alternatively, Koszarna and Gryko’s methanol:water’ method can be used with a

dipyrromethane instead of pyrrole with benzaldehyde to form the bilane in a

methanol:water solution followed by ring closing and oxidation using p-chloranil.

R/W

(@]

Scheme 2.1.5

X

Synthesis of corroles from dipyrromethane. Purple — acylation of dipyrromethane and
subsequent coupling with bipyrrole”’17 where the dipyrromethane substituent is at
position 10 in the corrole product; pink — water:methanol synthesis’ with the
dipyrromethane substituent at positions 5 and 15 in the corrole product. i) EtMgBr (5 mol
equiv.), RCOCI (2.5 mol equiv.); ii) NaBH, (50 mol equiv.), THF:CH;OH 3:1 or NaBH, (20 mol
equiv.), THF:CH3;0H 10:1 (anhydrous); iii) NH,CI (2.5 mol equiv.), BF;.Et,0 (0.2 mol equiv.),
CH3CN; iv) CH3;0H:H,0 1:1, cat. HCl,; v) p-chloranil (1 mol equiv.)

The final intermediate in the macrocycle synthesis is a bilane, as indicated in Schemes

2.1.1, 2.1.2 and 2.1.4. In these schemes, the bilane is synthesised and oxidised in situ.

Isolation and purification of the bilane prior to the oxidative ring closure would ensure

that porphyrin formation is not possible. Bilane cyclisation can occur via either a base or

acid catalysed mechanism.

18,19
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2.1.3 A,B and ABC corroles

‘One-pot’ syntheses, as discussed above, are an attractive means for synthesis of gram
guantities of corroles in a short time. There is, however, little control of the synthesis of
the desired product as opposed to a mixture of undesired structural isomers in the
synthesis of meso-substituted A,B or ABC corrole systems (Figure 2.1.2). The statistical
ratios of products from A,B corrole synthesis, as illustrated in Figure 2.1.3, would be
expected. The synthesis of a specific meso-substituted ABC corrole would be even more
difficult with an increased number of possible outcomes. More control would be possible
using the ‘Lego’ approach, with the synthesis of parts of the macrocycle, which would

then be linked together to form the desired corrole.

Figure 2.1.2 A;, trans A,B and ABC corroles
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SSE3ED

Figure 2.1.3 Possible products of a modified Rothemund synthesis of a meso-substituted A,B corrole

Synthesis of A,B and ABC corroles have been reported in the literature using one of the
techniques described in the previously given Schemes 2.1.4 and 2.1.5 through the use of
aldehydes with groups differing from that on the 5 position of the dipyrromethane. In
such a way, trans-A,B corroles can be synthesised as in Scheme 2.1.6 as reported by

several research groups.>* >

Scheme 2.1.5 illustrates the use of dicarbinols in a condensation with 2,2’-bipyrrole.'’” In
addition to generating the monoacylated dipyrromethane as a by-product of the
diacylation process, this monoacylated species can be synthesised in the first step of a

%17 This could allow for the introduction of a third group, C,

sequential acylation process.
in the quest for an ABC corrole. This is illustrated in Scheme 2.1.7 below. Similarly, should

A =B, a cis- A,B corrole would result.
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Scheme 2.1.6 Synthesis of trans-A2B corrole systems
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Scheme 2.1.7 Synthesis of an ABC corrole by sequential acyIationM'17

EtMgBr, THF; iv) NH,Cl, BF;.Et,0

i) CH,Cly; ii) EtMgBr, THF; iii)
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2.1.4 Superstructured corroles

Tailed macrocyclic systems have been used as biomimetic systems in the study of
mechanism and structure-function relationships of haemproteins including haemoglobin,

20,21

myoglobin, cytochrome P450 and cytochrome C oxidase. While the majority of these

studies have focused on the porphyrin, the corrole has been used in such biomimetic

studies as well.?°

There are numerous porphyrin sub-classes of ‘superstructures’ bearing different
arrangements of covalently linked molecules which are used to study different
haemproteins (examples are given in Figure 2.1.4). Picket fence and capped macrocycles
have been used as myoglobin anologues,? capped or picket fence macrocycles capable of
coordinating a second metal ion in have been used to study cyctochrome ¢ oxidase,**%°
while macrocycles bearing a tail that can act as an axial ligand for a coordinated metal are
used as cytochrome P450 analogues®’ and to study to the effect of the axial ligand on the

2028 These superstructures are most often

properties of the metallated macrocycle.
constructed from incorporating a synthetic handle into the macrocycle which can then

later be functionalised.?*

A more rigid functionality can be synthesised to yield pillared or hangman macrocycles
(Figure 2.1.4) which are often used to direct ligands, such as water, into the required
position through hydrogen bonding and other intermolecular forces,” or for electron and

proton transfer for the activation of dioxygen.3%*!

While these examples are largely based on porphyrins, similar structures have been

2031 |n this work, the superstructure of interest is

synthesised around corrole macrocycles.
the tailed structure with a terminal ligand capable of coordinating to a metal as an axial

ligand.
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Figure 2.1.4 Macrocyclic superstructures a picket fence porphyrin;a'2 b capped porphyrin;24 c tailed

porphyrin;28 d hangman porphyrin30
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2.1.5 Water solubility

The synthesis of water-soluble macrocycles is important in the study of biomimetic
systems, as this allows the biomimetic system to be studied in the same environment as

the water-soluble biological system of interest.

The similarities between corroles and the corrin macrocycle of vitamin By, have been
noted,**3> making the study of the corrole a potential aid in the understanding of vitamin
B1, chemistry. As mentioned above, biomimetic systems and their biological counterparts
must be studied in similar environments, and thus the insolubility of corroles in aqueous
media must be addressed. Several water-soluble corroles have been synthesised to

7,36-41

date, examples of which are illustrated in Figure 2.1.5. These species rely on the

presence of charged species to increase water solubility. Quaternary ammonium,*® N-

7,38,41

methylpyridinium salts and water-solubilising systems based on sulfonic acids*

remain charged across the pH spectrum, increasing water solubility.

Numerous water-soluble porphyrins have been synthesised, using similar water-

4244 sulfonic acids,* and quaternary

solubilising systems such as N-methylpyridinium salts,
ammonium salts.”> Other water-solubilising systems include polyethylene glycol (PEG)
halides,*® sugars®’ and organic solubilising agents known as ‘swallowtail’ substituents,
which prevent m-m interactions and stacking, thus inhibiting aggregation and

precipitation.48
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C.F
SO3H 63
N(CHs);
CeFs
HO,S
CeFs
d
Figure 2.1.5 Examples of corroles with different water-solubilising functionalities: a methylation of

5,10,15-tris[4-(2-pyridy|)-2,_°>,5,6-tetrafluorophenyl]corrole7 b 4-pyridinium corrole® ¢
quaternary ammonium corrole® d bis-sulfonic acid corrole derivative™
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2.1.6 Metallated corroles

One of the first examples of corrole synthesis using substituted pyrrole involved the
building of the corrole structure around a cobalt metal ion.* In this case the metal acted
as a template and was an integral part of the building of the macrocycle. Corrole
macrocycles synthesised as outlined in the previous section, without a templating metal

ion, are excellent chelators of many metal ions of different sizes and oxidation states.”

Bilanes can act as excellent chelators, and can be cyclised to form a corrole macrocycle
during coordination with a metal carrier under basic conditions.”® In some cases, the
oxocorrole is formed, with an ethereal bridge replacing one of the methine bridges.>***
This method requires that the metal ion is able to catalyse the ring closure.”® Cobalt is
particularly effective in the catalysis of ring formation from pyrrole derivatives and ring

closure of bilanes, and thus there are many methods available for metallation of corroles

with cobalt.*®

Alternatively, metallation can occur after the macrocycle has been formed. During the
metallation, the macrocycle is treated with a metal carrier, generally at reflux in a solvent
such as methanol or pyridine. Various metal carriers can be used such as metal acetates
for cobalt, vanadium, titanium, niobium, manganese, palladium, zinc, nickel and copper;50
metal chlorides for chromium, molybdenum, rhenium, iron, cobalt, rhodium, indium, tin
and phosphorus;*® and metallocarbonyls for chromium, molybdenum, manganese, iron

and rhodium.>°
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2.2 Determining the feasibility of corrole synthesis

2.2.1 One-pot syntheses

In the present work, the one-pot syntheses reported by Paolesse,* a modified Lindsey
method'® and a solvent free approach’® were attempted with pyrrole and benzaldehyde

in the synthesis of 5,10,15-triphenylcorrole with poor results.

Paolesse’s one-pot methodology®* was followed on a 20 mmol scale with the dissolution
of benzaldehyde and pyrrole (3 mole equivalents) in acetic acid. After three hours of
heating at reflux and a work-up of deionised water and treatment with sodium chloride, a
black precipitate was obtained which was purified by column chromatography. Although
NMR spectroscopic analysis indicated the presence of both 5,10,15,20-
tetraphenylporphyrin and 5,10,15-triphenylcorrole, separation of the very small amount
of corrole from the numerous other products was not achieved, in spite of the use of

various solvent systems during chromatographic separation.

The Lindsey method® for porphyrin synthesis was modified by altering the ratio of
pyrrole:benzaldehyde from 1:1 in the typical Lindsey approach to 3:1 in an effort to
promote corrole formation over porphyrin formation. The pyrrole and benzaldehyde
were added to chloroform in the presence of catalytic BF3(OEt), under an argon
atmosphere. After one hour, DDQ was added and the reaction mixture was stirred for a
further hour. This resulted in the formation of 5,10,15,20-tetraphenylporphyrin in 8%
yield. Crystal structures of two polymorphs of this porphyrin were determined. While not

>233 the polymorphs highlight the ability of the plane of the porphyrin to

novel structures
buckle and bend, as illustrated in Figure 2.2.1, which is typical of porphyrins, but not of

corroles.
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Figure 2.2.1 X-Ray crystal structures of two polymorphs of tetraphenylporphyrin illustrating the ability
of the porphyrin core to bend

As expected, the solvent-free approaches outlined by Gross and coworkers "® was

unsuccessful as the aldehyde used was not fluorinated. This reaction was performed on a
2.5 mmol scale and after rapid mixing of the pyrrole and aldehyde and subsequent

oxidation in dichloromethane, no corrole was detected.

Successful corrole synthesis was achieved when Gryko’s water:methanol method was
used to synthesise 5,10,15-triphenylcorrole. Pyrrole and benzaldehyde (2:1 molar ratio)
were dissolved in a 1:1 methanol:water mixture in the presence of concentrated HCI
(approximately 1% of the total volume) and allowed to stir at room temperature in the
absence of light. Subsequent extraction of the bilane into chloroform and oxidation using
p-chloranil was performed. After purification 5,10,15-triphenylcorrole was obtained in a

19% vyield. 5,10,15,20-Tetraphenylporphyrin was also isolated, but in low yield.

The corrole was identified by its characteristic UV-vis spectrum (as in Figure 2.2.2) as well
as through mass spectrometry and NMR spectroscopy. The parent ion was observed at
m/z = 526.98 ([M+H]"). The NMR spectra of the corrole and analogous porphyrin are
easily distinguished as the four-fold symmetry of the porphyrin results in a more
simplified NMR spectrum with only three distinct signals for the protons in the B positions
at 8.92 ppm; the protons in the ortho positions of the meso phenyl substituents at 8.29
ppm and a complex multiplet representing the remaining meta and para protons in the

7.86-7.75 ppm region. In contrast, the corrole spectrum is more complex with four
40
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separate doublets of the B protons at 8.97, 8.88, 8.60 and 8.56 ppm and two doublets and
a multiplet from the meso substituents at 8.37, 8.17 and 7.85-7.68 ppm. The three
pyrrolic protons present in the inner core of the macrocycle were observed up-field at -
0.49 ppm in deuterated chloroform. Coupling of NMR signals was only evident at very low
concentrations of corrole (approximately 1 mg of material in approximately 1 ml. At
higher concentrations, broad signals with no multiplet resolution were observed. It is
thought that this arose from stacking of macrocycles in solution such that there was

significant m---m interaction between macrocycles.
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Figure 2.2.2 UV-vis spectrum of 5,10,15-triphenylcorrole in dichloromethane

Two crystal structures of the corrole, illustrated in Figure 2.2.3, were determined, one of
which was a solvate with hexane. These structures indicate that the macrocycle is very
closely packed in the solid state. Unlike the porphyrin, where molecules are staggered in
the unit cell, corrole molecules experience greater overlap, lying 0.1 A closer to one
another than in the porphyrin structure. This observation is in line with the observations
from the concentration dependence of the NMR spectroscopic measurements. While
neither corrole structure is novel,>**” the solvated structure contained a hexane molecule
in the asymmetric unit cell while the published structure with the same unit cell
parameters, contains a disordered methanol molecule.®® Unlike in the case of the
porphyrin, the macrocycle is almost planar in both structures, with one pyrrole ring tilted

slightly out of the macrocyclic plane due to the repulsion of the inner core hydrogens.
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Figure 2.2.3 Two X-Ray crystal structures of 5,10,15-triphenylcorrole, one a solvate containing hexane.

The corrole was metallated with cobalt(ll) acetate in the presence of triphenylphosphine
to give a five-coordinate complex with one triphenylphosphine ligand in 51% vyield,
confirmed by single crystal X-ray diffraction (Figure 2.2.4 below), in agreement with the
structure published by Paolesse and co-workers in 1999.2 The parent ion was observed in
the mass spectrum at m/z = 844.82 ([M+H]’) and the characteristic change in UV-vis
spectrum upon metal complexation was observed (Figure 2.2.5). The presence of the
large triphenylphosphine ligand ensured that the macrocycles did not aggregate in
solution or in the solid state. As a result, the NMR spectroscopic analysis produced signals
with clear resolution of multiplets in the proton NMR spectrum. The clear splitting of
proton signals was also an indication of the diamagnetic nature of the cobalt ion in the 3+

oxidation state.

When compared to the NMR spectrum of 5,10,15-triphenylcorrole, a general up-field shift
was observed as in Figure 2.2.6. Proton NMR signals of the B protons shifted from 8.97,
8.88, 8.60 and 8.56 ppm in the metal free corrole to 8.59, 8.32, 8.09 ppm (integrating for
four B protons) in the metallated corrole. In addition, the position of the signals of the
protons of the triphenylphosphine ligand experienced a very large up-field shift.
Triphenylphosphine protons, generally observed between 7.4 and 7.3 ppm, were
observed at 7.04, 6.70 and 4.72 ppm in the proton NMR spectrum. This significant change
in chemical shift is due to the shielding effect of the cobalt ion. In general, low-oxidation
state d-block metals have highly shielded nuclei.”® In addition to the effect of the metal,
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the identity of the macrocyclic ligand also affects the chemical shift. Porphyrins have been
observed to induce up-field shifts of axial ligands in cobalt porphyrins owing to the strong
shielding effect of the macrocycle.”” Strong shielding effects with large up-field shifts in
the positions of the protons of axial amine and amino-ester ligands in cobalt(lll)

porphyrins have also been observed.?®

Figure 2.2.4 X-Ray crystal structure of triphenylphosphine [5,10,15-triphenylcorrolato]cobalt(lll)
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Figure 2.2.5 UV-vis spectra of 5,10,15-triphenylcorrole (purple) and triphenylphosphine [5,10,15-
triphenylcorrolato]cobalt(lll) (green) in dichloromethane
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Figure 2.2.6 NMR spectra of 5,10,15-triphenylcorrole (blue) and its metallated counterpart,
triphenylphosphine [5,10,15-tripheny corrolato]cobalt(lll) (red) in CDCl;

The Gryko procedure was also used for the preparation of 5,10,15-tri(2-
nitrophenyl)corrole from pyrrole and 2-nitrobenzaldehyde. The yield was significantly
lower than in the synthesis of 5,10,15-triphenylcorrole at only 4.5%. NMR spectroscopy
confirmed the product as 5,10,15-tri(2-nitrophenyl)corrole with the presence of signals
corresponding to the B protons and the meso aromatic protons between 8.91 and 7.81
ppm. A general up-field shift of signals in the proton spectrum was observed when
compared to 5,10,15-triphenylcorrole, which is in agreement with the literature.® The
parent ion was observed in the mass spectrum at m/z = 662 ([M+H]*). Unfortunately, the

corrole did not crystallise to yield diffraction-quality crystals.
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2.2.2 Lego approaches

The synthesis of A,B and ABC corroles using a one-pot synthetic method yields mixtures
of corrole isomers each in low yield, as illustrated in Figure 2.1.2 in Section 2.1. A variety
of approaches has been established for the synthesis of A,B and ABC corroles in which the
chances of obtaining mixtures of isomers is limited. In these synthetic strategies, the
macrocycle is assembled in steps to favour the desired corrole. The basis for many of

these step-wise or ‘lego’ approaches is the synthesis of a dipyrromethane.™

In this work, dipyrromethane was synthesised together with the related polymeric trimer
and tetramer. The production of the longer chain species was limited, but not avoided, by
the large excess of pyrrole (40 mole equivalents) as well as the short reaction time used
(15 minutes). The brown solid was isolated in 57% vyield and was identified as 2,2-
(phenylmethylene)bis(1H-pyrrole), a simple aryl dipyrromethane, from the NMR spectra
where no aldehyde signals from the benzaldehyde starting material were observed and
the methine proton was observed as a singlet at 5.43 ppm in the proton NMR spectrum
and at 43.97 ppm in the carbon NMR spectrum. The positions of the pyrrole signals
experienced an up-field shift with three signals observed at 6.65, 6.15 and 5.90 ppm

instead of the two signals of unsubstituted pyrrole at 6.74 and 6.24 ppm.

Dipyrromethanes can be used in a number of synthetic pathways towards corroles such
as those detailed in Scheme 2.1.5 in Section 2.1.2. In the present work, the most efficient
route for the synthesis of A,B corroles was found to be Gryko’s methanol:water synthesis
from which 10-(4-methoxyphenyl)-5,15-diphenylcorrole was synthesised in fair yield.
Unfortunately, the resultant material was not crystalline, but the corrole was identified by
mass spectrometry, the typical corrole-type UV-vis spectrum and the characteristic
corrole NMR spectrum with a singlet at 4.09 ppm of the methoxy group. The parent ion

was observed at m/z = 557.06 ([M+H]") in the mass spectrum.
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2.2.3 Introducing a bulky meso substituent at the 10 position

The ease of synthesis of both Az and A,B corroles using the water:methanol synthetic
procedure® having been established, the feasibility of incorporating a bulky substituent at

the 10 position was investigated.

As in Scheme 2.2.1 below, N-[2-(hydroxymethyl)phenyl]benzamide was synthesised from
2-aminobenzyl alcohol (a novel crystal structure (Figure 2.2.7a) was published in Acta
Crystallographica Section E,>° see Appendix 2.4 and Digital Appendix 2.2.1) and benzoyl
chloride in 82% vyield, based on the work of Firstner and Jumbam.®® The amide was
identified in the NMR spectrum from the down-field NH signal at 9.82 ppm in the proton
NMR spectrum and the carbonyl signal at 165.76 ppm in the carbon spectrum. The parent
ion was observed at m/z = 227.0944 ([M]") in the high resolution mass spectrum.
Subjecting the alcohol to high temperatures for an extended period of time (80°C,
overnight) resulted in the formation of a brown resin with the crystallisation of benzoic
acid. Recrystallisation of the resin from an aqueous solution of hydrochloric acid yielded
colourless needle-like crystals. The product, 2-(benzamido)benzyl benzoate, was
identified in the proton NMR spectrum from the absence of the hydroxyl proton which
was present at 4.07 ppm in the proton spectrum of N-[2-(hydroxymethyl)phenyl]-
benzamide. In addition, the methylene proton signal experienced a down-field shift from
4.66 ppm in N-[2-(hydroxylmethyl)phenyllbenzamide to 5.40 ppm as a result of the
presence of the more electron rich carboxylic ester. The signals in the aromatic region

integrated for 14 aromatic protons, indicating the incorporation of a third phenyl ring.

Subsequent oxidation of N-[2-(hydroxymethyl)phenyl]benzamide to the aldehyde, N-(2-
formylphenyl)benzamide, was achieved in 97% vyield using manganese dioxide in
chloroform over a 12 hour period. The presence of the aldehyde was confirmed by the
down-field aldehyde proton signal at 12.11 ppm in the proton spectrum as well as the
carbonyl peak at 195.92 ppm in the carbon NMR spectrum, typical for aldehyde signals.
The parent ion was observed at m/z = 225.0786 ([M]*) in the high resolution mas

spectrum.
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The corrole was synthesised from N-(2-formylphenyl)benzamide and the dipyrromethane

2,2-(phenylmethylene)bis(1H-pyrrole) using the methanol:water method® in 67% yield.

The NMR spectrum, while complex, was typical for a corrole macrocycle with signals from

the B protons at 8.98, 8.89, 8.60 and 8.52 ppm and signals from the aromatic substituent

maintained. The UV-vis spectrum was also characteristic of a corrole. Mass spectrometry

data also confirmed the synthesis of the macrocycle with the parent ion present at m/z =

646.42 ([M+H]"); and the orientation of the bulky substituent in relation to the plane of

the macrocycle was determined from a crystal structure (Figure 2.2.7d).
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Synthesis of 10-[2-(benzoylamino)phenyl]-5,15-diphenylcorrole from 2,2-(phenyl-
methylene)bis(1H-pyrrole) and N-[2-(hydroxymethyl)phenyllbenzamide using the
water:methanol synthesis method® i) CH,Cl, (dry), pyridine, RT, 3hrs then acid work-up; ii)
PCC in CH,Cl, and THF, 2.5 hrs or MnO,, CH,Cl,, overnight; iii) CH;0H:H,0 1:1, cat. HCI, 1
hr; iv) p-chloranil (1 mol equiv.), overnight; v) 80°C overnight then recrystallisation of the
brown resin from an HCl solution
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N-[2-(Hydroxymethyl)phenyl]benzamide, N-(2-formylphenyl)benzamide and 2-(benz-
amido)benzyl benzoate were all found to be crystalline and polymorphic. Polymorphism
was found to have resulted from differences in the van der Waals associations in the solid
state, as discussed in Part 3. The corrole synthesised was also crystalline. These structures
are illustrated in Figure 2.2.7. The crystal structure of the corrole, 10-[2-
(benzoylamino)phenyl]-5,15-diphenylcorrole (a solvated structure with one molecule of
dichloromethane per asymmetric unit), like 5,10,15-triphenylcorrole, experienced m:--mt

interactions between neighbouring molecules both in the solid state and in solution.

Figure 2.2.7 X-Ray crystal structures of a 2-aminobenzyl alcohol, b N-[2-(hydroxymethyl)
phenyllbenzamide (polymorph 1), ¢ N-(2-formylphenyl)benzamide (polymorph 1); d 2-
(benzamido)benzyl benzoate (polymorph 2) and e 10-[2-(benzoylamino)phenyl]-5,15-
diphenylcorrole
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2.3 Design of the target molecule, a tailed corrole

Various routes to simple model corroles have been attempted and Gryko’s method’
found to be successful. The next synthetic objective was the design and synthesis of a
corrole bearing a ‘tail’ substituent such that the terminus of the tail might act as an axial
ligand for a coordinated cobalt metal ion. This system could be used as a biomimetic
model of vitamin B;,. Molecular mechanics provides a useful tool for the prediction of
molecular orientation and total energy of a system. In this section, the principles of
molecular mechanics are outlined and the basis for the choice of a suitable ‘tailed’ corrole

as a target for synthesis is justified.

2.3.1 Molecular mechanics: an introduction

Molecular modelling, which includes both quantum and mechanical based modelling
methods, can be defined as the mimicking of the behaviour of molecules or molecular
systems.®’ Quantum mechanical calculations involve the study of the distribution,
interactions and movements of electrons in a system, assuming the Born-Oppenheimer
approximation. Molecular mechanics, on the other hand, does not take these electronic
motions into account, but rather calculates the energy of a system as a function of the
positions of nuclei in the system, where it is assumed that the electron density is
distributed based on the position of the nuclei.®* While quantum mechanical methods are
favoured for calculations of the properties of molecules including the prediction of
electronic spectra and the investigation of chemical reactions, these complex calculations
are both computationally expensive and time consuming when conducted on large
molecules. Molecular mechanics, on the other hand, provides a very time-efficient means
of determining the ground state structure of a large system which might be beyond the

practical capabilities of quantum methods.

Molecular mechanics, or force field methods, makes use of a force field which is a
collection of parameters and equations which describe nuclei and their relationships with

neighbouring nuclei in the form of bond stretches, angle bends, torsional rotations and
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non-bonded interactions (both electrostatic and van der Waals)®! as illustrated in Figure
2.3.1. These parameters assume that atoms are spherical and bonds act as springs.
Equation 2.3.1 gives an example of the simplest force field, where the total energy of a
system is given by the summation of these four terms. Bond stretches and angle bends
are often modelled using harmonic potentials which describe the change in energy as the
bond length or bonding angle deviates from a predetermined reference value, I; , or 6; ;.
Torsions are modelled to describe the changes in energies with the rotation of bonds and
non-bonded interactions are calculated from the sum of Coulomb potentials (changes in
electrostatic interactions) and Lennard-Jones potentials (changes in van der Waals
interactions) for pairs of atoms i and j either in different molecules or separated by at
least three atoms if in the same molecule.®’ The use of Coulomb and Lennard-Jones
potentials is just one method scheme used to describe the non-bonded interactions.
More complex force fields may take other physical parameters in to account, such as

cross-terms and hydrogen bonding effects.®

V= Y R Lt Y S B- 6t Y R+ costro )P

bonds angles torsions
SN Oij 12 Oij ° 4iq;
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S angle bending
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Figure 2.3.1 Physical parameters used in a molecular mechanics force field

A
Y
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One of the beauties of molecular mechanics is that these parameters are largely
transferable for similar systems. Force fields make use of predefined atom types. These
atom types not only give the atom’s element, but also information about the atom’s
bonding environment, such as hybridisation, bonding to electronegative elements (a
carbonyl carbon may be different to an sp? carbon in a hydrocarbon) or protonation state.
In this way atom types do not need to be redefined for every molecule and every
calculation; rather, atom types can be used for a variety of different molecules or classes

of molecules.®*
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2.3.2 Molecular mechanics: new atom types in the AMBER force field

The AMBER, or Assisted Model Building with Energy Refinement, force field was designed
for the modelling of large biomolecules such as proteins and nucleic acids® and has been
modified to be suitable for smaller organic molecules for use in the pharmaceutical
industry (the general AMBER force field — GAFF).%® Parameters for the study of cobalt
corrinoids using the general AMBER force field were also developed based on bond
lengths, bond angles and torsion angles from X-ray crystallographic data of reported

cobalamin structures (WITSGAFF).®*

Crystallographic data of corroles bearing phenyl groups at the meso positions and
coordinated to a cobalt metal ion was required to determine the average bond lengths,
angles and torsions. A search of the CSD® yielded ten such structures from which eight
new atom types were defined as illustrated in Figure 2.3.2. From analysis of bond lengths,
bonding angles and torsions, the pyrrolic carbons (a and B - CAP) were seen to display
similar bonding patterns except for the carbons at the bipyrrole bridge, CAB. The carbons
at the meso positions were defined as CAM and each nitrogen in the core of the
macrocycle was assigned individual atom types NC1, NC2, NC3 and NC4. Cobalt was
assigned the atom type Co3 to differentiate it from previously assigned cobalt atom types

in the WITSGAFF force field.

The values of k;, the spring constants, for each atom type were estimated from previous
studies and based on standard values for organic systems. Parameters were set and a
general corrole structure was subjected to geometry optimisation and single point energy
calculations. All bond lengths, angles and torsions were measured and compared to the
crystallographic data. If these values were within one standard deviation of the
crystallographic data, k; was accepted, otherwise values of k; were adjusted so that the
measurements were in accord with experimental data. This parameter data is tabulated

in Appendix 2.3.
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CAM

CAP

Ph

Figure 2.3.2 New atom types defined for molecular mechanical calculations of cobalt corroles using
GAFF — Co3, NC1, NC2, NC3, NC4, CAP (pyrrolic carbons; orange dots), CAM (meso
carbons, green dots) and CAB (bipyrrole bridge carbons, blue dots)
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2.3.3 Molecular mechanics: evaluation of potential systems

Calculations were performed using the HyperChem suite of programmes.®® The atom
types and parameters for the AMBER force field available in HyperChem62 were used
together with the newly assigned atom types. Geometry optimisation was carried out
using the Polak-Ribiére conjugate gradient algorithm with a convergence criterion of 0.05
kCal A" mol™. Single point energies were calculated using the semi-empirical Zindo/S

method.®’

A variety of tailed systems, flanked by the meso phenyl substituent at the 10 position and
a terminal nitrogen donor (imidazole or benzimidazole), were evaluated. These systems
included both aliphatic and aromatic functionalities (some examples are given in Figure
2.3.3). Systems were evaluated based on the value of the calculated single point energy
(where lower values were favoured), the tilt angle of the N-donor base to the corrole
plane as well as the deformation of the corrole ring from planarity (which was considered

unfavourable).

A tailed system featuring an amide and phenyl ring (meta arrangement) between the
meso phenyl ring and the terminal imidazole (Figure 2.3.4 and f in Figure 2.3.3 below) was
chosen as the target biomimetic system. Although this system did not have the lowest
relative single point energy (the more flexible ether and aliphatic chain system — g in
Figure 2.3.3 — had a lower single point energy), this system had several advantages.
Firstly, there was little distortion of the plane of the corrole macrocycle. Secondly, the
cobalt-imidazole bond was perpendicular to the plane of the macrocycle. Thirdly the tail
had intermediate flexibility, being less flexible than the aliphatic based systems and less
rigid than the anthracene systems. This suggested that the tail would be able to rotate in
solution and move into a position favourable for coordination to the cobalt metal.

Fourthly, there was literature precedence for this substituent in both

21,22,25,27,28,68 23,25,69,70) and

porphyrin (or bearing substituents on the imidazole moiety

corrole®® chemistry.
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Figure 2.3.3 A selection of modelled systems containing a six carbon aliphatic chain, b anthracene and
a three carbon chain, ¢ anthracene and a cyclohexane ring in the chair conformation, d
anthracene and benzimidazole, e amide and a three carbon chain, f amide and a phenyl
ring (meta arrangement), g two ethers and a 5 carbon chain, h a two proline dipeptide.
Calculated single point energies (kCal moI'l) are given. Hydrogens have been omitted for
clarity.

55

References on page 120



Figure 2.3.4 [10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyl]amino}phenyl)-5,15-diphenylcorrolato]-
cobalt(lll), the synthetic target
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2.4 Synthesis of the biomimetic tailed corrole

2.4.1 Adapting Collman’s synthesis

In the synthesis of superstructures of porphyrin or corrole derivatives, the macrocycle is
generally synthesised with functionality that can later be further functionalised. In this
way the macrocycle backbone is in place before the superstructure can be prepared.
5,10,15-Tris(o-aminophenyl)corrole and 5,10,15,20-tetrakis(o-aminophenyl)-porphyrin
with various acid chlorides are commonly used in the preparation of macrocyclic

20,21,32,69

superstructures. Collman’s synthesis is described in Scheme 2.4.1

: g T N
O *@Ag

Scheme 2.4.1 Collman’s synthesis of a functionalised acid chloride”* for the preparation of macrocyclic
biomimetic models i) DMF, 8hrs; ii) HCI (32%), reflux, 2 hrs; iii) CH;CN (dry, degassed,
under N,), oxalyl chloride, reflux, 1 hr

The approach in this work was different. As the yields of corrole synthesis are typically
low, preparation of intermediates bearing the elements of the final superstructure would
allow for synthesis of the superstructure corrole in one step, potentially increasing the
overall yield of the synthetic pathway. As such, an aldehyde bearing the tail motif
(discussed here) and dipyrromethane bearing a water-solubilising motif (discussed in
Section 2.5.2) were prepared. These intermediates could then be used in the synthesis of

a corrole with the superstructure motifs already in place as in Scheme 2.4.2.
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\s Tail motif
‘ Sugar based water-solubilising motif

Scheme 2.4.2 Intermediates bearing superstructure motifs in the preparation of a superstructured
corrole i) CH30H:H,0 1:1, cat. HCl, 1 hr; ii) p-chloranil (1 mol equiv.), overnight

Collman’s synthesis of an imidazole acid chloride for the synthesis of a biomimetic
metalloporphyrin system’! was the basis of the preparation of the tailed aldehyde in this
work. The aldehyde was to be prepared as in Scheme 2.4.3. Imidazole was treated with
methyl 3-(bromomethyl)benzoate in DMF. The product was isolated as a yellow oil in 67%
yield. Proton NMR spectroscopic analysis indicated the presence of both imidazole
protons at 7.58, 7.10 and 6.92 ppm and aromatic protons at 8.00, 7.88, 7.44 and 7.33
ppm as well as the bridging methylene protons at 5.17 and the methoxy protons at 3.91
ppm, and data were in agreement with those reported in the literature.”* The parent ion

was present in the mass spectrum at m/z = 217.32 ([M+H]").
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Scheme 2.4.3 Attempted synthesis of the tailed aldehyde with the preparation of an acid chloride based
on Collman’s synthesis71 i) DMF, 8hrs; ii) HCl (32%), reflux, 2 hrs; iii) CH;CN (dry,
degassed), oxalyl chloride, reflux, 1 hr; iv) CH,Cl, (dry), triethylamine, 0°C, 10 min, then
room temperature, 2 hrs; v) MnO,, CHCl3, 20 hrs

Saponification of the ester, methyl 3-(1H-imidazol-1-yImethyl)benzoate, was achieved in
hydrochloric acid at reflux. The resultant white powder, isolated as the hydrochloride salt
of the free carboxylic acid in 91% yield, crystallised in the P2;/c space group. Proton NMR
spectroscopic analysis indicated the loss of the methoxy protons as well as a down-field
shift of the imidazole protons from 7.58, 7.10 and 6.92 ppm to 9.18 and 7.76-7.66 ppm,
consistent with the presence of a charged imidazole species. This, together with the clear
evidence from the X-ray crystal structure (Figure 2.4.1) and the increased water solubility
of the compound indicated the successful synthesis of the hydrochloride salt of the acid.
Carbon NMR spectroscopic analysis indicated a shift in the position of the carbonyl
carbon from 166.45 ppm in the ester to 168.91 ppm in the acid. The parent ion (with the

chloride counter-ion) was present in the mass spectrum at m/z = 237.15 ([M+H]").
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Figure 2.4.1 X-ray crystal structure of 1-(3-carboxybenzyl)-1H-imidazol-3-ium hydrochloride (the
chloride is indicated in green)

Synthesis of the acid chloride from the carboxylic acid could not be achieved, despite
numerous attempts. Various factors were investigated, including solvent, chlorinating
agent (oxalyl chloride and thionyl chloride) and base (organic, inorganic and an ion
exchange resin were used). The use of a coupling agent (1,1’-carbonyldiimidazole) was

also unsuccessful. In light of this difficulty, a new strategy was devised.
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2.4.2 An alternative strategy

The difficulty of synthesising the required acid chloride was overcome by using a starting
material with the acid chloride in place already — 3-(chloromethyl)benzoyl chloride. The
new synthetic scheme is illustrated in Scheme 2.4.4 below. This synthetic route has the
advantage of being much shorter, with the aldehyde prepared in three steps, as opposed
to the five steps required by the Collman-based’* synthesis. 3-(Chloromethyl)benzoyl
chloride was first coupled to 2-aminobenzyl alcohol in dichloromethane in the presence
of triethylamine in 57% vyield. The off-white solid product, 3-(chloromethyl)-N-[2-
(hydroxymethyl)phenyl]lbenzamide, was identified from the proton NMR spectrum where
the presence of a singlet at 9.70 ppm confirmed the formation of the amide bond. In
addition to the presence of the expected ion peak at m/z = 275.0702 ([M]") in the mass
spectrum, the product crystallised, yielding diffraction-quality crystals from which the

structure of the molecule was determined, as in Figure 2.4.2a.

This reaction was found to be time sensitive. The product was isolated in a 57% yield after
two hours. If the reaction was allowed to proceed for more than three hours, no 3-
(chloromethyl)-N-[2-(hydroxymethyl)phenyl]benzamide was isolated, but rather, the 3-
(chloromethyl)benzoyl chloride added to 2-aminobenzyl alcohol twice to yield 2-[3-
(chloromethyl)benzamido]benzyl 3-(chloromethyl)benzoate as in Scheme 2.4.4. This
product crystallised to yield the structure presented in Figure 2.4.2b. The product was
also identified from the proton NMR spectra where no alcoholic proton was observed,
three signals for methylene protons were present at 5.41, 4.66 and 4.61 ppm, integrating
for a total of six protons and in the aromatic region, multiplet signals integrated for
twelve aromatic protons in the 8.13-8.03, 7.63-7.61, 7.56-7.43 and 7.27-7.21 ppm

regions, indicating the incorporation of a third phenyl ring.
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Scheme 2.4.4 Synthesis of the tailed aldehyde from 3-(chloromethyl)benzoyl chloride. i) CH,Cl, (dry),
triethylamine, 0°C, 10 min, then room temperature, 2 hrs; ii) DMF, 8hrs; iii) MnO,, CHCI;,
20 hrs; iv) as in ii) with reaction time > 3 hrs
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Figure 2.4.2 X-Ray crystal structures of a 3-(chloromethyl)-N-[2-(hydroxymethyl)phenyl]benzamide
and b 2-[3-(chloromethyl)benzamido]benzyl 3-(chloromethyl)benzoate

Imidazole was then coupled to 3-(chloromethyl)-N-[2-(hydroxymethyl)phenyl]benzamide
in DMF based on Berto’s synthesis.28 The vyield of the product, N-[2-
(hydroxymethyl)phenyl]-3-(1H-imidazol-1-ylmethyl)benzamide was found to be largely
dependent on the base used during work-up. Use of triethylamine to basify the work-up
solution resulted in crude material that required further purification by column
chromatography. The yield was 57%. The use of ammonia solution, however, resulted in
pure product being isolated in 80% yield which required no further purification. The
product was identified by analysis of the NMR spectra from the presence of proton and
carbon signals due to the imidazole at 7.38, 7.20 and 7.00 ppm in the proton NMR
spectrum and 123.25, 119.42 ppm in the carbon NMR spectrum as well as a shift in the
methylene protons from 4.61 ppm (CH,-Cl) to 4.71 (CH,-imidazole) in the proton NMR
spectrum. The parent ion was present at m/z = 307.1316 ([M]) in the high resolution

mass spectrum.

The alcohol was oxidised to the aldehyde using manganese dioxide in chloroform over a
20 hour period. The presence of DMF in the alcohol from the previous reaction prevented
the formation of the aldehyde, so care was taken to ensure that the DMF was removed
from the alcohol during the work-up, washing and drying stages. The aldehyde product,
N-(2-formylphenyl)-3-(1H-imidazol-1-ylmethyl)benzamide was obtained in a 95% vyield
and the loss of the alcoholic proton and the presence of the aldehyde proton at 12.11

ppm in the proton NMR spectrum and the carbonyl carbon at 195.98 ppm in the carbon
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spectrum validated the success of the reaction. The parent ion was present at m/z =

305.1164 ([M]?) in the high resolution mass spectrum.

Both the alcohol and the aldehyde were found to be crystalline and polymorphic solids.
Crystal structures of two polymorphs of both the alcohol N-[2-(hydroxymethyl)phenyl]-3-
(1H-imidazol-1-ylmethyl)benzamide and the aldehyde N-(2-formylphenyl)-3-(1H-imidazol-
1-ylmethyl)benzamide were determined and one structure each of both the alcohol and
the aldehyde are presented in Figure 2.4.3. As with N-[2-(hydroxymethyl)phenyl]-
benzamide and N-(2-formylphenyl)benzamide in Section 2.2.3, polymorphism was found
to have resulted from differences in the van der Waals associations in the solid state, as

discussed in Part 3.

Figure 2.4.3 X-Ray crystal structures of a  N-[2-(hydroxymethyl)phenyl]-3-(1H-imidazol-1-
ylmethyl)benzamide (polymorph 1) and b N-(2-formylphenyl)-3-(1H-imidazol-1-ylmethyl)-
benzamide (polymorph 2)
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2.4.3 Completing the synthesis of a tailed corrole

The tailed aldehyde, N-(2-formylphenyl)-3-(1H-imidazol-1-ylmethyl)benzamide and 2,2-
(phenylmethylene)bis(1H-pyrrole) were used in Gryko’s methanol:water corrole
synthesis® according to the method described previously and illustrated in Scheme 2.4.5
below. The product corrole, 10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyllamino}phenyl)-
5,15-diphenylcorrole, referred to in this work as diphenyl tailed corrole or DPTC, was a
very dark green/purple solid and appeared to be microcrystalline, but did not yield
diffraction quality crystals. The UV-vis spectrum was that of a typical corrole spectrum
and the parent ion was observed at m/z = 726 ([M+H]’) in the mass spectrum. NMR
spectra indicated the inclusion of the tail with the presence of NH amide signal at 9.04
ppm in the proton NMR spectrum and amide carbonyl signal at 163.61 ppm in the carbon
NMR spectrum. Signals from the methylene group were present in both the proton and
carbon NMR spectra at 3.09 and 21.03 ppm respectively. The typical corrole NMR signals
of the B protons were present at 8.85, 8.83, 8.46 and 8.40 ppm.

Ph

Scheme 2.4.5 Synthesis of  10-(2-{[4-(1H-imidazol-1-ylmethyl)benzoyllamino}phenyl)-5,15-diphenyl-
corrole i) CH30H:H,0 1:1, cat. HCl, 1 hr then p-chloranil (1 mol equiv.), overnight

The corrole was metallated with cobalt using excess cobalt acetate in the presence of
excess sodium acetate under reflux for approximately two hours, until UV-vis analysis
indicated the full conversion of the corrole into its metallated species. The UV-vis

spectrum of the metallated corrole, [10-(2-{[4-(1H-imidazol-1-ylmethyl)benzoyl]-
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amino}phenyl)-5,15-diphenylcorrolato]cobalt(lll), referred to as diphenyl tailed corrole
cobalt (DPTC-Co) in this work, was solvent dependent as discussed in Part 4, Section
4.3.4. In addition, the presence of strong ligands, such as cyanide or imidazole, induced
colour and spectroscopic changes, discussed in Part 4, Section 4.6. This suggested the
metal had been coordinated by the corrole ligand. The presence of the parent ion at "/,
= 782.44 ([M+H]") also indicated that the metal had been coordinated by the macrocycle.
As observed in the case of 5,10,15-triphenylcorrole, coordination of cobalt resulted in a
general up-field shift of the signals as a result of the shielding effect of the cobalt ion,
such as the shift in the signals of the B protons which shifted from 8.85, 8.83, 8.46 and
8.40 ppm in the metal free corrole to 8.80, 8.40 (integrating for four B protons) and 8.19

ppm in the metallated species.
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2.5 Synthesis of water-soluble corroles

2.5.1 Sugars as macrocyclic water-solubilising agents

Sugars have been used in the preparation of synthetic water-soluble porphyrins and
phthalocyanines by numerous research groups, including those of Maillard and co-

72-74

workers and Sol and co-workers.”® In addition to the water-solubilising properties of

the free OH groups, the steric bulk of the sugars was found to decrease aggregation, thus

increasing water solubility as well.”®

Maillard and co-workers found that the solubility of their synthetic porphyrins in neutral
water increased as the number of free hydroxyl groups increased. They also found that
the solubility was dependent on the geometry, and thus solvation, of the atropisomers
about the phenyl-porphyrin axis (sugars were in the ortho position on the meso phenyl

substituents) in question.’?

Glycosylation of metallated porphyrins has been found to have potent catalytic activity in
the epoxidation of asymmetric alkenes. The presence of the chiral sugars near the metal

centre was found to impart stereoselectivity during the catalytic process.”’76

Glycosylation of porphyrins is evident in nature as well, with the isolation of a
tolyporphyrin, a porphyrin derivative in the porphyrin family, bearing C-glycosyl
substituents from a blue-green alga.”” This tolyporphyrin was found to have significant
anti-cancer properties and was found to reverse the effects of increased P-glycoprotein

expression associated with multidrug resistance.”’
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2.5.2 Synthesis of precursors for water-soluble corroles

A protocol for the preparation of a dipyrromethane bearing an acylated glucose moiety
had been established in our laboratory (Scheme 2.5.1) as part of a potential water-
solubilising system for porphyrins.78 As the feasibility of this chemistry had been

established, it was used as a basis for this work.

H o Ac.O H o 33% HBr in H o
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Scheme 2.5.1 Acylation of glucose and preparation of dipyrromethane bearing acylated glucose

There are numerous methods for the acylation of glucose using a variety of different
reagents, solvents and experimental conditions. Two different synthetic pathways were
investigated; the acylation of glucose firstly in acetic anhydride with a catalytic amount of
sulphuric acid’”® and secondly in acetic anhydride in the presence of anhydrous ferric

chloride.®’ These methods both reported excellent yields from gram scale reactions.

In the first synthetic route,” D-glucose was suspended in acetic anhydride at 0°C in the
presence of a catalytic amount of sulphuric acid for two and a half hours. The product,
penta-acylated glucose, crystallised from the pale yellow oil obtained. Recrystallisation
from hot ethanol yielded a mixture of a and B anomers of 1,2,3,4,6-penta-O-acetyl-D-

glucopyranose in a 93% yield.
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The second synthetic route made use of anhydrous ferric chloride.® Ferric chloride (0.09
mole equivalents) was dissolved in acetic acid. Ferric chloride acts as a Lewis-acid catalyst
and dissolves in various inorganic and organic solvents capable of electron donation. The
addition of the Lewis-acid generates ion pairs and acylium cation (acetic anhydride ionises
to a small extent only in the absence of a catalyst) required for the acylation of sugars.?
D-Glucose was added to the ferric chloride solution and after seven minutes of stirring,
the reaction mixture was rapidly cooled by pouring into a large volume of iced water. The
product precipitated out and was recrystallised from hot ethanol to afford pure 1,2,3,4,6-

penta-0-acetyl-D-glucopyranose in an 80% yield.

In both cases, NMR spectroscopic analysis of the products indicated pure 1,2,3,4,6-penta-
O-acetyl-D-glucopyranose, with the presence of five singlets between 2.19 and 2.02 ppm
integrating for a total of 15 protons, indicating the presence of five acetyl groups. The five
carbonyl carbons were also present in the carbon NMR spectrum between 170.63 and
168.75 ppm while the five methyl carbons were present between 20.87 and 20.44 ppm.
The carbonyl and two C-O stretches indicative of carboxylic esters were observed in the
FTIR spectrum at 1738, 1371 and 1217 cm™' respectively. The ratio of the a and P
anomers, however, varied dramatically. The acid catalysed route yielded an a:p ratio of
2:1 while that for the ferric chloride route was 1:10. The a and B anomers presented
distinctly different NMR spectra. The NMR signal for the anomeric proton in the
equatorial or B position is at 5.72 ppm and experiences a down-field shift when the acetyl
group is in the axial or a position to 6.33 ppm. The effect of the position of the anomeric
acetyl group on the other four protons in the pyranose ring is marked, with shifts in the
positions of signals depending on the spatial interaction with the bulky anomeric group as
illustrated in Table 2.5.1 (the numbering scheme can be found in Figure 2.5.1). In the a
anomer, the protons occupying axial positions on the same side of the pyranose ring as
the axial acetyl group (H3 and H5) experience down-field signal shifts. When in the
equatorial position, the B anomer acetyl group does not interact with the protons on the
pyranose ring to the same degree, with protons H3 and H5 experiencing an up-field shift
while H4 shifted down-field. In spite of the mixture of a and B anomers, 1,2,3,4,6-penta-

O-acetyl-D-glucopyranose crystals examined were of the B anomer, and crystallised in the
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P,212: Space group with the same unit cell as a previously published structure.®* The
parent ion was observed at m/z = 408 ([M+H]" + H,0) in the mass spectrum. As a mixture
of anomers, the product melted over a temperature range of 97-100°C, between the

reported melting point of the a anomer at 88-90°C® and that of the B anomer at 110-

112°C.®
Table 2.5.1 Proton NMR signal positions (taken from the centre of the signal) for selected
protons in the a and B anomers of 1,2,3,4,6-penta-0-acetyl-D-glucopyranose
Proton Signal position (ppm)
o anomer B anomer
H1 6.33 5.72
H2 5.12 5.12
H3 5.47 5.12
H4 5.12 5.27
H5 412 3.84
Figure 2.5.1 The a and B anomers of 1,2,3,4,6-penta-O-acetyl-D-glucopyranose and the associated

numbering scheme

Bromination of 1,2,3,4,6-penta-O-acetyl-D-glucopyranose at the C1 position was found to
produce the a anomer product only, irrespective of the a:p ratio of 1,2,3,4,6-penta-O-
acetyl-D-glucopyranose. As the fraction of either a or B anomer was inconsequential, the
higher yielding first route for the acylation of D-glucose using a catalytic amount of
sulphuric acid was chosen as the method of choice. Bromination at the C1 position can be

achieved using a variety of synthetic routes. Three routes were investigated.

In the first synthetic route investigated, 1,2,3,4,6-penta-0O-acetyl-D-glucopyranose was

dissolved in dichloromethane under an inert atmosphere. An excess of 33% hydrobromic
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acid in acetic acid was added and the reaction mixture was stirred in the dark overnight.
Subsequent work-up and concentration in vacuo yielded a colourless oil from which the
product was obtained in 84% yield when recrystallised from ether and hexane (1:1 v/v).3*
The second synthetic route®* followed a similar procedure, except that a larger excess of
hydrobromic acid was used and the reaction mixture was stirred for two hours, exposed
to light. Similarly, the product was obtained in 97% yield when recrystallised from ether

and hexane (1:1 v/v).

The third synthetic route did not use dichloromethane as a solvent. Instead, 1,2,3,4,6-
penta-0-acetyl-D-glucopyranose was suspended in 33% hydrobromic acid in acetic acid at
0°C. The suspension was allowed to warm to room temperature and the reaction mixture
was stirred for 45 minutes, after which time the acylated reactant had reacted to
completion.78 A colourless oil was obtained after concentration in vacuo after the work-
up. The product was obtained in 96% yield when recrystallised from ether and hexane

(1:1 v/v).

Bromination using the third route was favoured due to the short reaction time and high
yield. The product was identified from the characteristic down-field shift of the anomeric
proton to 6.62 ppm and the loss of one acetyl CH; group in the proton NMR spectrum and
one carbonyl carbon and CH; carbon in the carbon NMR spectrum. The appearance of a
band at 735 cm™ in the FTIR spectrum was indicative of a C-Br stretch. In addition, the
uniformity of the NMR spectrum indicated that one anomer was present, suggesting a
potential Sy1 type substitution reaction mechanism. XRD analysis of the crystals indicated
that the a anomer was present, with a unit cell in agreement with a structure in the
literature where the bromine clearly occupies an axial position in the a anomer.®® The
white crystals decomposed to yield a watery brown solid on standing at room
temperature or when kept at approximately -18°C. To avoid this decomposition, 2,3,4,6-
tetra-O-acetyl-a-D-glucopyranosyl bromide was used immediately in subsequent

reactions.
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With the bromine in place at the C1 position, the protected sugar could be coupled to p-
hydroxybenzaldehyde. This was achieved through the deprotonation of the hydroxyl
group using 1M sodium hydroxide, based on the work presented by Rackwitz in 1981%'.
2,3,4,6-Tetra-0O-acetyl-a-D-glucopyranosyl bromide in acetone was added dropwise and
the reaction mixture was stirred overnight at room temperature. The resultant product,
4-formylphenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside, was an off-white solid which

was recrystallised from dichloromethane and hexane (1:1 v/v) to give a 55% vyield.

The reaction resulted in an inversion of the stereochemistry at the anomeric position with
the product identified as the B anomer from XRD analysis. NMR spectroscopic data
indicated the presence of an aromatic aldehyde with a down-field singlet at 9.93 ppm and
carbonyl peak at 190.73 in the carbon NMR spectrum, characteristic of an aldehyde as
well as aromatic signals in the 7.86-7.10 ppm and 161.21-116.75 ppm regions in the
proton and carbon spectra respectively together with the signals from the acylated sugar.
FTIR spectra indicated the loss of the C—Br stretch, and the presence of a C—H stretch
characteristic of aldehydes at 2974 cm™ not observed in the spectra of either the penta-
acylated or the brominated precursors. A strong and broad signal at 1736 cm™ was
indicative of the acetyl protecting groups and the aldehyde carbonyls. The parent ion was

observed at m/z = 475 ([M+H]" + Na) in the mass spectrum.

XRD analysis of 4-formylphenyl 2,3,4,6-tetra-0O-acetyl-B-D-glucopyranoside crystals grown
from dichloromethane confirmed the structure of the aldehyde and the fact that the B
anomer had formed as Figure 2.5.2a clearly illustrates the phenyl ring occupying the
equatorial position. Crystals grown from methanol were not of the aldehyde, but of the
associated dimethyl acetal shown in Figure 2.5.2b. The acetal may have formed from a
slightly acidic crystallisation solvent system, but this observation could not be repeated,
in spite of the use of a variety of acidified alcohols as crystallisation media. The novel
structure of the dimethyl acetal was published in Acta Crystallographica Section E — see

Appendix 2.4 and Digital Appendix 2.2.258
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Figure 2.5.2 X-Ray crystal structures of a 4-formylphenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside
and b the associated dimethyl acetal.

The synthesis of a dipyrromethane, discussed in Section 2.2.2, requires pyrrole and an
aldehyde. With the aldehyde in place in 4-formylphenyl 2,3,4,6-tetra-O-acetyl-B-D-
glucopyranoside, a dipyrromethane bearing the protected sugar was synthesised. As in
the synthesis of 2,2-(phenylmethylene)bis(1H-pyrrole), a large excess of pyrrole was used
(40 mole equivalents) as both solvent and reactant.** The product, purified by column
chromatography and recrystallisation from ethyl acetate and hexane (1:1 v/v), was
identified as the B anomer from a crystal structure from SCXRD analysis as in Figure 2.5.3.
The proton NMR spectrum of 4-[di(1H-pyrrol-2-yl)methyl]phenyl 2,3,4,6-tetra-O-acetyl-B-
D-glucopyranoside indicated the successful synthesis of the product with the
maintenance of the sugar and acetyl peaks, the loss of the aldehyde singlet and the
introduction of the pyrrolic protons in the 6.68-5.89 ppm region and protons on the

pyrrolic nitrogens at 7.95 ppm. N-H stretch bands were observed at 3404 and 3350 cm™
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in the FTIR spectrum. The parent ion was present at m/z = 568.46 ([M]’) in the high

resolution mass spectrum.

Figure 2.5.3 X-Ray crystal structure of 4-[di(1H-pyrrol-2-yl)methyl]phenyl 2,3,4,6-tetra-O-acetyl-B-D-
glucopyranoside
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2.5.3 Completing the synthesis of water-soluble corroles

The dipyrromethane bearing a protected sugar moiety could be used in the synthesis of
an A,B corrole as described in Section 2.2.2. Two corroles bearing protected sugar

groups, as shown in Figure 2.5.4, were synthesised.

H
OAc AcO
AcO OAc

OAc H

(0}
H
AcO
OAc AcO
AcO OAc

H OAc H

Figure 2.5.4 Corroles bearing sugar groups a 10-phenyl-5,15-(diphenyl-2,3,4,6-tetra-O-acetyl-B-D-
glucopyranoside)corrole b 10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyl]amino}phenyl)-5,15-
(diphenyl-2”,3”,4”,6”-tetra-O-acetyl-B-D-glucopyranoside)corrole
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In the first case, benzaldehyde and the sugar dipyrromethane, 4-[di(1H-pyrrol-2-
yl)methyllphenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside, were coupled to form a
corrole using Koszarna and Gryko’s methanol:water synthetic method.> The corrole was
identified from the UV-vis spectrum typical of corroles while the proton NMR spectrum
indicated the presence of the protected sugar groups with the acetyl protons present
between 2.19 and 2.01 ppm. Unfortunately no crystals of diffraction quality could be

grown, although a variety of solvents and conditions were used.

In the second case, the tailed aldehyde (the synthesis of which is detailed in Section
2.4.2), N-(2-formylphenyl)-3-(1H-imidazol-1-ylmethyl)benzamide, was used in the place of
benzaldehyde in the methanol:water corrole synthesis. Although no crystal structure
could be obtained, the corrole was identified from the UV-vis spectrum and the parent
ion was observed in the mass spectrum at m/z = 1419 ([M+H]"). NMR spectroscopic data
indicated the maintenance of the protected sugar groups with the acetyl methyl groups
present between 2.17 and 2.10 ppm in the proton NMR spectrum and the carbonyl
carbons between 170.67 and 169.48 ppm and the methyl carbons between 20.80 and
20.64 ppm in the carbon NMR spectrum. The amide proton of the tail was observed at
9.03 ppm while the amide carbonyl carbon was observed at 156.64 ppm, indicating the

maintenance of the tail.

Removal of the acetyl protecting groups was achieved using excess sodium methoxide in
methanol.3*% The deprotection of the alcohol groups was achieved in the case of both
sugar-containing corroles, however, separation of the corroles from the resultant acetate
salt was not achieved in either case. The deprotected product 10-phenyl-5,15-(diphenyl-
2,3,4,6-tetra-0O-acetyl-B-D-glucopyranoside)corrole was found to be water-soluble across
the pH range. 10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyl]amino}phenyl)-5,15-(diphenyl-
2”,3”,4”,6"-tetra-0O-acetyl-B-D-glucopyranoside)corrole, on the other hand was soluble
below pH 4 only. In addition, deprotected corroles appeared to be light-sensitive and
degraded in solution overnight. The presence of sugars, sensitive to acidic and basic

conditions, presented another potential problem as many of the inorganic studies were to
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be carried out at high pH or under conditions of varying pH (such as pK; studies in Part 4,

Section 4.4).

Owing to these significant limitations as well as the difficulty experienced in purification
of the deprotected corroles, it was decided that the more simple 10-(2-{[4-(1H-imidazol-
1-ylmethyl)benzoyllamino}phenyl)-5,15-diphenylcorrole (prepared as in Section 2.4.3)
was a better choice for the thermodynamic and kinetic studies where the corrole was to
be compared to vitamin By,. Although this corrole, bearing no water-solubilising groups,
was soluble in various organic solvents only, it was possible to study both vitamin By, and
the corrole biomimetic model in a methanol:water mixture, as described in Part 4 Section
4.3.5. As a result, the synthesis of sugar-bearing corroles was not furthered, and efforts
were focused on the chosen biomimetic model, [10-(2-{[4-(1H-imidazol-1-

ylmethyl)benzoyl]amino}phenyl)-5,15-diphenylcorrolato]cobalt(lll) (Figure 2.5.5).

Figure 2.5.5 A biomimetic model of vitamin By,: [10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyllamino}-
phenyl)-5,15-diphenylcorrolato]cobalt(l1l)
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2.6 Summary and conclusions

The feasibility of synthesising a corrole-based vitamin B;; biomimetic system was
established first with the synthesis of simple, model corroles, including 5,10,15-
triphenylcorrole, 5,10,15-tri(2-nitrophenyl)corrole and 10-(4-methoxyphenyl)-5,15-
diphenylcorrole. The synthesis of 10-[2-(benzoylamino)phenyl]-5,15-diphenylcorrole
suggested that a large, bulky meso substituent could be incorporated into the corrole

with no loss of stability or significant decrease in yield.

The corroles prepared in the feasibility study were synthesised using Koszarna and
Gryko’s methanol:water method.” This method was found to be far superior to the one-

3,49,13

pot methods proposed in 1999 and the early 2000s. This method was versatile in

that it could be used in the preparation of both Az and trans A,B corroles.

The significant -1t overlap of the macrocycles in both the solid state and in solution was
brought to light by the discovery of the concentration-dependence of the signal
resolution in the NMR spectra. This was also confirmed by the close intermolecular
packing of the corroles in the solid state in crystal structures of 5,10,15-triphenylcorrole
and 10-[2-(benzoylamino)phenyl]-5,15-diphenylcorrole. The m--m stacking could be
interrupted when the corrole was metallated and an axial ligand coordinated to the
cobalt ion was present, as in the case of triphenylphosphine [5,10,15-

triphenylcorrolato]cobalt(lIl).

A vitamin By, biomimetic system was designed with the aid of molecular mechanics. The
HyperChem suite of programs66 was used to evaluate the relative single-point energies of
a variety of corroles bearing a ‘tail’ substituent acting as an axial ligand for the
coordinated cobalt. The low relative single-point energy of the structure, the lack of
distortion of the macrocyclic plane and orthogonal binding of the axial imidazole
contributed to the choice of the tailed corrole superstructure illustrated in Figure 2.6.1.
The same tail motif has been favoured by several research groups for both

21,22,25,27,28,68

porphyrin and corrole®® based biomimetic models.
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Figure 2.6.1 A biomimetic model of vitamin By: [10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyl]-
amino}phenyl)-5,15-diphenylcorrolato]cobalt(lIl)

Synthesis of the tailed substituent was achieved, not with the five step synthetic strategy
based on Collman’s synthesis of acid chlorides for biomimetic porphyrin-based models,”*
but rather with a shorter, more efficient synthetic route starting with 3-
(chloromethyl)benzoyl chloride, eliminating the need to synthesise the acid chloride

intermediate, 3-[(1H-imidazol-1-yl)methyl]benzoyl chloride.

The aldehyde required for corrole synthesis was synthesised in three steps from the
condensation of this 3-(chloromethyl)benzoyl chloride and 2-aminobenzyl alcohol
followed by the coupling of imidazole to the terminus. The alcohol was oxidised to the
aldehyde which, together with 2,2-(phenylmethylene)bis(1H-pyrrole), was used in the
synthesis of a tailed corrole, 10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyl]amino}phenyl)-
5,15-diphenylcorrole. The corrole was also successfully metallated using cobalt(ll)

acetate.

The alcohol and aldehyde intermediates of both 10-[2-(benzoylamino)phenyl]-5,15-
diphenylcorrole and  10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyl]amino}phenyl)-5,15-
diphenylcorrole were found to be polymorphic and will be discussed in the next part of

this thesis, Part 3.
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A sugar-based water-solubilising system was used in the preparation of two water-soluble
corroles. This involved the preparation of a dipyrromethane bearing an acylated glucose
substituent, which was used in conjunction with either benzaldehyde or N-(2-
formylphenyl)-3-(1H-imidazol-1-ylmethyl)benzamide in the synthesis of 10-phenyl-5,15-
(diphenyl-2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside)corrole and 10-(2-{[4-(1H-imidazol-
1-ylmethyl)benzoyllamino}phenyl)-5,15-(diphenyl-2”,3”,4”,6”-tetra-O-acetyl-B-D-

glucopyranoside)corrole.

Deprotection of the glucose hydroxyl groups yielded corroles soluble in water. In the case
of  10-phenyl-5,15-(diphenyl-2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside)corrole, the
deprotected product was soluble in aqueous solutions of varying pH as well as methanol.
Deprotection of 10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyllamino}phenyl)-5,15-(diphenyl-
2”,3”,4”,6"-tetra-O-acetyl-B-D-glucopyranoside)corrole, however, vyielded a corrole
soluble in aqueous solutions below pH 4 only. This limitation, together with the
difficulties experienced in the purification of the deprotected corroles, led to the water-
solubilising system not being used in the final biomimetic model. The simpler [10-(2-{[4-
(1H-imidazol-1-ylmethyl)benzoyllamino}phenyl)-5,15-diphenylcorrolato]cobalt(lll),

soluble in methanol:water mixtures, was prepared as the biomimetic model instead. A
comparison of the physical and inorganic chemistry of the biomimetic model and vitamin

B1,5 Will be discussed in Part 4.
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2.7 General experimental methods

Materials and general methods used in this work are reported in this section.

2.7.1 Materials and purification methods

Reagents and solvents used in this work are reported in Appendix 1.2. Reagents and
solvents were used as received unless otherwise stated. Benzaldehyde was dried over
magnesium sulphate overnight, filtered, and distilled under N, at reduced pressure. The
pure liquid was stored under N,. Pyrrole was dried over calcium hydride overnight, then
distilled using fractional distillation using a Vigreux column under N, or Ar. The pure liquid
was stored under N, or Ar, covered in foil, in the freezer. When dry solvents were
required, acetonitrile, dichloromethane and dimethylformimide were distilled from
calcium hydride; diethyl ether and tetrahydrofuran were distilled from sodium wire; and
toluene was distilled from sodium lumps. Deionised water, purified using a Direct Q UV 3
Millipore and further purified using a Millipore MilliQ unit, was used throughout this

work.

2.7.2 General laboratory techniques and equipment

Evaporation of solvent under reduced pressure was performed on a Blichi Rotavapor R-
210 with a Bichi B-491 heating bath at approximately 30°C. This is referred to as

evaporation in vacuo.

Thin-layer Chromatography (TLC) was carried out using silica gel TLC plates with
fluorescent indicator (254 nm), 0.2 mm layer thickness (Fluka); Aluminum oxide on TLC-
PET foils with fluorescent indicator (254 nm), 0.2 mm layer thickness, pH 9.9 (Fluka) or
Alugram reverse phase Silica C18 with fluorescent indicator (254 nm), 0.15 mm layer

thickness (Macherey-Nagel)
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Separation of compounds by column chromatography was performed using flash silica-gel

60 (particle size 0.04-0.063 mm).

2.7.3 NMR spectroscopy

Proton NMR data were recorded at 300.13 MHz and carbon NMR data were recorded at
75.47 MHz on a Bruker AVANCE 300 spectrometer. Spectra of corrole macrocycles were
recorded on a Bruker ULTRASHIELD 500 PLUS spectrophotometer where proton NMR
data were recorded at 500.13 MHz and carbon NMR data were recorded at 125.77 MHz.
All samples were dissolved in CDCls unless otherwise stated. Chemical shifts are reported
on the & scale (parts per million (ppm)) relative to the internal standard 0.03%
tetramethylsilane (*H) and the central CDCl; line at 77.00 ppm (**C). NMR spectroscopic
data were processed using the MestReNova software suite.”* Selected NMR spectra can

be found in Appendix 2.1.

2.7.4 Melting point

Melting points were recorded using a melting point apparatus with microscope fitted with
a JMinst 628 digital thermometer. Samples were placed in a capillary tube sealed at one
end. Melting points were recorded as the temperature at which the solid melted to form
a uniform liquid (2°C/minute heating rate). Melting points are reported without

correction.

2.7.5 Fourier-Transform Infra-Red spectroscopy

Infra-red spectra were recorded on a Bruker Tensor27 infra-red spectrophotometer fitted
with a Diamond ATR device. No sample preparation was required. The acquisition of
spectra was facilitated by Bruker OPUS software.®? Selected FTIR spectra can be found in

Appendix 2.1.
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2.7.6 HPLC

HPLC analysis was performed using a Phenomenex Luna 5u Silica column (250 x 4.60 mm,
5 um) and a phenomenex silica Security Guard guard column (4.0 mm length x 3.0 mm
internal diameter), Dionex UltiMate 3000 pump and Dionex UltiMate 3000 Photodiode
array detector. 20 ul samples were injected onto the column and eluted using an isocratic
elution method. Collection of chromatograms was facilitated by the Chromeleon software

suite.

2.7.7 Mass Spectrometry

Low resolution mass spectra were recorded using either an APCI or ESI ion source in both
the negative and positive modes on a Finnigan LXQ linear ion trap mass spectrometer
using a direct injection method. High resolution data were collected in the positive mode
using an El ion source on a Thermo Fisher high resolution magnetic sector DFS mass
spectrophotometer with a resolution of 3000, a mass range of 100 amu (8 kV) and a scan

rate of 6 sec/decade. Data are reported as mass to charge ratios or m/z.

2.7.8 Single crystal X-ray diffraction

Single crystal X-ray diffraction intensity data collection, crystal structure solution and
refinement were carried out by the author. Intensity data were collected on a Bruker
APEX Il CCD area detector diffractometer with graphite monochromated Mo K radiation
(50kV, 30mA) using the APEX 2°* data collection software. The collection method involved
m-scans of width 0.5° and 512x512 bit data frames. Data reduction was carried out using

the program SAINT+.

X-ray diffraction data of certain structures were collected on a Bruker X8 PROTEUM X-ray
diffractometer equipped with a Microstar copper rotating anode generator, Montel

Optics, a PLATINUM 135 CCD detector, and an Oxford CryoStream Plus system. The
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collection method involved ®-scans of width 0.5°. Data reduction was carried out using

the program SAINT+.

Crystal structures was solved by direct methods using SHELXTL*®. Non-hydrogen atoms
were first refined isotropically followed by anisotropic refinement by full matrix least-
squares calculations based on F* using SHELXTL. Hydrogen atoms were first located in the
difference map then positioned geometrically and allowed to ride on their respective
parent atoms. Diagrams and publication material were generated using SHELXTL,

PLATON®” and ORTEP-3%,

Ortep diagrams and crystallographic information for all novel crystal structures can be
found in Appendix 2.2 and crystallographic information tables of bond lengths, angles,
torsions and hydrogen bonding parameters can be found in Digital Appendix 2.1 while

the raw data can be found in Digital Appendix 2.2.
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2.8 Experimental procedures: Determining the feasibility of

corrole synthesis

2.8.1 One-pot syntheses

(a) Gross’s solvent-free synthesis’®

A solution of freshly distilled pyrrole (0.173 ml, 2.5 mmol) and benzaldehyde (0.254 ml,
2.5 mmol) in dichloromethane (2 ml) was vigorously stirred at room temperature for 1
minute. The tar-like mixture was dissolved in dichloromethane (50 ml) and oxidised with
DDQ (0.283 g, 1.25 mmol) for one hour. From NMR spectroscopic analysis of the crude

material no macrocycle was identified.

(b) Paolesse’s one-pot synthesis®

Freshly distilled pyrrole (4.2 ml, 60.5 mmol) and benzaldehyde (2.0 ml, 20 mmol) were
added to acetic acid (250 ml). The stirred solution was heated to reflux for 3 hours. A
colour change from colourless to a dark black-green was noted. The reaction mixture was
cooled to room temperature. Deionised water (250 ml) was added. The precipitate was
filtered off through a glass fritted funnel. Solid NaCl was added to the filtrate. The
resultant precipitate was filtered off. The combined precipitates were separated by
column chromatography on flash silica gel with dichloromethane as eluent. 5,10,15,20-
Tetraphenylporphyrin, 5,10,15-triphenylcorrole, 2,2-(phenylmethylene)bis(1H-pyrrole)
and other unidentifiable products were detected from NMR spectroscopic analysis.
Multiple chromatographic separations using different eluents (ethyl acetate:hexane (1:4
v/v) containing 1% triethylamine; ethyl acetate:hexane (1:4 v/v); ethyl acetate:petroleum
ether (1:4 v/v) containing 1% triethylamine; ethyl acetate; methanol) were unsuccessful

in separating the low yield of corrole from the other products.
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(c) Preparation of 5,10,15,20-tetraphenylporphyrin — the Lindsey method™®

Freshly distilled pyrrole (0.208 ml, 3.0 mmol) and benzaldehyde (0.102ml, 1.0 mmol)
were added to dry chloroform (400 ml). Argon was bubbled through the solvent for 15
minutes. BF3-Et,0 (168 ul) was added. An immediate colour change from colourless to
yellow-green was observed. The flask was covered in foil and was stirred at room
temperature for 1 hour after which time the solution was orange. DDQ (173 mg, 0.76
mmol) was washed into the flask with chloroform (150 ml). The colour of the solution
immediately changed to black. The reaction mixture was stirred for an hour at room
temperature, then concentrated in vacuo. The resulting mixture was separated by
column chromatography on flash silica gel with ethyl acetate: hexane (1:9 v/v)
containing 1% triethylamine as eluent to yield tetraphenylporphyrin as a purple-black

solid (14.1 mg, 8%).

MP > 250°C (literature: not reported).

'H (300 MHz, CDCl3) & (ppm): 8.92 (s, 8H, pyrrole HB), 8.29 (dd, J = 7.1, 1.8 Hz, 8H, Hy
ortho), 7.86-7.75 (m, 12H, H, meta + para)

3C (75 MHz, CDCl3) & (ppm): 142.21 (C1’), 134.62 (C2’ & C6’), 131.24(CB), 127.76 (C4’),
126.74 (C3’ & C5’), 120.20 (C5, C10, C15 & C20).

LRMS (ESI) m/z:  615.25 ([M+H]*); calc.: 615.25 ([M+H]").
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Vmax (cm™): 3314 (w, NH stretch); 980 (s, NH bend); 964 (porphyrin skeleton ring
vibration); 794 (s, C-HPB out of plane bend); 694 (v s, NH bend in plane)

SCXRD Polymorph 1 - TPHPORO1* Polymorph 2 — TPHPOR10

Space group P-1 Space group  /-42d
a (A) 6.42 a (A) 15.07
b (A) 10.36 b (A) 15.07
c(A) 12.29 c(A) 13.72
a(°) 95.05 a(°) 90.00
B(°) 99.38 B(°) 90.00
v (°) 101.20 v (°) 90.00
R (%) 4.45 R (%) 4.15

* CSD identification code

(d) Preparation of 5,10,15-triphenylcorrole — Gryko’s methanol:water method’

Freshly distilled pyrrole (0.700 ml, 10 mmol) and benzaldehyde (0.510 ml, 5 mmol) were
dissolved in methanol (200 ml). Hydrochloric acid (32%, 4.25 ml) in water (200 ml) was
added to the reaction flask which was stoppered and kept in the dark. The mixture was
stirred at ambient temperature for 3 hours after which time an orange precipitate had
formed. The reaction mixture was extracted into chloroform. The red organic layer was

washed with water twice, dried with Na,SO, and diluted with chloroform to a volume of
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600 ml. p-Chloranil (1.23 g, 5 mmol) was added and the reaction mixture was refluxed
for 1 hour in the dark. The black reaction mixture was allowed to cool to room
temperature and concentrated in vacuo. The crude product mixture was separated by
column chromatography on flash silica gel with dichloromethane as eluent. The corrole-
containing fractions (identified using UV-vis spectroscopy) were combined and
evaporated to dryness in vacuo. A dark purple-black powder was obtained (83.2 mg;

19%).

MP > 250°C (literature: not reported).

'H (500 MHz, CDCl5) & (ppm): 8.97 (d br, 2H, pyrrole HB), 8.88 (d br, 2H, pyrrole HP),
8.60 (d br, 2H, pyrrole HB), 8.56 (d br, 2H, pyrrole HPB), 8.37 (d, /= 5.6 Hz, 4H, H,,), 8.17 (d
br, 2H, Ha), 7.85-7.68 (m, 9H, Hy,), -0.49 (s br, 3H, 3 x NH).

B3¢ (126 MHz, CDCl3) & (ppm): 143.13, 142.14, 140.86, 139.82, 139.29, 135.96, 135.03,
131.55, 128.05, 127.40, 125.97, 122.65, 118.72, 115.81, 109.73.

LRMS (APCl) m/z:  526.98 ([M+H]*) 524.91 ([M-H]); calc.: 527.22 ([M+H]").

Vmax (cm™): 2942 (s, NH stretch); 2844 (s, CH stretch); 1716 (w, C=N stretch); 1454 (m,
C=C stretch); 1344 (m, CH bend), 1047 and 1013 (CN stretch and aromatic ring stretches
and bends)

SCXRD Polymorph 1 - JEFBEC Polymorph 2 - solvate

Space group  P2,/c Space group C2/c

a (A) 5.71 a (A) 20.78
b (A) 19.01 b (A) 19.46
c (A) 23.90 c(A) 15.94
a (%) 90.00 o (°) 90.00
B(°) 90.47 B (°) 90.41
v (%) 90.00 vy (°) 90.00
R (%) 6.66 R (%) 12.75
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(e) Preparation of triphenylphosphine [5,10,15-triphenylcorrolato]cobalt(ll)*

5,10,15-Triphenylcorrole (25 mg, 0.0475 mmol), cobalt(ll) acetate (25 mg, 0.1 mmol) and
triphenylphosphine (25 mg, 0.095 mmol) were refluxed with stirring in methanol (25 ml)
for 1 hour in the dark. The reaction was monitored using UV-vis spectroscopy. The
solvent was evaporated in vacuo and the crude product was separated using column
chromatography on flash silica gel with dichloromethane as eluent. The red fraction was
collected and concentrated in vacuo. The solid was recovered (0.0205 g, 51.1%) and
recrystallised from a hexane: dichloromethane (1:1 v/v) solvent system as deep red

block-like crystals.

MP > 250°C (literature: not reported3).

'H (500 MHz, CDCl5) 6 (ppm): 8.59 (d, J = 4.3 Hz, 2H, pyrrole HP), 8.32 (d, J = 4.7 Hz, 2H,
pyrrole HB), 8.09 (d, J = 4.7 Hz, 4H, pyrrole HB), 8.02 (d, J = 3.9 Hz, 2H, H,,), 7.99 (d, J =
7.2 Hz, 1H, Ha,), 7.69-7.47 (m, 11H, H,,), 7.37 (d, J = 7.3 Hz, 1H, H,,), 7.04 (t, J = 6.8 Hz, 3H,
para-H, PPh3), 6.70 (dd, J = 7.3, 6.0 Hz, 6H, meta-H,, PPhs), 4.72 (dd, J = 9.7, 8.5 Hz, 6H,
ortho-H,, PPhs).

3C (126 MHz, CDCl3) 6 (ppm): 146.27; 145.59; 145.56; 145.01; 143.41; 141.88 (Ca +
meso) 136.44, 131.77 (C, PPhs), 131.70 (C,; PPh3), 131.53 (CB pyrrole), 130.89 (Cy),
130.73 (C4), 129.84, 129.29 (C,, PPh3), 129.27 (C, PPh3), 128.54; 127.61; 127.35; 127.12;
127.08; 126.99; 126.96 (C,r & C,r PPh3) 125.38; 124.73; 124.37; 124.28; 124.25; 124.10;
123.04; 123.00; 118.57 (CB pyrrole).

LRMS (APCI) m/z:  844.79 ([M+H]"); calc.: 845.22 ([M+H]").
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Vmax (cM™): 2947 (s, CH stretch); 1715 (w, C=N stretch); 1427 (m, C=C stretch); 1311 (m,
CH bend), 1050 and 1015 (CN stretch and aromatic ring stretches and bends)

SCXRD KIMQOM

Space group  P-1

a (A) 8.84

b (A) 13.12
c (A) 18.20
a(°) 94.33
B(°) 92.29
v (°) 97.72
R (%) 3.22

(f) Preparation of 5,10,15-tri(2-nitrophenyl)corrole — Gryko’s methanol:water method”

Freshly distilled pyrrole (0.697 ml, 10 mmol) and 2-nitrobenzaldehyde (0.756 g, 5 mmol)
were dissolved in methanol (200 ml). Hydrochloric acid (32%, 4.25 ml) in water (200 ml)
was added to the reaction flask which was stoppered and kept in the dark. The reaction
mixture was stirred at ambient temperature for 3 hours after which time an orange
precipitate had formed. The reaction mixture was extracted into chloroform. The red
organic layer was washed with water twice, dried with Na,SO; and diluted with

chloroform to a volume of 600 ml. p-Chloranil (1.23 g, 5 mmol) was added and the
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reaction was refluxed for 1 hour in the dark. The black reaction mixture was allowed to
cool to room temperature and concentrated in vacuo. The crude product mixture was
separated by column chromatography on flash silica gel with dichloromethane as eluent.
The corrole-containing fractions (identified using UV-vis spectroscopy) were combined
and evaporated to dryness in vacuo and a green-black solid was obtained (0.0745 g,

4.5%).

MP > 250°C (literature: not reportedzo).

'H (500 MHz, CDCl5) & (ppm): 8.91 (dd, J = 10.2, 3.9 Hz, 2H, pyrrole HP), 8.64-8.54 (m, 2H,
pyrrole HB), 8.33 (dt, J = 25.0, 7.9 Hz, 8H, pyrrole HB and Hy), 8.27-8.22 (m, 2H, H,,),
7.98-7.81 (m, 6H, Hy), -1.98 (s, 3H, 3 x NH).

3¢ (126 MHz, CDCl5) & (ppm): 152.37, 152.25, 137.11, 137.06, 136.02, 133.71, 131.76,
131.67, 131.59, 131.50, 131.41, 131.19, 131.00, 129.21, 129.14, 126.76, 125.85, 125.74,
124.60, 124.54, 124.45, 124.03, 123.90, 116.35, 105.65, 105.52.

LRMS (ESI) m/z: 662 ([M+H]"); calc.: 662 ([M+H]").

Vmax (cm™): 2981 (s, NH stretch); 2906 (s, CH stretch); 1701 (w, C=N stretch); 1541 (m,
N=0 stretch); 1456 (m, C=C stretch); 1344 (m, CH bend), 1062 and 1045 (CN stretch and

aromatic ring stretches and bends)
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2.8.2 Lego approach

(a) Preparation of 2,2-(phenylmethylene)bis(1H-pyrrole) (dipyrromethane)™

Benzaldehyde (0.2 ml, 2 mmol) was dissolved in a large excess of freshly distilled pyrrole
(5.6 ml, 80 mmol) and was degassed by bubbling argon through the solution for 10
minutes. Trifluoroacetic acid (16 ul, 0.1 mmol) was added. The solution was stirred at
room temperature for 15 minutes and then diluted with dichloromethane (100 ml) and
washed with aqueous sodium hydroxide solution (0.1 N, 100 ml). The organic layer was
dried with Na,SO,4 and concentrated in vacuo to remove the excess pyrrole. The brown
oil was separated by column chromatography on flash silica gel with hexane: ethyl
acetate (4:1 v/v) containing 1% triethylamine as eluent. The desired product (0.252 g,
56.7%) was obtained as a brown solid alongside excess pyrrole and the associated

trimer.

MP  98-100°C (literature: 98-99°C%).

'H (300 MHz, CDCl3) & (ppm): 7.84 (brs, 2H, NH), 7.36-7.12 (m, 5H, aromatic), 6.65 (dd, J
= 4.1, 2.6, 2H, H5), 6.15 (dd, J = 5.9, 2.8, 2H, H4), 5.90 (br s, 2H, H3), 5.43 (s, 1H, PhCH).
3C (75 MHz, CDCl3) 6 (ppm): 142.10 (C1’), 132.54 (C2), 128.68 (C2’ and C6’), 128.44 (C3’
and C5’), 127.02 (C4’), 117.28 (C5), 108.44(C4), 107.27(C3), 43.97(PhCH).

LRMS (ESI) m/z:  223.10 ([M+H]*); calc.: 223.12 ([M+H]").

HRMS (EI) m/z:  222.1150; calc.: 222.1157.

Vimax (cm'l): 3363 (s, N-H stretch), 3339 (s, Ar C-H stretch), 2962 (w, C-H stretch), 1554
(m, Ar ring stretch), 1398 (w, C-H bend), 886 (s, Ar C-H bend), 777 (s, Ar C-H bend).
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(b) Preparation of 10-(4-methoxyphenyl)-5,15-diphenylcorrole®

2,2’-(Phenylmethylene)bis(1H-pyrrole) (0.222 g, 1 mmol) and 4-methoxybenzaldehyde
(0.061 ml, 0.5 mmol) were dissolved in methanol (50 ml). Hydrochloric acid (32%, 2.5 ml)
in water (50 ml) was added to the reaction flask which was stoppered and kept in the
dark. The reaction mixture was stirred at ambient temperature for 1 hour. The reaction
mixture was extracted into chloroform. The organic layer was washed with water twice,
dried with Na,SO,4 and diluted with chloroform to a volume of 250 ml. p-Chloranil (0.369
g, 1.5 mmol) was added and the reaction mixture was stirred at ambient temperature
overnight in the dark. The black reaction mixture was concentrated in vacuo. The crude
product mixture was separated by column chromatography on flash silica gel with
dichloromethane as eluent. The corrole-containing fractions (identified using UV-vis
spectroscopy) were combined and evaporated to dryness in vacuo to give a black solid

product (0.0794 g, 29%).

MP > 250°C (literature: not reported).

'H (500 MHz, CDCl3) & (ppm): 8.97 (d broad, 2H, pyrrole HP), 8.88 (d broad, 2H, pyrrole
HPB), 8.58 (d broad, 4H, pyrrole HB), 8.37 (d broad, 4H, H,), 8.09 (d broad, 2H, H,,), 7.81
(s, 5H, Har), 7.72 (s, 3H, Hy), 4.09 (s, 3H, CHs).

3¢ (126 MHz, CDCl5) & (ppm): 140.75, 136.57, 131.84, 130.82, 130.76, 129.60, 129.25,
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128.92, 128.45, 128.31, 128.04, 127.87, 127.57, 127.39, 126.03, 117.57, 115.66, 113.99,
112.81, 55.35 (CH3).

LRMS (APCI) m/z:  557.06 ([M+H]"); calc.: 557.23 ([M+H]").

Vimax (cm'l): 2976 (s, NH stretch); 2871 (s, CH stretch); 1683 (w, C=N stretch); 1510 (m,
C=C stretch); 1350 (m, CH bend), 1247 (C-O stretch); 1058 and 1018 (CN stretch and

aromatic ring stretches and bends)
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2.8.3 Introducing a bulky meso substituent at the 10 position

(a) Preparation of N-[2-(hydroxymethyl)phenyl]lbenzamide®

2-Aminobenzyl alcohol (5 mmol, 0.615 g) and benzoly chloride (6 mmol, 0.635 ml) were
dissolved in dry dichloromethane (15 ml) in the presence of pyridine (6.25 mmol, 0.552
mI).60 The reaction mixture was stirred at room temperature for 3 hours. HCI (0.1 N, 10
ml) was added and the aqueous layer was extracted into dichloromethane. The organic
layer was washed with aqueous saturated NaHCOs solution (20 ml) and water (10 ml)
and dried with Na,SO,4. The off-white solid crystallised on evaporation of solvent in

vacuo (0.937 g, 82.5%).

MP  94-95°C (literature: 93-94°C'%)

'H (300 MHz, CDCl3) & (ppm): 9.82 (s, 1H, NH), 8.14 (d, J = 8.1 Hz, 1H, H6), 7.84 (d, J = 7.3
Hz, 2H, H2’ & H6’), 7.47 (d, J = 7.4 Hz, 2H, H3’ & H5’), 7.38 (t, J = 7.5 Hz, 1H, H,,), 7.30-
7.20 (m, 1H, H,,), 7.06 (dd, J = 7.3, 1.2 Hz, 1H, Ha,), 6.99 (dd, J = 10.7, 4.0 Hz, 1H, Ha,),
4.66 (s, 2H, CH,), 4.07 (s, 1H, OH).

3¢ (75 MHz, CDCl3) & (ppm): 165.76 (C=0), 137.78 (C2), 134.51 (C1’), 131.89 (C1), 129.67
(Car), 128.94 (C,r), 128.76 (C2’ & C6'), 128.62 (Cyr), 127.13 (C3’ & C5'), 124.25 (Cyy), 122.13
(Car), 64.60 (CH,).

LRMS (ESI) m/z:  228.08 ([M+H]*); calc.: 228.10 ([M+H]").

HRMS (El) m/z:  227.0944 ([M]*); calc.: 227.0946.

Vmax (€M ™): 3292 (m, br, O-H and N-H stretch (H-bonded)); 3054 (Aromatic stretch); 1656
(C=0 stretch); 1588 (N-H bend)
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SCXRD Polymorph 1 Polymorph 2

Space group  P2:/n Space group P2;/n

a (A) 12.51 a (A) 5.20

b (A) 7.33 b (A) 13.24
c(A) 12.66 c (A) 17.04
a(°) 90.00 a(°) 90.00
B(°) 100.05 B (°) 90.125
v (%) 90.00 v (%) 90.00
R (%) 4.2% R (%) 5.6%

(b) Preparation of N-(2-formylphenyl)benzamide

N-[2-(Hydroxymethyl)phenyl]benzamide (455 mg, 2 mmol) and manganese(lV) oxide
(2.608 g, 30 mmol) were stirred in chloroform (10 ml) for 12 hours. The reaction mixture
was filtered through celite with chloroform as eluant. The solvent was removed in vacuo.
The oily residue crystallised when placed under high vacuum. The off-white solid was

recrystallised from methanol and hexane (0.436 g, 96.9%).

MP  67-69°C and 71-72°C (literature: 67-68°C'%'). Melting points are of the two
different polymorphs.

'H (300 MHz, CDCl3) & (ppm): 12.11 (s, 1H, CHO), 10.03 (s, 1H, NH), 8.97 (d, J = 8.4 Hz,
1H, H3), 8.19-7.97 (m, 3H, H3’, H4’ & H5’), 7.78-7.65 (m, 2H, H,), 7.57 (dd, J = 10.5, 4.5
Hz, 2H, Ha), 7.32-7.24 (m, 1H, Ha,).

3¢ (75 MHz, CDCl5) & (ppm): 195.92 (CHO), 166.17 (C=0 amide), 141.28 (C2), 136.42
(C1), 136.22 (C1’), 134.34 (C4), 132.23 (C4), 128.90 (Cyr), 127.53 (Cyr), 123.07 (Cur),
122.01 (C,r), 119.99 (Car).
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LRMS (APCI) m/z:  226.04 ([M+H]"); calc.: 226.08 ([M+H]").
HRMS (EI) m/z: 225.0786 ([M]"); calc.: 225.0790.
Vimax (cm™): 3318 (w, N-H stretch); 1741 (m, C=0); 1526 (s, N-H stretch)

SCXRD Polymorph 1 Polymorph 2

Space group  P2;/n Space group

a (A) 4.55 a (A) 9.09
b (A) 15.10 b (A) 9.52
c (A) 16.15 ¢ (A) 18.48
a(®) 90.00 o (°) 90.00
B(°) 9651 B (%) 90.00
v (%) 90.00 vy (°) 90.00
R (%) 4.21 R (%) 4.13

(c) Preparation of 10-[2-(benzoylamino)phenyl]-5,15-diphenylcorrole

2,2-(Phenylmethylene)bis(1H-pyrrole) (0.053 g, 0.24 mmol) and N-[2-formylphenyl]-
benzamide (0.027 g, 0.12 mmol) were dissolved in methanol (15 ml). Hydrochloric acid
(32%, 4.25 ml) in water (15 ml) was added to the reaction flask which was stoppered and
kept in the dark. The reaction mixture was stirred at ambient temperature for 1 hour
after which time a red precipitate had formed. The reaction mixture was extracted into
chloroform. The amber organic layer was washed with water twice, dried with Na,SO,
and diluted with chloroform to a volume of 60 ml. p-Chloranil (0.08 g, 0.33 mmol) was

added and the reaction was stirred at ambient temperature in the dark overnight. The
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crude product mixture was concentrated in vacuo and separated by column
chromatography using flash silica gel with dichloromethane as eluent. The corrole-
containing fractions (identified using UV-vis spectroscopy) were combined and

evaporated to dryness in vacuo to yield a green-black solid (0.0525 g, 67%).

MP > 250°C.

'H (500 MHz, CDCl5) & (ppm): 8.98 (s*, 2H, pyrrole HB), 8.89 (s*, 2H, pyrrole HB), 8.60
(s*, 2H, pyrrole HB), 8.52 (s*, 2H, pyrrole HB), 8.32 (s*, 1H + 2H, NH + H,,), 8.00 (d*, J =
18.6 Hz, 2H, Hy), 7.81 (s*, 5H, Hay), 7.72 (s*, 2H, Ha,), 7.58-7.41 (m, 3H, H,,), 6.87 (s*, 1H,
Har tail), 6.58 (s*, 4H, Hartail), -1.13 (s, 3H, 3 x NH). *signals presented as very broad peaks
with very poor resolution. It is expected that these signals are in fact multiplets.

3¢ (126 MHz, CDCl5) 6 (ppm): 207.13(C=0), 143.25, 139.95, 139.88, 139.51, 135.89,
135.07, 135.01, 131.30, 131.07, 128.71, 128.41, 128.16, 128.06, 126.21, 126.16, 126.13,
118.88, 116.10, 116.07.

LRMS (APCl) m/z:  646.42 ([M+H]*); calc.: 646.26 ([M+H]").

Vimax (cm’l): 2981, 2964, 2947 (m, N-H stretch); 2873, 2877 (m, aromatic stretch); 1668
(w, C=0); 1058, 1031 (N-C stretch)

SCXRD

Space group P,

a (A) 9.93

b (A) 13.74
c (A) 14.12
a (%) 101.98
B(°) 104.12
v (°) 100.50
R (%) 5.42

98

References on page 120



2.9 Experimental procedures: Synthesis of the biomimetic tailed

corrole

2.9.1 Adapting Collman’s synthesis

(a) Preparation of methyl 3-(1H-imidazol-1-ylmethyl)benzoate "*

Methyl 3-(bromomethyl)benzoate (2.29 g, 10 mmol) and imidazole (2.72 g, 40 mmol) in
DMF (3 ml) were stirred at room temperature for 8 hours. The reaction mixture was
diluted with water (50 ml) and extracted into dichloromethane (3 x 50 ml). The
combined organic fractions were extracted into an aqueous hydrochloric acid solution
(10%, 3 x 50 ml). The acidic solution was neutralised with ammonia solution and it
became cloudy. The product was extracted into ethyl acetate (3 x 50 ml) and dried over

Na,SO,. The solvent was removed in vacuo to yield a yellow oil (1.442 g, 66.7%).

'H (300 MHz, CDCl3) 6 (ppm): 8.00 (d, J = 7.6 Hz, 1H, H6), 7.88 (s, 1H, H2), 7.58 (s, 1H,
H2imia), 7.44 (t, J = 7.7 Hz, 1H, H5), 7.33 (d, J = 7.8 Hz, 1H, H4), 7.10 (s, 1H, H4imia), 6.92 (s,
1H, H5imig), 5.17 (s, 2H, CH,), 3.91 (s, 3H, CHs).

3¢ (75 MHz, CDCl3) 6 (ppm): 166.45 (C=0), 137.36 (C2im), 136.64 (C3), 131.67 (C1),
130.90 (C2), 129.96 (C4 or C5 or C6), 129.45(C4 or C5 or C6), 129.17(C4 or C5 or C6),
128.41 (Climid), 119.20 (C5imig), 52.27 (CH3), 50.37 (CHs).

LRMS (ESI) m/z:  217.32 ([M+H]");calc: 217.09 ([M+H]").

Vimax (cm™): 1716 (s, C=0 stretch); 1670 (s, N=C stretch); 1284 (s, C-N stretch)
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(b) Preparation of 1-(3-carboxybenzyl)-1H-imidazol-3-ium hydrochloride”*

Methyl 3-(1H-imidazol-1-ylmethyl)benzoate (1.140 g, 5.3 mmol) was refluxed in
hydrochloric acid (32%, 10 ml) for 2 hours. The reaction mixture was then allowed to
cool to room temperature and the solvent was removed in vacuo to yield a white solid.
Hot acetonitrile (20 ml) was added to the solid and filtered. The precipitate was
collected and dried under high vacuum (0.9759 g, 91.5%). The white solid was

recrystallised from methanol and hexane.

MP  210-212°C (literature: not reported’?).

'H (300 MHz, MeOD) & (ppm): 9.18 (s, 1H, H2imia), 8.08 (d, J = 1.1 Hz, 1H, H2), 8.06 (m,
1H, H6), 7.76-7.66 (m, 2H, Hdimig & H5imid), 7.64 (t, J = 1.6 Hz, 1H, H4), 7.58 (dd, J = 11.4,
4.5 Hz, 1H, H5), 5.59 (s, 2H, CH,).

3¢ (75 MHz, MeOD) & (ppm): 168.91 (C=0), 136.73 (C2imia), 136.14 (Cy), 134.04 (C.,),
133.12 (Ca), 131.42 (Cay), 130.68 (Car), 130.61 (Car), 123.45 (C5imig), 121.63 (C4imig), 53.41
(CHy).

LRMS (El) m/z:  203.21 ([M+H]*-CI'); calc.: 203.08 ([M+H]*-CI).

HRMS (El) m/z:  202.0731 ([M]*-Cl); calc.: 202.0742 (-CI).

Vmax (€M ™): 3017 (very br, O-H stretch carboxylic acid (hydrogen bonded)); 1704 (s, C=0);
1565 (s, N=C stretch); 1191 (s, N-C stretch)

SCXRD

Space group P24/c

a (A) 12.01 a(°) 90.00
b (A) 7.67 B(°) 100.41
c(A) 12.40 v (°) 90.00
R (%) 3.95
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(c) Attempted preparation of 3-(1H-imidazol-1-ylmethyl)benzoyl chloride

Route 1:”! 1-(3-carboxybenzyl)-1H-imidazol-3-ium hydrochloride (1.011 g, 5 mmol) was
suspended in dry, degassed acetonitrile (25 ml). Oxalyl chloride (2.5 ml, 32.3 mmol) was
added. The reaction was refluxed for one hour. The reaction was allowed to cool. Ether
was added and an off-white solid precipitated. NMR and FTIR spectra confirmed this as
starting material. On the addition of a drop of DMF to the solvent system, the white solid
did not precipitate and no product was detected in the resultant material. The neither the
use of dichloromethane instead of acetonitrile nor the use of thionyl chloride instead of

oxalyl chloride affected the outcome.

Route 2: 1-(3-carboxybenzyl)-1H-imidazol-3-ium hydrochloride (0.202 g, 0.92 mmol) was
suspended in dry, degassed acetonitrile (5 ml) with a drop of DMF. Oxalyl chloride (0.5
ml) was added, and the evolution of gas was observed. The reaction mixture was refluxed
for 1 hour and then allowed to cool to room temperature. 2-Aminobenzyl alcohol (0.740
g, 6.01 mmol) and pyridine (0.552 ml) were added and the reaction mixture was stirred at
room temperature for three hours. Hydrochloric acid (0.1 N, 10 ml) was added to work
the reaction up. The aqueous layer was extracted with dichloromethane (2 x 20 ml). The
combined organic layers were washed with a saturated aqueous solution of NaHCO; (20
ml) and water (10 ml) and then dried over Na,SO,. Solvent was removed in vacuo to yield
an orange solid. The material was passed through a silica plug with a dichloromethane
eluent to give a yellow solution which was concentrated in vacuo. The desired product
was not isolated from the crude reaction mixture either in this case or when thionyl
chloride was used as the chlorinating agent or if Amberlite IR-4B(OH) resin was used as a

base in dichloromethane reaction mixture in the absence of pyridine.

Route 3: Carbonyldiimidazole (CDI - 0.811 g, 5 mmol) was added to dry THF (10 ml) under
argon. 1-(3-carboxybenzyl)-1H-imidazol-3-ium hydrochloride (1.011 g, 4.60 mmol) was
added and the reaction mixture was refluxed for 2.5 hours. 2-Aminobenzyl alcohol (0.640
g, 5.2 mmol) was added and the solution was refluxed overnight under a blanket of argon.

Solvent was removed in vacuo. The desired product was not isolated.
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2.9.2 An alternative strategy

(a) Preparation of 3-(chloromethyl)-N-[2-(hydroxymethyl)phenyl]benzamide

3-(Chloromethyl)benzoyl chloride (0.71 ml, 5 mmol) and 2-aminobenzyl alcohol (0.615
g, 5 mmol) were added to dry dichloromethane (15 ml). Freshly distilled triethylamine
(0.767 ml, 0.557 g, 5.5 mmol) was added dropwise to the reaction mixture at 0°C. The
solution was stirred at 0°C for 10 minutes and then at room temperature for 2 hours.
Water was added and the organic layer was separated, dried over Na,SO4; and the
solvent was removed in vacuo. The crude product was purified by column
chromatography on flash silica gel with hexane: ethyl acetate (1:1 v/v) as eluent. The

desired product was obtained as an off-white solid (0.793 g, 57.5%).

MP  98-99°C (literature: not reported).

'H (300 MHz, CDCl3) & (ppm): 9.70 (s, 1H, NH), 8.21 (d, J = 8.0 Hz, 1H, H6), 7.92 (s, 1H,
H2’), 7.81 (d, J = 7.8 Hz, 1H, H6’), 7.56 (d, J = 7.8 Hz, 1H, H3), 7.44 (dd, J = 9.5, 5.9 Hz, 1H,
H4 or H5), 7.37-7.29 (m, 1H, H4 or H5), 7.15 (dd, J = 7.5, 1.4 Hz, 1H, H4’), 7.06 (td, J = 7.4,
1.1 Hz, 1H, H5'), 4.75 (d, J = 5.8 Hz, 2H, CH,0H), 4.61 (s, J = 4.8 Hz, 2H, CH,Cl), 3.00 (t, J =
5.8 Hz, 1H, OH).

3¢ (75 MHz, CDCl3) & (ppm): 165.02 (C=0), 138.28(C1, C2, C1’ or C3’), 137.73 (C1, C2, C1’
or C3’), 135.18 (C1, C2, C1’ or C3’), 131.95 (C1, C2, C1’ or C3’), 129.40 (Cy), 129.24 (C,),
129.15 (C,), 128.66 (Ci), 127.53 (C.), 126.80 (Ci), 124.38 (C,), 122.18 (Ca),
64.80(CH,0H), 45.62(CH,CI).

LRMS (ESI) m/z: 277 ([M+H]"); calc.: 277 ([M+HT).

HRMS (El) m/z:  275.0702 ([M]*); calc.: 275.0713.

Vmax (€M™): 3217 (m, br, O-H stretch); 3028 (w, N-H stretch); 1740, (very s, C=0); 1653 (s,
N-H bend) 747 (s, C-Cl stretch)
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SCXRD

Space group  P2y/n

a (A) 4.19

b (A) 26.02
c(A) 12.18
a(°) 90.00
B(°) 90.00
v (%) 90.00
R (%) 3.93

(b) Preparation of N-[2-(hydroxymethyl)phenyl]-3-(1H-imidazol-1-ylmethyl)-benzamide®®

-
Ir=z

OH

3-(Chloromethyl)-N-[2-(hydroxymethyl)phenyl]benzamide (4.183 g, 15.17 mmol) and
imidazole (10.329 g, 0.52 mol) in DMF (15 ml) were stirred at room temperature for 20
hours. The reaction was diluted with water (100 ml) and extracted into dichloromethane
(3 x 100 ml). The combined organic fractions were extracted into a hydrochloric acid
solution (10%, 3 x 100 ml). The acidic solution was neutralised with ammonia solution
and it became cloudy. The product was extracted into cholroform (3 x 50 ml) and
washed with water (6 x 100 ml) to remove any DMF present. The solution was then dried
over Na,SO, and the solvent was removed in vacuo to yield a yellow solid (3.723 g, 80%).
MP  144-146°C

'H (300 MHz, MeOD) & (ppm): 7.92-7.77 (m, 4H, H3, H4, H5 & H6), 7.53 (t, J = 7.6 Hz, 1H,
H5’), 7.47 (d, J = 7.8 Hz, 1H, H6’), 7.38 (d, J = 7.5 Hz, 1H, H4ini4), 7.33 (td, J = 7.8, 1.5 Hz,
1H, H4’), 7.20 (td, J = 7.5, 1.1 Hz, 1H, H5imi4), 7.16 (s, 1H, H2’), 7.00 (s, 1H, H2;mi4), 5.33 (s,
2H, CH,0H), 4.71 (s, 2H, CH3 imid)-

3C (75 MHz, MeOD) & (ppm): 166.04 (C=0), 137.76 (C2imia), 136.13 (C1, C2, C1’ or C3’),
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134.94 (C1, C2, C1’ or C3’), 132.96 (C1, C2, C1’ or C3’), 130.64 (C1, C2, C1’ or C3’), 128.97
(Car), 128.00 (Cyr), 127.78 (Car), 127.66 (Car), 126.38 (Car), 126.24 (Cyr), 126.19 (Car), 124.98
(Car), 123.25 (Cdimid), 119.42 (CSimig), 62.00 (CH,0H), 49.66 (CH,-imid).

LRMS (ESI) m/z: 308 ([M+H]); calc.: 308 ([M+H]").

HRMS (El) m/z:  307.1316 ([M]"); calc.: 307.1321.

Vmax (cm™):3028 (m, very broad, O-H stretch and N-H stretch); 1739 (m, C=0 stretch);
1664 (s, N-H bend); 1619 (m, C=N stretch)

SCXRD Polymorph 1 Polymorph 2

Space group  P2;2,2; Space group P2i/n

a (A) 4.25 a (A) 13.48
b (A) 11.36 b (A) 6.63

c (A) 31.12 c (A) 18.55
a(°) 90.00 () 90.00
B(°) 90.00 B (°) 108.54
v (%) 90.00 vy () 90.00
R (%) 5.47 R (%) 4.43

(c) Preparation of N-(2-formylphenyl)-3-(1H-imidazol-1-ylmethyl)benzamide

N-[2-(Hydroxymethyl)phenyl]-3-(1H-imidazol-1-yImethyl)benzamide (0.7633 g, 2.5
mmol) and manganese(IV) oxide (4.347 g, 50 mmol) were stirred in chloroform (50 ml)
for 20 hours. The reaction mixture was filtered through celite with chloroform as eluent.
The solvent was removed in vacuo. The oily residue crystallised when placed under high
vacuum. The off-white solid was recrystallised from methanol and hexane (0.7225 g,

95%).
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MP  149-150°C
'H (300 MHz, CDCl3) & (ppm): 12.11 (s, 1H, CHO), 10.00 (s, 1H, NH), 8.90 (d, J = 8.5 Hz,
1H, H3), 8.00 (d, J = 7.7 Hz, 1H, H6), 7.92 (s, 1H, H2imia), 7.77 (d, J = 7.6 Hz, 1H, H6’), 7.68
(t,J = 7.9 Hz, 1H, H4 or H5), 7.63 (s, 1H, H2’), 7.54 (t, J = 7.7 Hz, 1H, H4’ or H5'), 7.37 (t, J
= 8.0 Hz, 1H, H4 or H5), 7.30 (t, J = 7.5 Hz, 1H, H4’ or H5’), 7.10 (d, J = 0.7 Hz, 1H, H4mid),
6.99 (d, J = 0.9 Hz, 1H, H5mia), 5.25 (s, 2H, CH,).

3¢ (75 MHz, CDCl3) 6 (ppm): 195.98 (CHO), 165.37 (C=0 amide), 140.89 (C2), 137.29
(C2imia), 136.35 (C1, C1” or C3’), 136.22 (C1, C1’ or C3’), 135.12 (C1, C1’ or C3’), 130.86
(Car), 130.00 (Car), 129.61 (Car), 126.94 (Car), 126.72 (Car), 123.31 (Cay), 121.98 (C,r), 119.81
(CAimig), 119.26 (C5imia), 50.42 (CH,).

LRMS (ESI) m/z:  307.22 ([M+H]"); calc.: 306.12 ([M+H]").

HRMS (El) m/z:  305.1164 ([M]*); calc.: 305.1164.

Vimax (cm'l): 3458 (w, N-H stretch); 1738 (s, C=0 stretch); 1659 (m, C=N stretch); 1286 (C-

N stretch)

SCXRD Polymorph 1 Polymorph 2

Space group  P2¢/n Space group  C2/c

a (A) 8.25 a (A) 30.30
b (A) 8.24 b (A) 8.27

c (A) 22.00 c (A) 26.56
a(°) 90.00 a(°) 90.00
B(°) 9556 B (°) 117.35
v (%) 90.00 vy (°) 90.00
R (%) 4.09 R (%) 5.83
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2.9.3 Completing the synthesis of a tailed corrole

(a) Preparation of 10-(2-{[4-(1H-imidazol-1-ylmethyl)benzoyl]amino}phenyl)-5,15-

diphenylcorrole

2,2’-(Phenylmethylene)bis(1H-pyrrole) (1.112 g, 5 mmol) and 3’-(1H-imidazol-1-
ylmethyl)-N-(2-formylphenyl)benzamide (0.763 g, 2.5 mmol) were dissolved in methanol
(150 ml). Hydrochloric acid (32%, 7.5 ml) in water (150 ml) was added to the reaction
flask which was stoppered and kept in the dark. The reaction mixture was stirred at
ambient temperature for 1 hour. The reaction mixture was extracted into chloroform.
The organic layer was washed with water twice, dried with Na,SO4 and diluted with
chloroform to a volume of 500 ml. p-Chloranil (1.000 g, 4 mmol) was added and the
reaction mixture was stirred for 6 hours in the dark. The black reaction mixture was
concentrated in vacuo. The crude product mixture was separated by column
chromatography on flash silica gel with hexane: ethyl acetate (1:1 v/v) as eluent. The
corrole-containing fractions (identified using UV-vis spectroscopy) were combined and

evaporated to dryness in vacuo and a dark green solid was obtained (0.1911 g, 10.5%).

MP > 250°C.
'H (500 MHz, CDCl3) & (ppm): 9.04 (d, J = 8.3 Hz, 1H, NH), 8.85 (t, J = 3.5 Hz, 2H, pyrrole
HB), 8.83 (d, J = 4.6 Hz, 2H, pyrrole HPB), 8.46 (d, J = 4.0 Hz, 2H, pyrrole HB), 8.40 (d, J =

106

References on page 120



4.6 Hz, 2H, pyrrole HPB), 8.34 (d broad, 4H, H2' & H6’), 8.26 (s, 1H, H2imi4), 7.80 (t, J = 7.3
Hz, 6H, H3’, H4’ & H6’), 7.71 (d, J = 7.4 Hz, 2H, Ha), 7.70-7.65 (m, 1H, Ha), 7.76 (s, 1H,
H2”), 7.43 (t, J = 7.3 Hz, 1H, H,,), 7.09 (t, J = 7.7 Hz, 1H, H2”), 6.77 (d, J = 7.3 Hz, 1H,
H5imia), 3.90 (s, 2H, CH,) 1.20 (s broad, 3H, 3 x NH).

3¢ (126 MHz, CDCl5) & (ppm): 163.61 (C=0), 143.52, 140.73, 140.09, 138.04, 137.56,
136.07, 136.01, 135.86, 135.29, 135.13, 133.86, 131.77, 131.21, 130.49, 129.03, 128.98,
128.94, 128.66, 128.50, 128.14, 127.95, 127.41, 126.02, 125.84, 123.14, 122.73, 121.14,
120.91, 119.77,117.18, 116.49, 114.59, 112.71, 111.16, 101.89, 21.03 (CH,).

LRMS (ESI) m/z: 726 ([M+H]"); calc.: 726 ([M+H]").

Vimax (cm'l): 2964, 2927, 2862 (m, N-H stretch); 1737 (w, C=0 stretch); 1085 (s, broad,

aromatic out of plane bend

(b) Preparation of [10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyllamino}phenyl)-5,15-

diphenylcorrolato]cobalt(lIl)

10-(2-{[4-(1H-Imidazol-1-ylmethyl)benzoyllamino}phenyl)-5,15-diphenylcorrole (0.191 g,
0.263 mmol) was dissolved in methanol (200 ml). Cobalt(ll) acetate (10 mol equiv, 0.656
g, 2.633 mmol) and sodium acetate (10 mol equiv, 0.358 g, 2.633 mmol) were added and
the reaction mixture was heated at reflux for two hours with the round bottomed flask
covered in foil. The reaction mixture was concentrated in vacuo upon cooling to room

temperature. The solid was dissolved in ethyl acetate and washed with water (three
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times) and concentrated in vacuo to give a black solid (0.176 mg, 85.5%).

MP > 250°C.

'H (500 MHz, CDCl5) 6 (ppm): 8.96 (d, J = 8.4 Hz, 1H, NH), 8.80 (d, J = 4.1 Hz, 2H, pyrrole
HPB), 8.40 (d, J = 4.0 Hz, 4H, pyrrole HB), 8.19-8.10 (m, 5H, pyrrole HB + H,), 8.01 (d, J =
4.0 Hz, 2H, Hay), 7.94 (d, J = 7.2 Hz, 1H, H2imiq), 7.88 (d, J = 7.7 Hz, 1H, H2”), 7.73 (d, J =
12.5 Hz, 6H, Hy), 7.65 (d, J = 6.0 Hz, 3H, H,), 7.35 (t, /= 7.3 Hz, 2H, H,), 7.20 (t, /= 7.7
Hz, 2H, H,,), 6.78 (d, J = 7.3 Hz, 1H, Ha,), 3.99 (s, 2H, CH,).

B3¢ (126 MHz, CDCl3) 6 (ppm): 163.08 (C=0), 154.09; 153.19; 150.71; 148.22; 147.59;
142.76; 139.29; 139.18; 136.61; 135.50; 135.43; 134.19; 134.01 (quaternary C), 130.06
(pyrrole CPB), 129.84 (pyrrole CB), 129.74, 129.61, 129.59, 129.36, 129.04, 128.84,
128.29, 128.14, 127.70, 127.55, 126.78, 126.16, 125.75, 124.81, 123.28, 122.31, 120.63
(pyrrole CB), 119.83 (pyrrole CB), 118.96, 118.25, 114.07, 49.98 (CH,).

LRMS (APCI) m/z:  782.44 ([M+H]*); calc.: 782.20 ([M+H]").

Vmax (cm™): 3406 (w, N-H stretch); 1673 (s, C=0 stretch); 1578, 1518 (C=N stretch); 1441
(C-N stretch); 1051, 1012, 983 (s, aromatic out of plane bend)
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2.10 Experimental procedures: Synthesis of water-soluble corroles

2.10.1 Synthesis of precursors for water-soluble corroles

(a) Preparation of 1,2,3,4,6-penta-O-acetyl-D-glucopyranose

Route 1:”° D-Glucose (1.9912 g, 11.05 mmol) was suspended in acetic anhydride (11 ml).
The reaction mixture was cooled to 0°C in an icebath containing coarse salt. The reaction
mixture was treated with sulfuric acid (95%, 100 pl) resulting in a yellow solution. The
reaction mixture was stirred at room temperature for 2.5 hours after which time the
solution was dark orange-red and all of the glucose had dissolved. The reaction mixture
was diluted with water (40 ml) and ethyl acetate (50 ml). The organic phase was
separated and washed with water (3 x 50 ml) and saturated NaHCOj; solution (3 x 50 ml).
The organic fraction was dried with Na,SO4 and concentrated in vacuo to yield a yellow
oil. The product was placed under high vacuum. The white solid that precipitated from
the oil was recrystallised from hot ethanol and rapidly cooled by being placed in an ice
bath. The white crystals were filtered off, washed with cold hexane and dried under

vacuum to yield a mixture of the o and  products (o:p = 2:1; 4.024 g, 93.3%).

Route 2:*° Ferric chloride (78 mg, 0.481 mmol) was added to acetic acid (6 ml) to afford
a dark brown solution. D-Glucose (1.005 g, 5.58 mmol) was added portionwise with
stirring. The reaction was observed to be exothermic. The reaction mixture was allowed
to stir until all of the glucose had dissolved (approximately 10 minutes). The reaction
solution was poured with stirring into ice-water (100 ml). After some time a white solid
precipitated which was filtered off and recrystallised from hot ethanol and water and
rapidly cooled in an ice bath. The white crystalline product was filtered off and dried

under vacuum to yield a mixture of the a and B products (a:f = 1:10; 1.742 g, 80%).
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Analysis below is of product from Route 1.

MP  97-100°C (literature: 88-90°C ()% 110-112°C (B)®).

'H (300 MHz, CDCl3) 6 (ppm): 6.33 (d, J = 3.7 Hz, 1H, H1 @), 5.72 (d, J = 8.2 Hz, 0.5H, H1
B), 5.54-5.40 (m, 1H, H3 a), 5.29-5.25 (m, 0.5H, H4 B), 5.12 (m, 2H + 1H, H2 & H4 a + H2
& H3 B), 4.39-4.20 (m, 1H + 0.5H, H6a a + B), 4.20-4.02 (m, 2H + 0.5H, H5 & H6b a + H6b
B), 3.84 (ddd, J = 9.9, 4.4, 2.2 Hz, 0.5H, H5 B), 2.19 (s, 3H, OAc a), 2.12 (s, 1.5H, OAc B),
2.10 (s, 3H, OAc a), 2.09 (s, 1.5H, OAc B), 2.05 (s, 3H, OAc a), 2.04 (s, 3H, 2xOAc B), 2.03
(s, 3H, OAc a), 2.02 (s, 3H + 1.5H, OAc a + B).

3¢ (75 MHz, CDCl3) & (ppm): 170.63 (C=0), 170.23(C=0), 169.65 (C=0), 169.39 (C=0),
168.75 (C=0), 89.06 (C1), 69.82 (C3), 69.18 (C5), 67.87 (C4), 67.73 (C2), 61.44 (C6), 20.87
(CH5CO), 20.69 (CH5CO), 20.66 (CH5CO), 20.56 (CH3CO), 20.44 (CH5CO).

LRMS (ESI) m/z: 408 ([M+H,0]"); calc.: 408 ([M+H,0]").

Vimax (cm'l): 1738 (s, C=0 stretch); 1371 (s, C-O stretch); 1217 (s, C-O stretch)

(b) Preparation of 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide

Route 1:3* 1,2,3,4,6-Penta-O-acetyl-D-glucopyranose (1.008 g, 2.582 mmol) was
dissolved in dry dichloromethane (10 ml). Argon was bubbled through the solution for
10 minutes. A solution of hydrobromic acid (33%) in glacial acetic acid (5 ml) was added.
The reaction was stirred under argon overnight in the darkroom at room temperature.
The reaction was diluted with dichloromethane (20 ml) and poured onto ice. The organic
layer was washed with cold water (2 x 20 ml) and a cold saturated solution of NaHCOs (2
x 30 ml) and finally brine (2 x 20 ml). The organic fractions were dried with Na,SO4 and
concentrated in vacuo to yield a yellow oil. An off-white solid precipitated from the oil
under vacuum. A white crystalline solid (1.055 g, 84%) was obtained after

recrystallisation from ether and hexane (1:1 v/v).
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Route 2:% 1,2,3,4,6-Penta-O-acetyl-D-glucopyranose (2.000 g, 5.12 mmol) was dissolved
in dry dichloromethane (15 ml). A solution of hydrobromic acid (33%) in glacial acetic
acid (12 ml) was added. The reaction was stirred under argon for 2 hours after which
time the reaction mixture was partitioned between dichloromethane (20 ml) and water
(20 ml). The aqueous layer was re-extracted with dichloromethane (3 x 20 ml) and the
organic fractions were washed with a saturated solution of NaHCO3 until a pH of 8 had
been obtained. The organic fractions were dried with Na,SO,4 and concentrated in vacuo
to yield a colourless oil. If allowed to stand, a solid precipitated from the oil. A white
crystalline solid (2.035 g, 96.5%) was obtained after recrystallisation from ether and

hexane (1:1 v/v).

Route 3:’® 1,2,3,4,6-Penta-0O-acetyl-D-glucopyranose (2.004 g, 5.132 mmol) was added
portionwise to a solution of hydrobromic acid (33%) in glacial acetic acid (5.134 ml) at
0°C. Once all of the acetylated glucose had been added, the suspension was allowed to
warm to room temperature. The reaction was stirred for 45 minutes after which time all
of the acetylated glucose had dissolved and the solution was dark yellow in colour. The
reaction was quenched with ice cold water (15 ml) and extracted into dichloromethane
(2 x 25 ml). The organic fractions were combined and washed with a saturated solution
of NaHCO3 (2 x 25 ml) and dried with Na,SO,4. The solvent was evaporated in vacuo to
afford a colourless oil. The solid was crystallised from the oil from ether: hexane (1:1 v/v)
and allowed to rapidly cool in an ice bath to afford a white crystalline solid. The product

was filtered off and dried to yield the a anomer (1.885 g, 89.3%).

The product, irrespective of the synthetic method, if left to stand at room temperature,
or in the freezer, decomposed to form a brown oil; therefore, the product was used

immediately for the subsequent synthesis.

Analysis below is of the product from route 3.

MP  88-90°C (literature: 86-88°C'%)

H (300 MHz, CDCl3) 6 (ppm): 6.62 (d, J = 4.0 Hz, 1H, H1), 5.56 (t, J = 9.7 Hz, 1H, H3), 5.24-
5.08 (m, 1H, H4), 4.84 (dd, J = 10.0, 4.0 Hz, 1H, H2), 4.37-4.32 (m, 1H, H6a), 4.29-4.27 (m,
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1H, H5), 4.17-4.09 (m, 1H, H6b), 2.11 (s, 3H, OAc), 2.10 (s, 3H, OAc), 2.06 (s, 3H, OAc),
2.04 (s, 3H, OAc).

3¢ (75 MHz, CDCl3) & (ppm): 170.62 (C=0), 169.82 (C=0), 169.75 (C=0), 169.44 (C=0),
86.57 (C1), 72.11 (C5), 70.55 (C2), 70.13 (C3), 67.48 (C4), 60.93 (C6) , 20.90 (CH3CO),
20.78 (CH3CO), 20.64 (CH3CO), 20.61 (CH5CO)

Vimax (cm™): 1738 (s, C=0 stretch); 1362 (C-O stretch); 1222 (C-O stretch); 735 (C-Br)

(c) Preparation of 4-formylphenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside®’

2,3,4,6-Tetra-0O-acetyl-D-glucopyranosyl bromide (2.032 g, 4.942 mmol) in acetone (5 ml)
was added dropwise into a solution of p-hydroxybenzaldehyde (0.627 g, 5.133 mmol) in
aqueous sodium hydroxide solution (1M, 5.1 ml). The reaction mixture was stirred at
room temperature overnight. The acetone was removed in vacuo and the product was
extracted into chloroform (3 x 20 ml). The organic fractions were washed with a 1 M
sodium hydroxide solution (3 x 20 ml) and then water until neutral. The organic fraction
was dried with Na,SO, and the solvent was removed in vacuo and an off-white solid
precipitated out (1.229 g, 55%). The solid was recrystallised from dichloromethane:
hexane (1:1 v/v).

MP  141-143°C (literature: 140-142°C*%)

'H (300 MHz, CDCl3) & (ppm): 9.93 (s, 1H, CHO), 7.86 (d, J = 8.6 Hz, 2H, H3’ & H5’), 7.10
(d, J = 8.6 Hz, 2H, H2’ & H4’), 5.31 (t, J = 7.7 Hz, 2H, H2 & H3), 5.24-5.19 (m, 2H, H1 &
H4), 4.30 (dd, J = 12.4, 5.2 Hz, 1H, H6a), 4.22-4.11 (m, 1H, H6b), 3.92 (dt, J = 16.6, 7.1 Hz,
1H, H5), 2.12 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.06 (s, 3H, OAc), 2.02 (s, 3H, OAc).

3¢ (75 MHz, CDCls) & (ppm): 190.73 (CHO), 170.48 (C=0), 170.17 (C=0), 169.37 (C=0),
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169.22 (C=0), 161.21 (C1’), 139.24 (C4’), 131.80 (C3’ & C5’), 116.75 (C2’ & C6’), 97.98
(C1), 72.50 (C2 or C3), 72.26 (C5), 70.98 (C2 or C3), 68.09 (C4), 61.85 (C6), 22.61 (CH5CO),
20.72 (CH3CO0), 20.63 (CH3CO), 20.56 (CH3CO).

LRMS (ESI) m/z: 475 (+Na) ([M+Na]*); calc.: 475 ([M+Na]®).

Vmax (cm™): 3456 (w, aldehyde); 3016, 2948 (w, C-H stretch aldehyde); 1736 (s, C=0
stretch); 1365 (s, C-O stretch); 1155 (s, C-O stretch)

SCXRD

Space group P1

a (A) 5.85

b (A) 8.95
c(A) 11.41
a(°) 102.17
B(°) 94.08
v (%) 101.85
R (%) 7.64

(d) Preparation of 4-[Di(1H-pyrrol-2-yl)methyllphenyl 2,3,4,6-tetra-O-acetyl-B-D-

glucopyranoside®*”®

H OAc

AcO

A solution of 4-formylphenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside (0.800 g, 1.77
mmol) and a large excess of freshly distilled pyrrole (5.0 ml, 71.4 mmol) was degassed by
bubbling argon through the solution for 10 minutes. Trifluoroacetic acid (60 ul, 0.375

mmol) was added. The solution was stirred at room temperature for 15 minutes under
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argon and then diluted with dichloromethane (200 ml) and washed with aqueous
sodium hydroxide solution (0.1 N, 200 ml). The organic layer was washed with H,0 (200
ml), dried with Na,SO4 and concentrated in vacuo to remove the excess pyrrole. The
brown oil was separated by column chromatography on flash silica gel with hexane:
ethyl acetate (1:1 v/v) containing 1% triethylamine as eluent. The desired product (0.589
g, 58.6%) was obtained as an off-white solid alongside excess pyrrole and the associated

trimer.

MP  156-158°C (literature: 146-148°C**)

'H (300 MHz, CDCl3) 6 (ppm): 7.95 (s (broad), 2H, 2xNH), 7.13 (d, J = 8.6 Hz, 2H, H3’' &
H5’), 6.93 (d, J = 8.7 Hz, 2H, H2’ & H6’), 6.68 (dd, J = 4.0, 2.5 Hz, 2H, H5”), 6.15 (dd, J =
5.8, 2.8 Hz, 2H, H4”), 5.89 (m, 2H, H3”), 5.43 (s, 1H, H7), 5.34-5.21 (m, 2H, H2 & H3), 5.18
(d, J =9.8 Hz, 1H, H1 or H4), 5.06 (dd, J = 5.2, 2.4 Hz, 1H, H1 or H4), 4.33-4.22 (m, 1H,
H6a), 4.15 (dd, J = 12.3, 2.2 Hz, 1H, H6b), 3.84 (d, J = 9.9 Hz, 1H, H5), 2.05 (s, 6H, 2xOAc),
2.04 (s, 3H, OAc), 2.03 (s, 3H, OAc).

3¢ (75 MHz, CDCl3) & (ppm): 170.59 (C=0), 170.25 (C=0), 169.40 (C=0), 169.31 (C=0),
155.72 (C1’), 137.22 (C2”), 132.44 (C4’ or C3’ & C5’), 129.53 (C4’ or C3’ & C5’), 117.27
(C2' & C6’ or C5”), 117.06 (C2" & C6’ or C5”), 108.48 (C3” or C4”), 107.19 (C3” or C4"),
99.12 (C1), 72.73 (C2 or C3), 72.06 (C5), 71.17 (C2 or C3), 68.28 (C4), 61.94 (C6), 43.25
(C7), 20.69 (CH3CO), 20.63 (CH3CO), 20.61 (CH5CO), 20.58 (CH5CO).

LRMS (ESI) m/z: 569 ([M+H]"); calc.: 569 ([M+H]").

HRMS (EI) ™/,:  568.2048 ([M]); calc.: 568.2057.

Vmax (cm™): 3399, 3345 (w, N-H stretch); 1743 (s, C=0 stretch); 1509 (m, C=N stretch);
1365 (); C-N stretch); 1213 (s, C-O stretch); 1036 (s, C-O stretch); 718 (s, aromatic out of
plane bend)

SCXRD

Space group P2,

a (A) 12.65 a (%) 90.00
b (A) 7.07 B (°) 93.74
c (A) 16.47 v (°) 90.00
R (%) 4.04
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2.10.2 Completing the synthesis of water-soluble corroles

(a) Preparation of 10-phenyl-5,15-(diphenyl-2,3,4,6-tetra-O-acetyl-B-D-gluco-

pyranoside)corrole

Benzaldehyde (0.036 ml, 0.35 mmol) and4-[di(1H-pyrrol-2-yl)methyl]phenyl 2,3,4,6-
tetra-O-acetyl-B-D-glucopyranoside (0.398 g, 0.7 mmol) were dissolved in methanol (35
ml). Hydrochloric acid (32%, 1.75 ml) in water (35 ml) was added to the reaction flask
which was stoppered and kept in the dark. The reaction mixture was stirred at ambient
temperature for 1 hour. The reaction mixture was extracted into chloroform. The
organic layer was washed with water twice, dried with Na,SO, and diluted with
chloroform to a volume of 170 ml. p-Chloranil (0.170 g, 0.7 mmol) was added and the
reaction was stirred for 5 hours in the dark. The black reaction mixture was concentrated
in vacuo. The crude product mixture was separated by column chromatography on flash
silica gel with hexane: ethyl acetate (1:1 v/v) as eluent. The corrole-containing fractions
(identified using UV-vis spectroscopy) were combined and evaporated to dryness in

vacuo to give a green-black solid (0.2596 g, 60.8%).

MP > 250°C.
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'H (500 MHz, CDCl5) & (ppm): 8.93 (d, J = 4.0 Hz, 2H, pyrrole HB), 8.84 (d, J = 4.6 Hz, 2H,

pyrrole HB), 8.54 (d, J = 3.8 Hz, 4H, pyrrole HB), 8.28 (d, J = 8.4 Hz, 4H, H,), 8.15 (d, J =

5.5 Hz, 2H, Ha,), 7.74 (d, J = 5.7 Hz, 3H, Ha,), 7.44 (d, J = 8.4 Hz, 4H, Ha,), 5.49-5.38 (m, 3H,

H2’, H3’, H1’ or H4’), 5.36-5.24 (m, 3H, H2’, H3’, H1’ or H4’), 5.23-5.13 (m, 2H, H2’, H3’,

H1’ or H4'), 4.43-4.38 (m, 1H, H6’a, H6’b or H5’), 4.34-4.26 (m, 1H, H6'a, H6’b or H5’),

4.25-4.14 (m, 1H, H6’a, H6'b or H5’), 4.08-4.01 (m, 1H, H6’a, HE6'b or H’5), 2.19 (s, 6H,

CHs), 2.15-2.11 (m, 6H, CHs), 2.10 (s, 6H, CH3), 2.07-2.01 (m, 6H, CH3).

B3¢ (126 MHz, CDCl3) 6 (ppm): 171.15; 170.64; 170.32; 170.24; 169.47; 169.40; 169.30

(C=0), 142.13; 135.94; 135.08; 134.67; 130.96; 129.75; 129.44; 127.42; 127.30; 126.86;

125.96; 117.32; 116.51; 116.20; 116.06; 109.87; 108.39; 108.06 (C), 99.14 (C1’), 72.87

(C2’ or C3’), 72.73 (C2’ or C3’), 72.28 (C5’), 71.36 (C2’ or C3’), 71.16 (C2’ or C3’), 68.44

(C4’), 68.28 (C4’), 62.12 (C6’), 60.39 (C6’), 21.04; 20.79; 20.67; 20.64; 20.61 (CHs).

LRMS (APCI) m/z:  No parent ion was detected but the observed 567.33 fragment may
correspond to the corrole fragment after the loss of the two sugar
groups.

Vmax (€M ™): 2983 (w, br, N-H stretch); 1749 (s, C=0 stretch); 1375 (m, C=N stretch); 1218,

1039 (s, C-O stretch)
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(b) Preparation of 10-(2-{[4-(1H-imidazol-1-ylmethyl)benzoyl]amino}phenyl)-5,15-

(diphenyl-2”,3”,4” ,6”-tetra-O-acetyl-B-D-glucopyranoside)corrole

4-[Di(1H-pyrrol-2-yl)methyl]phenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside (1.137 g,
2 mmol) and 3’-(1H-imidazol-1-ylmethyl)-N-(2-formylphenyl)benzamide (0.305 g, 1
mmol) were dissolved in methanol (100 ml). Hydrochloric acid (32%, 5 ml) in water (100
ml) was added to the reaction flask which was stoppered and kept in the dark. The
reaction mixture was stirred at ambient temperature for 1 hour. The reaction mixture
was extracted into chloroform. The organic layer was washed with water twice, dried
with Na,SO,4 and diluted with chloroform to a volume of 500 ml. p-Chloranil (0.490 g, 2
mmol) was added and the reaction was stirred for 5 hours in the dark. The black reaction
mixture was concentrated in vacuo. The crude product mixture was separated by
column chromatography on flash silica gel with ethyl acetate as eluent. The corrole-
containing fractions (identified using UV-vis spectroscopy) were combined and

evaporated to dryness in vacuo to give a black solid (0.300 g, 21%).

MP > 250°C.

'H (500 MHz, CDCl3) & (ppm): 9.03 (d, J = 7.8 Hz, 1H, NH), 8.83 (d, J = 18.8 Hz, 2H, pyrrole
HB), 8.78 (s, 2H, pyrrole HB), 8.40 (d, J = 10.2 Hz, 2H, pyrrole HB), 8.37 (s, 2H, pyrrole
HB), 8.24 (d broad, 5H), 7.77 (t broad, 2H, H,:), 7.72 (d, J = 6.0 Hz, 1H, Hy,), 7.43 (d, J = 4.5
Hz, 6H, Ha), 7.12 (t broad, 1H, H,,), 6.80 (d, J = 6.5 Hz, 1H, H,,), 5.42 (dd, J = 19.0, 8.6 Hz,
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6H, H2’, H3’, H1’ or H4’), 5.31 (d, J = 16.1 Hz, 2H, H2’, H3’, H1’ or H4’), 4.46-4.35 (m, 2H,
H6’a), 4.30 (t, J = 11.7 Hz, 2H, H6’b), 4.04 (s, J = 19.3 Hz, 2H, H5"), 2.17 (dd, J = 22.1, 15.4
Hz, 9H, CHs), 2.10 (s, 15H, CH3).

3C (126 MHz, CDCl5) & (ppm): 170.67; 170.64; 170.33; 169.48 (C=0); 156.64 (C=0),
138.01; 136.04; 135.32; 133.80; 130.57; 129.11; 129.01; 128.27; 125.95; 119.89; 116.46;
114.65 (C,), 99.22 (C1’), 99.15 (C1’), 72.86 (C2’ or C3’), 72.28 (C5’), 71.36 (C2’ or C3'),
68.41 (C4’), 62.09 (C6’), 20.80; 20.78; 20.76; 20.68; 20.64 (CH3).

LRMS (ESI) m/z: 1419 ([M+H]"); calc.: 1419 ([M+H]").

Vmax (cm™): 3398 (w, N-H stretch); 1735 (s, C=0 stretch); 1445 (C=N stretch); 1309 (C-N

stretch); 1216 (s, C-O stretch); 962 (aromatic out of plane bend)
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(c) Deprotection of acetyl groups™

10-phenyl-5,15-(diphenyl-2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside)corrole (0.355 g, 0.7
mmol) and K,CO3 (790 mg, 8.2 mol equivalents, 5.74 mmol) were dissolved in methanol
(10 ml). The reaction mixture was stirred for 2.5 hours at room temperature until TLC
indicated that no starting material remained. The reaction mixture was concentrated in
vacuo to yield a green solid and a large quantity of salt. A large C18 column was prepared
with water followed by 50 % methanol in water, followed by water. The product was
dissolved in minimal water and loaded onto the column. Salts were flushed off the
column with water until no residue was detected when using silver nitrate. The corrole
was flushed off the column with methanol and concentrated in vacuo. The corrole was
found to still contain excess salts. In spite of the presence of the impurity, the reaction
appeared to yield the product in quantitative yield as all of the material was soluble in
aqueous solution. Meaningful NMR spectroscopic data could not be collected as the
acetate peak in the proton spectrum overwhelmed the spectrum and smaller signals

could not be discerned from the baseline.

The same procedure was carried out for the deprotection of 10-(2-{[4-(1H-imidazol-1-
ylmethyl)benzoyl]amino}phenyl)-5,15-(diphenyl-2”,3”,4”,6”-tetra-O-acetyl-B-D-gluco-

pyranoside)corrole. Similarly, the salts overwhelmed the NMR spectra and no meaningful
information was gained, but the parent ion was observed in the mass spectrum (LRMS

(ESI) m/z: 1083 — [M+H]"; calc.: 1083.14 — [M+H]").
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Part 3

Polymorphism N-phenylbenzamide derivatives

The relationship between the polymorphic intermediates of 10-[2-(benzoylamino)-
phenyl]-5,15-diphenylcorrole and  10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyl]amino}-
phenyl)-5,15-diphenylcorrole was explored in two publications which are presented here.
The chemistry of DPTC-Co and how it compared to that of vitamin By, is presented in Part
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3.1 Polymorphism and the power of weak interactions

3.1.1 Polymorphism

The phenomenon of polymorphism was discovered in the 1830s when Friedrich Wéhler
and Justus von Liebig observed the formation of different crystal habits of benzamide
under different experimental conditions.® In chemistry and materials chemistry
polymorphism is thus defined as “A solid crystalline phase of a given compound resulting
from the possibility of at least two different arrangements of the molecules of that
compound in the solid state.””> There are, however, numerous definitions of
polymorphism in the literature.”® The arrangement of molecules in the crystal lattice can
have implications on the physical properties of the molecule, including solubility,
bioavailability, melting point, physical, mechanical and chemical stability and crystalline
morphology and habit.>’ In turn, the presence of polymorphs of a material can have
serious implications in the application of that material, be it in the materials or
pharmaceutical sphere and there is great need for the understanding of the changing

characteristics of a material under different conditions.

Polymorphism may be attributed to the interplay between intra- and intermolecular
forces which can result in one of two differences in the crystal lattice, either differences in
the molecular conformation or differences in intermolecular interactions and
arrangement of the molecule in the crystal lattice. These differences give rise to either
conformational or packing polymorphism.” Pseudopolymorphism, on the other hand,
arises from the inclusion of another molecule in the lattice during solvation or hydration
of the structure. The formation of different polymorphs of a compound is very sensitive
to the crystallisation environment and different polymorphs can arise from changes in
solvent, temperature or pressure as these factors affect the processes and rates of

nucleation, crystal growth and phase transformation.®
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The polymorphs of a compound are either monotropically or enantiotropically related. In
the case of monotropic polymorphs, one polymorph is stable over the entire temperature
and pressure range and all other polymorphs are metastable to this polymorph. This
stable polymorph does not undergo any phase transitions to form other polymorphs and
the metastable polymorphs need to be kinetically trapped if they are to be observed.? In
the case of enantiotropic polymorphs, the stability of one polymorph over another is
sensitive to temperature and pressure and polymorphs can interconvert under favourable

conditions.

The relationship between polymorphs, be it monotropic or enantiotropic, can be better
understood by analysis of the thermodynamic relationship between the polymorphs of a
compound. The relative stability of a family of polymorphs at a particular temperature
depends on the free energies of each crystallographic system. Clearly, in order for
polymorphs to exist at all, the differences in the energies of these different forms must be
small. In a monotropic system, both the Gibbs free energy and the enthalpy of one
polymorph, say polymorph |, is always lower in energy compared to another polymorph,
polymorph Il. At the temperature at which the Gibbs energy of the polymorph equals that
of the melt, melting will occur. In a monotropic system, the highest melting point will be
observed for the most stable polymorph, with the remaining polymorphs melting in the
order of decreasing stability. No spontaneous phase change from polymorph | to the
metastable polymorph Il will occur. Polymorph Il is kinetically assessable only. In the case
of an enantiotropic system, the Gibbs free energy of polymorph | is lower than that of
polymorph Il in a specific temperature range. The temperature at which the free energies
of two polymorphs is equal is known as the thermodynamic transition point after which
the free energy of polymorph Il is lower than that of polymorph I. Below this point
polymorph Il is metastable to polymorph I, while above this temperature polymorph | is
metastable relative to polymorph Il. This transition point occurs before the melting point

and thus the two forms are thermodynamically assessable before the melting point.9
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3.1.2 Promoting polymorphism

Differences in the physical properties of polymorphs can lead to the favouring of one
polymorph over another for a particular application. There is, therefore, great interest in
the chemistry behind the promotion, or the suppression, of a particular polymorph of a

compound.

There are several stages of the crystallisation process. The first stage is the preparation of
a supersaturated solution of the molecule of interest. Under these conditions aggregation
of molecules can occur. Aggregation leads to the formation of nuclei, the seed of
crystallisation. This stage is known as nucleation. This is followed by the growth phase.
The nucleation and the growth phases are important in the determination of the
properties of the final crystal including size, morphology and crystal packing, or
polymorphism.'® Variation of the crystallisation environment can affect these stages and

lead to the growth of different polymorphic phases.

Polymorphism can be controlled, to a certain degree, using a variety of different
approaches. These include solvent choice, temperature control and the use of additives.
These approaches rely on the promotion of some interactions over others, or the
disruption of interactions to favour others. Growth of different phases of a polymorphic
system can be achieved in using a number of different crystallisation environments such
as different solvent systems, different temperatures or pressures, the addition of

additives or surfactants and even the size of the crystallisation vessel.***?

Crystallisation at different temperatures can lead to different polymorphic forms.
Computational simulations and theoretical studies suggest that the mechanism of
nucleation differs with temperature. It has been found that at temperatures higher than
the critical point of a metastable phase, nucleation resulted in crystal like aggregates or

clusters while at lower temperatures, liquid-like crystals were favoured.™
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Different solvent systems (including solvents at different pHs) or additives can disrupt the
nucleation phase or the rate of crystal growth during the crystallisation process. Through
intermolecular interactions, solvents and chemical additives are used to intermolecularly
‘block’ functional groups or inhibit interactions that would play key roles in the crystal
packing of a particular polymorph. In this way, other intermolecular interactions between
the molecules of the compound of interest can arise leading to different crystal packing
arrangements.’? Additives can also be used to stabilise intermolecular interactions

leading to the polymorph of interest.”

Containment, or crystallisation in a restricted space, is a technique used to limit
heterogeneous nucleation, and can be achieved using a variety of different techniques.
This can occur in capillary tubes where small solution volumes allow for very few
nucleation sites, allowing a polymorphic phase to grow without competition from other
phases. The varying size of the crystallisation nucleus of different phases can be exploited
when crystals are grown within nano-polymers or glass matrices, a technique called
nanoscopic confinement. Crystallisation at the edge of a drop of solution, a technique
called contact line crystallisation, can be used to grow metastable polymorphic phases

that grow at the liquid surface.™

These techniques often involve disruption or promotion of certain intermolecular forces
over others. As intermolecular forces play such a central role in the crystallisation
process, as well as in the stabilising of different packing motifs in the crystal lattice, an

understanding of the intermolecular forces at play is important.
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3.1.3 Weak interactions

The packing of molecules in a crystal lattice comes about as a result of numerous
intermolecular forces that exist between neighbouring molecules and aims to reduce
repulsive interactions and maximise attractive interactions. In addition to the classic
strong intermolecular forces, such as dipole-dipole interactions and hydrogen bonds, a
host of weaker interactions also exist between molecules. These weak interactions

include dispersion forces and several classes of weak hydrogen bonds.

The hydrogen bond was defined by Linus Pauling in the 1960s as a stabilising interaction
that occurs between X-H and Y where X and Y are electronegative atoms such as oxygen,
nitrogen or fluorine.** A more global definition was put forward by Pimentel stating that a
hydrogen bond exists if there is evidence of a bonding interaction between X-H and Y and
this bond involves the hydrogen atom already bonded to X.»> Importantly, in this
definition the chemical identity on X and Y were not stipulated. Later, Nishio and Hirota
subdivided hydrogen bonds into four types based on hard soft acid base theory; namely
conventional hydrogen bonds between hard acids and hard bases; X-H:-1t bonds
between hard acids and soft bases; C-H::-X bonds between soft acids and hard bases; and
C-H---1t bonds between soft acids and soft bases.'® These weak interactions have been
acknowledged to be particularly important in chemistry and biology as their low binding
energies allow for fast, energetically inexpensive rearrangements in ambient conditions.’

The weaker C-H---X and C-H---1t bonds will be discussed in more detail.

Shortly after the descriptions of hydrogen bonds were put forward, Sutor introduced the
idea of a C-H--O hydrogen bond, rather than just a C---O short contact.”® Her suggestion

was initially lambasted, but countless research papers have since agreed that the C-H---O

19-22
d.

interaction is indeed a type of hydrogen bon C-H---X interactions increase in

2324 It has been noted that the

strength as the acidity of the C-H hydrogen increases.
strength of the interaction between C-H and X is more dependent on the nature of the

proton donor and less so on the nature of the acceptor.? Interestingly, computational
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studies have shown that the binding energy of strong hydrogen bonds is very sensitive to
the distance between the donor and acceptor groups, and less so in the case of C-H:--X
interactions, particularly C-H--:O hydrogen bonds. This led to the suggestion by Gu and co-
workers that certain C-H---O hydrogen bonds may be stronger than the classic hydrogen

bonds after a certain distance of separation of the donor and acceptor groups.?°

C-H---X hydrogen bonds, such as the C-H---:O bond, play an important role in solid state
chemistry given the high probability of the presence of oxygen in an organic molecule or
organometallic complex. As such, a full understanding of the packing and stabilisation of a
crystal structure can only be achieved when these weak interactions are taken into
account.” In spite of their small energetic contribution to the stabilisation of a crystal
lattice, C-H::-O interactions can play “steering” or “directing” roles in the packing of the
crystal structure, such as in the case of 3,5-dinitrocinnamic acid (VIll) where the
arrangement of the molecule in the lattice not only accommodates the strong hydrogen

bonds, but also allows for a network of stabilising C-H---O bonds.%?3

Similar to the C-H---X hydrogen bond, the strength of C-H---rt interactions depends on the
hydrogen donating ability of the C-H group as well as the electron density of the m group.
Large stabilising effects are achieved through ‘activation’ of the C-H group by electron
withdrawing groups while aromatic it systems lead to stronger interactions than aliphatic

21,22

Tt systems. C-H---mtinteractions have a dual nature in that they have both electrostatic

and dispersion terms. The directionality of these attractive interactions distinguishes

them from London dispersion forces.'”*"*

C-H--mt interactions play an important role in the conformation that more flexible

molecules adopt in the solid state 2122%

These interactions have been found to play a
determining role in the conformational preference of crownophanes to adopt an eclipse-
trans conformation, a conformation that typically would be regarded as unstable.” In
other examples highlighted by Nishio’s comprehensive reviews on the subject, C-H--'1t

bonding has been found to stabilise the seemingly less stable conformations of several
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different compounds including the gauche conformations of 1-pentyne and n-butyl
cyanide, the folded conformation of levopimaric acid and the folded conformation of
80-benzhydrylideneamino-1,10-binaphthyl-2-ol, stabilised by cooperative C-H-mt

bonding.“’22

In addition to their importance in crystallography and conformational
effects, C-H:--t bonding has been cited as being important in a number of disciplines
including solid state reactions, chiral discrimination, molecular recognition and gas-phase

inclusion chemistry.??

These weak interactions are important not only in the solid state, but in solution as well,

20,26

as they have been noted to persist in solution or in the liquid phase. They are thus

thought to play important roles in the conformation and three-dimensional structure of

various biomolecules including DNA,*” proteins®® and carbohydrates.?*?*%

Visualisation and the understanding of these weak interactions have been revolutionised
with the use of Hirschfeld and electrostatic potential (ESP) surfaces. Desiraju suggested
that crystal structures need to be visualised in their entirety and not from the point of
view of selected interactions which have been presumed to be the most important.a'0 One
approach to address this need for visualisation in crystallography is the use of the
Hirschfeld surface, introduced in 1997 by Spackman and Byrom.31 The Hirschfeld surface
defines a volume occupied by a molecule in a crystal lattice with respect to the proximity
of neighbouring molecules by partitioning the electron density in the crystal into
molecular fragments. In this way, information about the intermolecular interactions can
be determined.’”** This Hirschfeld surface is based on Hirschfeld’s “stockholder
partitioning scheme” where atoms in molecules were defined as spherically averaged
electron densities of individual atoms. The Hirschfeld surface represents a smooth
boundary which does not overlap with neighbouring boundaries and encapsulates the
electron density of the molecule of interest. This boundary is defined as the region where
the ratio of electron density of the molecule of interest to the electron density of the

neighbouring molecules in the crystal is 0.5.323
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Different information can be mapped onto the Hirschfeld surface, such as electrostatic
potentials, ESP, normalised contact distances, d,.m, as well as shape indices or

3235 ESP maps give an indication of the distribution of electron density, and

curvedness.
thus charge distribution, in a molecule by determining the attractive or repulsive
response of the molecule to a point positive charge that is moved over the surface of the
molecule. When ESP information is mapped onto a Hirschfeld surface, the charge
distribution at the surface of the molecule, the surface being the area of the molecule in
contact with its environment, can give an indication of the areas of the molecule that
would favour both strong and weak intermolecular interactions with neighbouring
molecules. ESP mapped surfaces can also be used to understand how the charge

distribution changes with changes in substitution or even conformation.*>*®

Normalised contact distances, on the other hand, give an indication of the presence of
close contacts by determining if the electron density in an area of the molecule is being
either drawn beyond the van der Waal’s radius or pushed into the electron cloud
surrounding the molecule. These distances are defined in terms of the distance between
a point on the surface and the nearest nucleus in a neighbouring molecule and the
distance between a point on the surface and the closest atom within the molecule
together with the van der Waal radii of the atoms involved.***> This information can be
mapped onto a Hirschfeld surface as blue areas of the surface beyond the van der Waal
radius, white areas at the van der Waal surface as defined by the radii and red areas of
close contacts, where the surface is closer to the nuclei than the van der Waal radii, and is
useful in pin-pointing the areas of interaction between a molecule and its neighbouring

molecules.

While these visualisation tools aid in the assignment of close contacts, the intricacies of
the packing of the crystal structure cannot be fully appreciated or understood without the
quantification of the energies of these contacts, and their contribution to the total lattice

energy of the structure.
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3.1.4 Quantifying weak interactions

When structures are evaluated in crystal engineering, typically the atom-to-atom
interactions between a molecule and its neighbours are evaluated and ranked according
to the interaction type. The following order of weak interactions is used: classic hydrogen
bonds (N-H:--:O; O-H--O; O-H--:N) > weak hydrogen bonds (C-H:--O; C-H:N; C-H:--mt) >
dipole---dipole interactions > m---1t interactions. The weaker dispersion forces are often
disregarded entirely as interactions of this type usually require significant overlap
between molecules and are difficult to quantify. In the atom-to-atom approach, the

interactions are not quantified in any way.

It has been suggested that a more appropriate way of evaluating structures would be by
determining the total interaction energy of a molecule (referred to as the reference

3738 This can be achieved

molecule) with its neighbours by means of pairwise calculations.
using a number of different approaches such as, in increasing complexity and accuracy,
atom-atom potential methods such as the use of Lenhard-Jones potentials; semi-classical
density sums (SCDS) methods; DFT methods or the more computationally demanding ab

initio methods.*

In addition to the evaluation of crystal structures, the accurate
guantification of the interactions between molecules is important in crystal structure
prediction. The use of advanced and very accurate DFT methods has, for example, lead to

spectacular successes in the prediction of crystal structures in the last five years.***?

Gavezzotti’s Coulomb London Pauli (CLP) approach®® as implemented in the CLP package
has been used in this work. CLP models include atom-atom (AA-CLP) and SCDS (PIXEL)
methods, and can be used to calculate the lattice energy as a sum of the interaction
energies within a crystallographic system.* AA-CLP and PIXEL both make use of a series of
mathematical expressions to calculate the energetic contributions of repulsion,
dispersion, polarisation and Coulombic effects between pairs of atoms in neighbouring
molecules to the total energy of the intermolecular interactions. AA-CLP and Pixel differ in

the manner in which the atomic charges and the energetic contribution of the Coulombic
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interactions are calculated. AA-CLP makes use of a Mulliken population analysis on an
extended Hickel wavefunction in order to calculate atomic charges. These atom based
point charges are then used to evaluate the contribution of Coulombic effects to the

stability of a structure®’?

PIXEL, on the other hand, uses a semi classical density sums
method (SCDS) where the contribution of Coulombic effects to the total energy is
evaluated by summing the electrostatic interaction energy between the electron density
of the reference molecule and its neighbours. The molecular electron density required for
such a calculation is typically obtained by an ab initio MP2/6-31G(d,p) calculation. In
order to increase the speed of the calculation, the electron density is condensed into

III

points referred to as pixels. A “pixel-by-pixel” approach then allows for the determination
of the interaction of each pixel with its environment.** This approach allows for a better
description of the electrostatic properties of a molecule and consequently enables far
more accurate determinations of interaction energies when compared to AA-CLP, but is

far more computationally demanding.*®

DFT methods are even more computationally demanding when determining lattice
energies of a crystalline system. Energy calculations for pairs of molecules can be more
accurately determined from a calculation of the orbital interactions between pairs of
molecules. The stability is, however, often overestimated, leading to a basis set
superposition error (BSSE) for which a correction, referred to as the counterpoise
method,*® is required. The error is caused by the mixing or overlap of basis sets at the
interface between the two neighbouring molecules, thereby lowering the energy of the
system. This is particularly problematic when pairs of molecules experience a large area
of overlap. Without a BSSE correction, calculated molecule:::molecule interaction
energies resemble those determined using AA-CLP’s less accurate predecessor, OPROP
when the UNI*"*® force field is used. OPROP with the UNI force field was designed to
ignore the energy contribution of the Coulombic interactions to the lattice energy by
allowing the other contributions such as repulsion and dispersion to be overestimated.
This may seem an unusual approach, but the approximation allowed lattice energies to be

calculated relatively quickly and led to the advances in crystal structure prediction in the
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1990’s.** In most cases, the results obtained using OPRP have been found to be
reasonable for molecular crystals. Traditionally, the description of functionals used in DFT
methods is not designed to deal with dispersion effects. As a consequence, interaction
energies between molecules with considerable 1 overlap are usually significantly
underestimated. To correct for this, several modified functionals, such as the M06 or
MO06-2X functionals, have been proposed and have been found to produce better results
in systems containing dispersion forces.* However, even these are inaccurate in systems
where dispersion effects are very significant, and a newer approach has now been
proposed in which classical DFT (typically the BP3LYP functional) is combined with
empirical parameters which describe the energy contribution of the dispersion forces
(known as DFT—D).50 The dispersion corrections in DFT-D and PIXEL have been shown to be

almost equivalent.”

PIXEL calculations are now considered one of the methods of choice for determining the
partitioned energies of interaction in a crystal structure, and a prerequisite in the study of
polymorphism and crystal structures in general.”® PIXEL is not without its disadvantages.
As a computationally demanding method, the use of PIXEL is limited to relatively small
systems and thus atom-atom methods such as AA-CLP remain the only option for larger

systems.
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3.2 A structural and theoretical analysis of a polymorphism

inducing substructure

3.2.1 Polymorphs of N-[2-(hydroxymethyl)phenyl]benzamide

The research paper that follows, Polymorphs of N-[2-(Hydroxymethyl)phenyl] benzamide:
Structural Characterization and Analysis of Molecule---Molecule Interactions by Means of
Atom—Atom Potentials and DFT, focuses on the relationship between the two polymorphs
of N-[2-(hydroxymethyl)phenyl] benzamide. The nature of the intermolecular forces
involved in the stabilisation of the crystal lattice, and the ranking of these interactions in
terms of their contribution to the overall lattice energy of the crystal structure, was
analysed using DFT, PIXEL and atom-atom potential (OPROP) methods. The synthesis,
characterisation, crystal structure determination and accidental, yet fortuitous, discovery
of the polymorphs were carried out by the author. DFT calculations were carried out by
Dr C. B. Perry and OPROP and PIXEL calculations were carried out by Dr M. A. Fernandes.
The paper was submitted on 30 December 2010 and published in the peer-review journal
Crystal Growth & Design on 29 March 2011. The supplementary information can be found

in Appendix 3.1.
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Polymorphs of N-[2-(Hydroxymethyl)phenyl]benzamide: Structural
Characterization and Analysis of Molecule - - Molecule Interactions by
Means of Atom—Atom Potentials and DFT
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Molecular Sciences Institute, School of Chemistry, University of the Witwatersrand, PO Wits, Johannesburg, 2050 South Africa

eSuppurring Information

ABSTRACT: Two polymorphs of N-[2-(hydroxymethyl)phenyl]benzamide have
been identified and their structures elucidated. Both crystallize in P2,/n but with
different unit cell parameters and crystal packing, The less stable polymorph II
undergoes a first order phase transition to polymorph I at 85 °C, as determined using
variable temperature powder diffraction studies. The arrangement of molecules in
both structures is characterized by intramolecular ring-forming N—H: - - O(H) and
chain-forming intermolecular O—H- - - O=C hydrogen bonds. It is, however, the
nature of the dispersive interactions due to 7 overlap that differentiates the two

structures. In polymorph I, these exist in a molecule * - - molecule interaction that also accommodates the O—H - - - O=C hydrogen
bond. Calculations using atom—atom potential methods, and corroborated using DFT methods, indicate that the interaction energy
of this pair of molecules accounts for at least half of the total lattice energy of the structure. Carrying out the equivalent calculations
on polymorph II shows that the dispersive interactions due to 7 overlap and the O—H- - - O=C hydrogen bond are separated into
two different molecule- - -molecule interactions. This suggests that determining the distinctive interactions between pairs of
molecules may provide some insight into how to inhibit them and, hence, favor the growth of other crystal forms.

N-{2-(Hydroxymethyl)phenyl]benzamjde is an intermediate
in several synthetic pathways, including the synthesis of
oxazines (as well as being a product of oxazine hydrolysis),'  and
in the synthesis of biomimetic models in our laboratory. In addi-
tion, it has been synthesized as a potential antifungal agent.* The
ortho-amino benzyl alcohol moiety is a useful synthon en route to
compounds with applications in medicine; for example, 2-hydrox-
ymethylphenylcarbamoyl-(S)-prolyl-(S)-3-(2-naphthyl)alanyl-N-
benzyl-N-methylamide is used in pain management and treatment.®
The polymorphic behavior of the title compound is therefore of
interest.

Several definitions of polymorphism have been proposed, including
a general definition that polymorphism occurs when more than one
structure or arrangement of the lattice results in an energy minimum
under different conditions.” Differences in crystal structure may be
due to differences in molecular conformation or to differences in
intermolecular interactions, resulting in an alternative packing arrange-
ment. Nonetheless, the differences in energy between the polymorphs
must be small for the polymorphs to exist. Typically, only the atom-to-
atom interactions between molecules are examined in most current
reports involving polymorphism and crystal engineering, Structures
are therefore evaluated according to the presence of classical hydrogen
bonds (suchasN—H-+-O,0—H- - -0,0—H- - *N), weak hydro-
gen bonding interactions (C—H-++0, C—H-+*N, C—H:--m,
etc.), obvious dipole+ - - dipole interactions, and 77+ + + T interactions.
Often, their identification and significance depends on the discretion
of the researcher involved. The actual energetic contribution of each
interaction is ranked according to interaction type but otherwise not
quantified. It has been suggested that perhaps a better approach would

W ACS Pub“caﬂons © 2011 American Chemical Society

References on page 164

be to evaluate structures in terms of the total interaction energy of one
molecule with all its neighbors within the structure as pairwise
energies.”” Different methods of quantifying these interactions have
been discussed and compared.” In this work, two different poly-
morphs have been compared, first, using the usual atom-to-atom
approach and, subsequently, using an atom—atom potential method,
a semiclassical density sums method (PIXEL' '), and DFT
methods with several functionals.
N-[2-(Hydroxymethyl)phenyl]benzamide (1) was synthe-
sized by benzoylation of 2-aminobenzyl alcohol according to
an established method'* as part of an extended synthesis of a
biomimetic target molecule to be reported elsewhere. The
product was characterized by 'H- and "’C NMR, IR, single
crystal XRD, and melting point; results were found to be in
agreement with the literature,” Slow evaporation of the com-
pound from an 1:1 ethyl acetate/hexane solvent system led to
blocklike crystals (Figure Sla in the Supporting Information) of
the more stable polymorph I. Recrystallization as a purification
method of the same reaction product from a subsequent synth-
esis (slow evaporation from dichloromethane at room tem-
perature) led to the serendipitous discovery of needle-like
crystals (Figure S1b) of the less stable polymorph II. Further
recrystallization attempts using the same reaction product in the
same container led to the formation of polymorph I, suggesting
that crystallization conditions rather than just the presence of
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reaction impurities contributed to the formation of this poly-
morph. Both polymorphs have been structurally characterized
using X-ray diffraction; both crystallize in monoclinic P2,/n with
different crystal packing and hence different unit cell parameters
(Table 1).

OH

Iz

(1)

As a consequence of the discovery of polymorph II, many
crystallization attempts were made using several solvents
(dichloromethane, dichloromethane/hexane, ethyl acetate, ethyl
acetate/hexane, methanol, toluene, isopropanol), temperatures,
and crystallization methods (slow cooling, slow evaporation, and
precipitation) in order to understand the crystallization condi-
tions required; all resulted in the crystallization of polymorph I,
perhaps because, to preserve the small amount of polymorph II
available, it was used as the starting material and, despite all
precautions, seeded the crystallization experiments.

We have, in addition, also attempted sublimation methods
using polymorph I as a starting material which appear to lead to a
solid-state reaction which will be reported elsewhere. Our inability
to grow new crystals of polymorph II places this structure in the
realm of disappearing polymorphs.™

The molecules in the two polymorphs are conformationally
similar (Figure 1, weighted rmsd = 0.1448 A). Tables comparing
the bond lengths and angles within the two molecules are re-
ported in the Supporting Information (Table S1). The largest
difference between the two molecules is a ca. 6° difference in the
C7—N1—C8—C9 torsion angle, 177.42(12)° and —177.0(2)°
for polymorphs I and II, respectively, with the remaining con-
formational differences arising as a consequence. Single point
DFT calculations on the isolated molecules with the B3LYP (3.6
kJ mol 1), ¢ X3LYP (3.3 k] mol '),”” CAM-B3LYP (2.0 k
mol™"),”* M06 (2.2kJ mol '),” and M06—2X (2.4 kJ mol )™
functionals [all with 6-314++G(d,p)] using Gaussian-09°" con-
sistently indicate that the conformation in polymorph II is about
3kJ mol™ . higher in energy. The fact that the two molecules have
virtually the same energy suggests that the difference in energy
between the two polymorphs is almost entirely due to packing
differences.

The molecule contains two groups (an alcohol and an amide
group) which are capable of forming classical hydrogen bonds.
The N—H component of the amide group in both structures is
involved in an intramolecular hydrogen bond with the lone pairs
of the alcohal group [~N—H---O(H); graph set’™** $(6);
Table 2] in both structures, probably as a consequence of the
molecular conformation being almost identical. Coincidently, the
conformation of the molecule is also stabilized by an intramolecular
C—H- - -0 interaction [—C(6)—H- - -O=C; graph set 5(6)]
in both structures. The alcohol group in both structures forms
chains of molecules along the b-axis (coinciding with the 2-fold
screw axis in both cases) by hydrogen bonding to the amide
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Table 1. Crystallographic Information for Polymorphs I and
i

1 II
formula C4H3NO, Cy4H3NO,
formula weight 22725 22725
temperature (K) 173(2) 173(2)
wavelength (A) 0.71073 0.71073
crystal system monoclinic monoclinic
space group P2,/n P2,/n
a (A) 12.5115(4) 5.1936(6)

b (A) 7.3273(2) 13.2328(14)
c(A) 12.6648(4) 17.0316(17)
B (deg) 100.052(2) 90.125(4)
cell volume (A?) 1143.23(6) 1170.5(2)
Peate (g/cm?) 1.320 1.290

z 4 4
data/parameters 2230/155 2296/155
R,/wR, 0.042/0.098 0.056/0.119
GOF 1.007 1.053

“Data collection, APEX2;'® cell refinement, APEX2; data reduction,
SAINT;'® program used to solve structure, SHELXS97; 7 program used
to refine structure, SHELXL97;'" molecular graphics, ORTEP-3 for
Windows'® and SCHAKAL99;'? software used to prepare material for
publication, WinGX”* and PLATON.>".

I e g
I _»-—:' e g 4

lew\: BT
cim cio) ca)

Figure 1. Least squares overlay of the N-[2-(hydroxymeth-
yl)phenyl |benzamide molecule in the two polymorphs (dotted lines
for polymorph 1I).

oxygen of a neighboring molecule [-O—H- - -O=C; graph set
C(8); Figure 2]. The relative orientation between the molecules
in both cases is, however, very different. The angle between the
molecular least-squares planes between neighboring molecules
in this chain is 12.7° in polymorph I— hence, the molecules
almost stack on each other—while it is 72.9° in polymorph IIL.
There is, therefore, significant 7z overlap between molecules
within the hydrogen bonded chain in polymorph 1. For poly-
morph II, significant 77 overlap occurs between molecules on
different hydrogen bonded chains related by translation along
the a axis. However, neither structure contains distinctive ring
7T+ -7 interactions: the ring Cg---Cg distances are much
shorter between molecules in polymorph I (shortest distance
4.1558(8) A—along the b axis) compared to those in polymorph
II (shortest distance 4.9480(16) A—along the a axis). This has
significant consequences for the lattice energies (see below).
However, the most direct consequence is that the cell axis is
almost twice the length along b in polymorph II compared to
polymorph L

Finally, there are intermolecular C—H---O interactions
between molecules related by centers of inversion in polymorph
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Table 2. Hydrogen-Bond Geometry for Polymorphs I and II
(A, deg)”

D—H---A D-H H--:A  D-:-A D—H---A

Form I

N1—-HIN:.-01 0.88 213 2.822(1) 135

01-H10..-02 @ 0.84 1.96 2.791(1) 168

C6-H6---02 0.95 2.37 2.901(2) 115

Cl4—H14...02 @ 0.95 2.58 3.435(2) 150
Form II

N1-HIN...Ol 0.88 2.03 2.752(3) 138

O1-H10...02 0.84 1.94 2.763(3) 166

C6—HG6---02 0.95 234 2.899(3) 117

C3-H3...020 0.95 2.62 3.529(3) 160

W) G —x e — 2 () (1= % —y, 1 — 2); (i) (/, — x,
I/z + ¥ l/z - z)i (iv) (5/2_ X, ]/2 + 5 ]/Z_Z)-

Figure 2. Intermolecular hydrogen bonding in polymorphs (a) I and
(b) II between the alcohol and amide groups (OH« - - O=C; #). These
form chains along b in both structures. C—H- + - O=C interactions ($)
link the chains in an alternating manner in both structures. Also visible is
the significant 7z overlap between molecules of the hydrogen bonded
chain in L In II the 7 overlap occurs between molecules on neighboring
chains related by translation along a. The diagrams show that I is
composed of layers while IT has a zigzag type packing.

I[—C(14)—H- - -O=C; graph set R%,(10); Figure 2; Table 2]
forming hydrogen bonded dimers and alternately linking the

hydrogen bonded chains to form a sheet of molecules parallel to
(10—1). Since the molecules in the chain almost stack on each
other along the hydrogen bonded chain (viewed down the b axis)
and are then involved in these centrosymmetric dimers, the struc-
ture is layerlike when viewed down the ¢ axis. By comparison,
molecules in polymorph Il are involved in a long and hence weak
C—H- - -Ointeractions [~ C(3)—H(3) - - - O=C; graph set C(7)],
which effectively weaves molecules on neighboring —O—H- - -
O=C chains together along the @ axis. This coincides with the
significant 7T overlap between these molecules that was pre-
viously mentioned. The crystal packing in polymorph II is best
described as zigzag.

To determine the thermodynamic relationship between the
two polymorphs, crystals of each type were investigated using
DSC, “high temperature” powder diffraction, and hot stage
microscopy. It was found that polymorph I persisted until its
melting point of 95 °C and so is the more stable of the two
polymorphs. Comparison of the crystal densities at —100 °C also
indicates that polymorph I (1.320 g cm ™) should be more stable
than polymorph IT (1.290 g cm °), as higher crystal densities
usually indicate stronger molecular interactions between the
molecules in a structure.** 3¢ All three techniques indicate that
polymorph IT changes to polymorph I at about 85 °C, retaining
the crystal habit but in a non-single-crystal-to-single-crystal
manner. As a consequence, the crystal after phase transitions
yields a powder diffraction pattern when exposed to X-rays on a
single crystal diffractometer (Figure S7 in the Supporting In-
formation). This suggests that the phase transition is first order;
this is not surprising, as the cell volume of polymorph II at
—100 °C is almost 30 A* larger than that of polymorph I In
addition, a phase change from the zigzag structure of polymorph
I to the layered structure of polymorph I requires large
molecular movements, which are difficult to accommodate.

While the evaluation of the hydrogen bonding and other weak
interactions often gives significant insight into the nature and
difference of two polymorphs, evaluating the structures using lattice
energy calculations and the resulting molecule+ + - molecule inter-
actions allows these to be quantified. For this purpose, two differ-
ent lattice energy calculation methods were used: OPROP?” and
PIXEL,” '*3% which are both modules of the OPiX>’ program
package. In order to carry out these calculations, all O—H, N—H,
and C—H distances were normalized at 1.0 A, 1.0 A, and 1.08 A,
as prescribed in the OPiX manual. Using OPROP with the
UNI”* force field to calculate the lattice energy suggests that
polymorph T (—149.1 kJ mol ') is more stable than polymorph
I1 (—143.2 k] mol ") by about 5.9 kJ mol~". The equivalent
calculation using PIXEL suggests that the lattice energy
difference between polymorph T (—129.7 kJ mol ') and II
(—127.0kJ mol™") is about 2.7 k] mol ™',

Molecule- - - molecule interaction energies from these cal-
culations are given in Table 3. Calculations using OPROP and,
hence, an atom—atom potential method reveal very distinctive
differences in the interactions in the two structures. Polymorph
I has a pattern in which one interaction is much stronger
(—78.7 kJ mol ' —a little more than half the calculated lattice
energy) than the two next most significant interactions (both
around —15 kJ mol ™). In the strong interaction, the molecules
are orientated such that the intermolecular O—H- + - O=C hydro-
gen bond is formed. This orientation also allows for significant 77
overlap (within the chain as shown in Figure 2) and, hence,
significant stabilization due to dispersive forces (Figure 3). The
next two molecular geometries around the central molecule
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Table 3. Molecule- - -Molecule Interactions Energies Contributing the Most to the Stability of Polymorph I and II Calculated
Using OROP, PIXEL, and Various DFT Functionals (k] mol™')*

OPIX DFT
Ty OPROP/UNI  pixel M06  MO62X  MO62X/63114+G(dp)  X3LYP  CAM-B3LYP  B3LYP
Form I
a—x =ty -2 787 627  —816 —80.4 —86.6 —283 -37.5 206
2—x-pl—z -17.6 -231 —171 -192 -229 —64 —9.4 21
l—-x-yl—z —142 —211 —102 =il —154 -15 -39 25
“Yhtx-th-y-"htz —109 —146  —127 —14.0 —18.1 -89 —10.1 —69
2—x%-y,2—z 108 —72 —69 —6.4 -103 0.8 —-02 31
fr—x=th -z —-87 —-23
“Yhta =yt 6.5 ~75
oy —1l+z —4.1 —6.0
Form II
“1+xyz 512 —279  —380 -362 -382 56 0.0 116
YVo—x =ty -z 355 —382  —388 —40.1 —40.6 208 —330 —26.1
1-%2—-y2—2z —16.1 —186  —137 -15.5 —15.7 -53 -7.5 —14.1
“—x =ty —z —139 —191  —185 —19.4 —198 —14.0 —153 116
Yt nh—y =tz —106 —-131  -127 -132 -138 —49 —6.1 3.1
-%2-y2-z 7.1 —6.5
“htah—n -t —40 —79

“All DFT calculations were carried out using a 6-31+-+G(d,p) basis set, unless otherwise indicated.

a

b

Figure 3. Arrangement of the three molecules with the greatest contribution to the stability of (a) polymorph I; (i) molecules involved in both
(OH- - -0=C) hydrogen-bonding and significant 7 overlap (*/, — %, —'/5 + ¥, °/, — z; —78.7 kJ/mol); (i) molecules interacting through weak
C—H- - -O(H) interactions (2 — x — y, 1 — z; —17.6 kJ/mol); (iii) molecules involved in C—H- - - O=C interactions (1 — x, —y, 1 — z; —14.2 kJ
mol ™ "); and (b) polymorph II; (i) molecules involved in significant 7 overlap (— 1+ x,y, z; —51.2kJ mol '); (ii) molecules involved in (OH - - - O=C)
hydrogen-bonding (‘/1 =yl » 3y, =z —355 kJ mol™"); (iii) molecules interacting through weak C—H- - O(H) interactions (1 — x,2 — y,

2 —z; —16.1 kK mol™").

contain C—H--+Q interactions, These, however, contribute
much less significantly to the stability of the structure, The pattern
of the three most significant interactions in polymorph Iis therefore
very strong* - -weak - - -weak. In polymorph II, the strongest inter-
action geometry of polymorph I (the —78.7 kJ mol " interaction) is
broken up into two separate interactions, in which the orienta-
tion allowing for significant 7 overlap (and hence dispersion)
contributes —51.2 kJ mol™" to the lattice energy, while the
orientation coinciding with the intermolecular O—H- - -O=C
hydrogen bond contributes —35.5 k] mol~". The sum of these
two interactions contributes more than half of the calculated
lattice energy. The next strongest interaction contributes —16.1
kJ mol ™" and allows for C—H- - - O interactions between the
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molecules. The pattern of the three most significant interactions
in polymorph II is therefore strong- - -strong- * »weak. Analyz-
ing the molecule- - - molecule interaction energies from the cal-
culations using PIXEL results in the patterns described above for
both polymorphs but with very different interaction energies.
The very strong- - - weak+ - -weak pattern is still very distinct for
polymorph I. PIXEL is also capable of breaking down interac-
tions into their energetic components and indicates that disper-
sion contributes a very significant —60.2 k] mol ™, while elec-
trostatics and polarization contribute —78.6 k] mol ™ ! to the most
stable molecule- « *molecule interaction. These are counterba-
lanced by a repulsion energy of 76.0 k] mol . For polymorph II,

the orientation coinciding with 77 overlap contributes half the
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energy (—27.9 kJ mol ') of its atom—atom potential (UNI)
calculated equivalent (—51.2 k] mol™'). In this case, PIXEL
indicates that dislpersion contributes almost all the stabilization
(—46.6 k] mol™ "), while electrostatics and polarization contri-
bute about —7.7 kJ mol '; this is counterbalanced by a repulsion
energy of 26.4 k] mol L Asa consequence, the hydrogen bonding
interaction is, at —38.2 kJ mol !, more significant in this
calculation. Nevertheless, the molecule- « - molecule interaction
pattern is still strong- - - strong- - ~weak, although less distinctly so.

For comparison purposes, DFT calculations were carried out
on the five most significant interactions identified with the atom
potential (UNI) calculation using the hybrid DFT functionals
B3LYP, X3LYP, CAM-B3LYP, M06, and M06-2X (Table 3).
The functionals CAM-B3LYP, X3LYP, M06, and M06-2X have
been reported as being able to model structures containing dis-
persion forces, with M06 and M06-2X probably being the current
state of the art. BALYP is a commonly used DFT functional which
has not been optimized for dispersion forces; it has been included
for comparison. In the case of the M06, M06-2X, X3LYP, and
CAM-B3LYP functionals, the very strong- - -weak- - - weak se-
quence of interactions in polymorph I is found, but with much
lower energies when using the X3LYP and CAM-B3LYP func-
tionals, indicating that these two functionals do not handle dis-
persion forces well in this particular case. Results using the M06
and M06-2X functionals reproduce the numbers obtained using
the atom potential method (UNI) almost exactly. B3LYP’s in-
ability to model dispersion produces a large positive energy for
this interaction, as well as the most important dispersion dominated
molecule - - - molecule interaction of polymorph II. Carrying out
the equivalent calculations for polymorph II using X3LYP and
CAM-B3LYP results in very small (%0 kJ mol " in the case of
CAM-B3LYP) or positive energies (726 k] mol " in the case of
X3LYP) for what is the strongest molecule- - - molecule interac-
tion (the 7 overlap geometry) from OPROP, illustrating the
deficiencies in modeling dispersion effects with these two func-
tionals. Using the M06 and M06-2X functionals does yield values
similar to those for OPROP and PIXEL. The energy of the
second most important molecule- + - molecule interaction coin-
ciding with the O—H - - - O=C intermolecular hydrogen bond is
more consistently calculated with all the methods used. Calcula-
tions with the M06 and M06-2X functionals result in energies
comparable to those of the atom potential method with an
interaction sequence of strong* * *strong - + *weak. In this case,
the orientation encouraging 7 overlap and the orientation
allowing for the intermolecular O—H- - - O=C hydrogen bond
have almost identical energies. As a final check, the M06-2X
calculation was repeated for both structures using a larger, triple-
& basis set [6-3114++G(d,p)]. Almost identical results were
obtained for polymorph II but somewhat larger energies for I.
When modeling dispersion dominated interactions using high
level DFT methods, the use of a large basis set is generally
desirable. However, the results show that the choice of basis set
may indeed influence the energies obtained but does not seem to
affect the sequence of energies in this case.

Calculations of this kind—even if just OPROP is used—are very
useful, as they can give significant insight into the forces keeping the
molecules in a crystal together. The above molecule- - -molecule
energy comparison and interpretation is admittedly especially
easy in this case, as the two polymorphs are so distinctly different
in this way. Applying the same approach to another polymorphic
system may not lead to such clear-cut differences. Had only the
usual analysis of the hydrogen bonding geometries and - - -7
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interactions (as reported by the usual Cg- - - Cg distance) been
carried out in this case, then the true nature of the packing forces
within each polymorph would not have been known. In parti-
cular, the significance of the 77-overlapped molecule * + - molecule
geometry (and hence the contribution of dispersion to these
structures) would have been overlooked. In this work, knowledge
of the importance of the strongest molecule - - - molecule inter-
action (—78.7 kJ mol™") to the stability of polymorph I led to
attempts to disrupt it by attempting crystallization experiments
with many different solvents as possible intercalating agents, but
without success. In addition, attempts were made to crystallize at
higher temperatures (around 85 °C) to try and force out the
more open (lower density) structure of polymorph II, but also
without success. In fact, as mentioned earlier, polymorph II
converts to polymorph I at around 85 °C. Despite these failures,
knowledge of the most significant interactions in a structure does
allow one to target them and possibly inhibit their crystallization.

In summary, the conformationally flexible molecule, N-[2-
(hydroxymethyl)phenyl|benzamide, has been found to crystal-
lize out as two polymorphs. Both crystallize in the same space
group and have almost equivalent molecular conformations (due
to the presence of a N—H: - - O intramolecular hydrogen bond),
but different crystal packing and hence cell dimensions. We have
only once successfully crystallized polymorph II, making the
structure another example of a disappearing polymorph. Attempts
to recrystallize this polymorph using different solvents and
techniques have so far only yielded polymorph I, indicating that
it is the more stable of the two. Further examination using lattice
energy cal-
culations show polymorph I to be more stable by 3—6 k] mol :
depending on the calculation method used. This has been con-
firmed using DSC and powder diffraction, which indicate that
polymorph II converts to polymorph I at 85 °C. The usual
examination of hydrogen bonding and 77+ + - 77 interactions suggests
the structures are held together by similar interactions. However,
calculating the molecule- - -molecule interaction energies for
both structures reveals that the two polymorphs have very
different packing arrangements. Most significantly, the most stable
molecule- - -molecule geometry in polymorph I is one in which
significant 7T overlap occurs together with a O—H-:-0=C
hydrogen bond. This particular molecule* - -molecule interac-
tion accounts for more than half of the lattice energy in the
structure and is, as a consequence, very distinctive. In the less
stable polymorph II, stabilization derived from this one geometry
is split into two different geometries—one with 77 overlap and
one corresponding to the O—H- + - O=C hydrogen bend. Knowl-
edge of a very stable interaction geometry in polymorph I pro-
vides, in principle, a means to inhibit it and encourage the growth
of an alternative. However, our attempts to do so have so far been
unsuccessful. Nonetheless, the knowledge of the most important
molecule- - *molecule geometries should allow techniques that
inhibit particular interactions to be developed, which will be
another useful tool in crystal engineering.

B ASSOCIATED CONTENT

o Supporting Information. Infrared, PXRD, and DSC data,
and crystal coordinates as CIF files for polymorphs I and II. This
material is available free of charge via the Internet at http://pubs.
acs.org. The CIF files can also be obtained from the Cambridge
Crystallographic Data Centre (CCDC) as CCDC-805594 and
CCDC-805595.
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3.2.2 A polymorphism inducing substructure and its polymorphic

derivatives

The manuscript that follows, Polymorph diversity: phenylbenzamide as a moiety that
encourages polymorphism, investigates N-phenylbenzamide as a potential polymorphism
enhancing group. In a more systematic study, the molecule:--molecule interactions of five
pairs of polymorphs, derivatives of N-[2-(hydroxymethyl)phenyl] benzamide, were
analysed using the PIXEL CPL method and the most stabilising interactions were ranked
and assessed. The synthesis, characterisation, crystal structure determination and
discovery of the polymorphic structures were carried out by the author. The generation
of Hirschfeld and electron density diagrams onto which the electrostatic potential was
mapped, intramolecular energy calculations using Gaussian-09 and PIXEL (SCDS)
calculations were carried out by Dr M. A. Fernandes. The paper was submitted on 13
February 2013 to Crystal Growth & Design and awaits review. The supplementary

information can be found in Appendix 3.2 and Digital Appendix 3.1.
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ABSTRACT: In this work we identify and describe a moiety which may be capable of encouraging the formation of polymorphs. Four
new N-phenylbenzamide-based compounds have been synthesized yielding four pairs of polymorphs upon recrystallization. The struc-
tures of these have been discussed and compared with the previously reported-polymorphs of N-{2-(hydroxymethyl)phenyl]benzamide.
The results indicate that the conformation of the N-phenylbenzamide group is generally constant, but is able to alter its conformation
as required by the crystal packing. The N-phenylbenzamide group is capable of N-H...O hydrogen bonding, but requires a change in
conformation which is generally resisted by the molecule. As a consequence, weak forces such as C-H...O, CH..N, C-H...mand 7.1
interactions play significant but varying roles in these structures. One possible reason for the varying nature of the T...7 interactions
may be due to the variation of the electrostatic potential across the N-phenylbenzamide group in which negative and positive regions
alternate across the face of the molecule. It is the combination of all these attributes that possibly leads to polymorphism being ob-
served in the structures reported here, and the results suggest that compounds containing a carboxylic acid or aniline group can be
altered by a simple chemical modification and have their ability to form polymorphs enhanced.

have been obrained by single crystal X-ray diffraction, and eval-
INTRODUCTION uated by carrying out lattice energy calculations using PIXEL. A
key feature to note is that compounds 1 and 3 contain an alco-
hol group and as a consequence are capable of strong hydrogen
can be both a bane as well as a panacea in various applications. bonding, while this group has been replaced by an aldehyde
It is particularly important in the pharmaceutical industry as the group in compounds 2 and 4 which is not capable of strong
chemical stability and bioavailability can depend significantly hydrogen bonding. For compound 5, the alcohol group has
on the polymorph that a drug adopts. In the case of solid-state been converted into a benzyl ester in order to see if polymor-
chemistry, polymorphs offer the opportunity to study the affect
of the crystal environment on a solid-state reaction, an example
being the solid-state reactivity of o-ethoxy-trans-cinnamic acid."

o]
As a consequence, the analysis of the intermolecular forces at
work in a crystal structure is important in the understanding of N N
™

Polymorphism is a phenomenon in which a molecule adopts
various packing arrangements in the solid state. Polymorphism

phism is suppressed by substitution at this point.

0
the driving force in the crystallization of one polymorph over /IKQ

another. This is usually done by the analysis of close contacts © 2

and the interpretation of crystal packing in terms of hydrogen
bonding (such as O-H...O and N-H...O) and weak interactions o 0

(such as C-H...O, C-H..N and C-H....) using an atom-to-atom
approach. The problem with this approach is that the contribu- i H)‘\©AN/\N
tion of ... interactions to the stability of a structure is often S0,

. . . OH 3
overlooked. An alternative (and complimentary) approach is to

N/\N

-/
quantify and rank the interaction energies between pairs of o
molecules according to their contribution to the stability of a
crystal structure. This has been shown to provide a more com- y
prehensive picture of the forces within a crystal, and a better

o)

o)\©

understanding of the relationship between polymorphs.** B

In this work we report on a set of compounds which contain
a moiety which seems to have a propensity for forming poly-
morphs (Scheme 1). The compounds were synthesized as pre-
cursors to further products in a vitamin B, biomimetic model

synthesis project. The crystal structures of these compounds Scheme 1
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EXPERIMENTAL
Synthesis

N-(2-Formylphenyl)benzamide (2) was synthesized from the
oxidation of compound 1. N-[2{Hydroxymethyl)phenyl)-
benzamide (compound 1 - the synthesis of which has been re-
ported in our previous paper;’ 455 mg, 2 mmol) and manga-
nese(IV) oxide (2.608 g, 30 mmol) were stirred in chloroform
(10 ml) for 12 hours, open to air. The reaction mixture was
filtered through celite with chloroform as eluant. The solvent
was removed in vacuo. The oily residue crystallized when placed
under high vacuum. An offawhite solid was obtained (0.436 g,
96.9%).  Recrystallization from methanol/hexane (1:1 v/v)
yielded colorless needles of polymorph 2a while recrystallization
from dichloromethane yielded colorless needles of polymorph
2b. 'H NMR (300 MHz, CDCIy) 8 (ppm): 12.11 (s, 1H), 10.03
(s, 1H), 8.97 (d, ] = 8.4 Hz), 8.19-7.97 (m, 3H), 7.78-7.65 (m,
2H), 7.57 (dd, ] = 10.5, 4.5 Hz, 2H), 7.32-7.24 (m, 1H). “C
NMR (75 MHz, CDCly) & (ppm): 195.92, 166.17, 141.28,
136.42, 136.22, 134.34, 132.23, 128.90, 127.53, 123.07,
122.01, 119.99.

NA{24{Hydroxymethyl)-phenyl]-3(1H-imidazol-1-ylmethyl)-
benzamide (3) was synthesized from the coupling of imidazole
to a phenylbezamide derivative, based on an established proce-
dure® using 3{chloromethyl)-N-{2-(hydroxymethyl)-
phenyllbenzamide ~ which  was  synthesized from  3-
(chloromethyl)benzoyl chloride and 2-aminobenzyl alcohol us-
ing the same methodology used for the synthesis of compound
1.7 3{Chloromethyl)}-N-[2-(hydroxymethyl)-phenyl]benzamide
(4.183 g, 15.17 mmol) and imidazole (10.329 g, 0.52 mol) in
DMF (15 ml) were stirred at room temperature for 20 hours.
The reaction was diluted with water (100 ml) and extracted into
dichloromethane (3 x 100 ml). The combined organic fractions
were extracted into a hydrochloric acid solution (10%, 3 x 100
ml). The acidic solution was neutralized with ammonia solution
until neutral and became cloudy. The product was extracted
into chloroform (3 x 50 ml) and washed with water (6 x 100 ml)
to remove any DMF present. The solution was then dried over
Na,SO, and the solvent was removed in vacuo to yield a yellow
solid (3.723 g, 80%). Recrystallization from acetone yielded
colorless plates of polymorph 3a while recrystallization from
acetone/ethyl acetate (1:1 v/v) yielded colorless needles of pol-
ymorph 3b. '"H NMR (300 MHz, MeOD) & (ppm): 7.92-7.77
(m, 4H), 7.53 (¢, ] = 7.6 Hz, 1H), 7.47 (d, ] = 7.8 Hz, 1H), 7.38
(d,]=7.5Hz tH), 733 («d, ] = 7.8, 1.5 Hz, 1H), 7.20 («d, ] =
7.5, 1.1 Hz, 1H), 7.16 (s, 1H), 7.00 (s, 1H), 5.33 (s, 2H), 4.71 (s,
2H). "C NMR (75 MHz, MeOD) & (ppm): 166.04, 137.76,
136.13, 134.94, 132.96, 130.64, 128.97, 128.00, 127.78,
127.66, 126.38, 126.24, 126.19, 124.98, 123.25, 11942,
62.00, 49.66.

N-(2-Formylphenyl)-3-(1H-imidazol- -ylmethyl)}-benzamide (4)
was synthesised from the oxidation of compound 3. NJ2-
(Hydroxymethyl)phenyl]-3-(1H-imidazol-1-ylmethyl)benz-amide
(compound 3; 0.7633 g, 2.5 mmol) and manganese(IV) oxide
(4.347 g, 50 mmol) were stirred in chloroform (50 ml) for 20
hours. The reaction mixture was filtered through celite with
chloroform as eluent. The solvent was removed in vacuo. The
oily residue crystallised when placed under high vacuum. An
off-white solid was obtained (0.7225 g, 95%). Recrystallization
of the solid from chloroform yielded colorless plates of poly-
morph 4a while vapour diffusion of hexane into chloroform
yielded colorless needles of polymorph 4b.'H NMR(300 MHz,
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CDCI3) & (ppm): 12.11 (s, 1H), 10.00 (s, 1H), 8.90 (d, J = 8.5
Hz, 1H), 8.00 (d, J = 7.7 Hz, 1H), 7.92 (s, 1H), 7.77 (4,1 = 7.6
Hz, 1H), 7.68 (t, ] = 7.9 Hz, 1H), 7.63 (s, 1H), 7.54 (t, ] = 7.7
Hz, 1H), 7.37 (,] = 8.0 Hz, 1H), 7.30 (t, ] = 7.5 Hz, H), 7.10
(d,] =07 Hz, 1H), 699 (d, ] = 0.9 Hz, 1H), 5.25 (s, 2H). °C
NMR (75 MHz, CDCI3) & (ppm): 195.98, 165.37, 140.89,
137.29, 136.35, 136.22, 135.12, 130.86, 130.00, 129.61,
126.94, 126.72, 123.31, 121.98, 119.81, 119.26, 50.42.

2{Benzamido)-benzyl benzoate (5) was synthesized inadvert-
ently from compound 1. Upon heating compound 1 at a con-
stant temperature of 80°C, a brown resin formed from which
benzoic acid crystallized. Recrystallization of the resin from a
hydrochloric acid solution yielded colorless needlelike crystals.
'H NMR(300 MHz, CDCI3) & (ppm): 9.76 (s, 2H), 8.14 - 7.97
(m, 10H), 7.66 - 7.35 (m, 16H), 7.23 (dd, ] = 14.2, 6.6 Hz, 3H),
5.40 (s, 4H).

Crystal growth

The discovery of polymorphs was done by simply noting if a
different habit had been obrained after recrystallizing a com-
pound from a different solvent. Crystal structures of the poly
morphs of 1 have been previously reported,” and as a conse-
quence only basic crystallographic information are given in
Table 1. Crystallographic information on the new compounds
2-5 are given in Table 2. ORTEP diagrams for polymorphs of 2-
5 are given in Figure 1.

Crystal structure solution and refinement

Intensity data for compounds 24 were collected at
-100(2) °C on a Bruker APEX II CCD area detector diffractom-
eter with graphite monochromated Mo K, radiation (50kV,
30mA). The collection method involved @w-scans of width 0.5°
and 512x512 bit data frames. Intensity data for 5a and 5b were
collected at -100(2) °C on a Bruker X8 Proteum diffractometer
equipped with a PLATINUM 135 CCD detector and Motel
200 optics, using Cu K, radiation (45kV, 20mA) from a Mi-
crostar rotatinganode generator. The collection method in-
volved @-scans of width 0.5° and 1024x1024 bit data frames.

All crystal structures were solved by direct methods. Non-
hydrogen atoms were first refined isotropically followed by ani-
sotropic refinement by full matrix leastsquares calculations
based on F’. Hydrogen atoms were first located in the difference
map then positioned geometrically and allowed to ride on their
respective parent atoms. The crystal structures of 2b and 4b
contain molecules displaying disorder. In the case of 2b, mole-
cule B is located over a crystallographic centre of inversion and
as a consequence was refined with its occupancy set to 0.5 and
with its bond lengths and angles constrained to match those of
ordered molecule A. The alternative orientation of the mole-
cule is therefore generated by the centre of inversion. The imid-
azole group on molecule B of polymorph 4b was also found to
be disordered and consequently refined in two orientations
with the dominant orientation having an occupancy of
0.617(15). Software used in this work were as follows: Data
collection: APEX2% cell refinement: SAINT’; data reduction:
SAINT; program used to solve structure: SHELXS97'%;
program used to refine structure: SHELXL97'% molecular
graphics:  ORTEP-3 for Windows'' and SCHAKAL-99";
software used to prepare material for publication: WinGX" and
PLATON."
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Calculations e
e o

Relative intramolecular energies were calculated with the ol X
M06-2X" DFT functional and the 6-31++G(d,p) basis set, using \ /L_’L
Gaussian09.' In the calculation, the crystal geometry of the C, E . /
O and N atoms were kept frozen while the H atom positions i o
were allowed to optimize. This was done because H atoms in
crystal structures determined by Xeray diffraction methods are Za
geometrically and not experimentally placed. X il e

Lattice and molecule...molecule interaction energies were ]cz w N
calculated using PIXEL" as incorporated with the April 2012 F \cyﬁg;/ X
version of the CLP package."® The calculations were carried out T
as prescribed within the CLP manual. The calculation was ini- TN AT T
tialized by geometrically normalizing bonds involving H to neu- 4= 3a
tron distances within CLP, followed by the calculation of an ab
initio MP2/6-31G(d,p) molecular electron density using Gaussi-
an09."* This molecular electron density description was then - B
used as input by PIXEL to carry out the calculations. As PIXEL \;"L ; 2 Y. iy o
is only capable of working with a maximum of two molecules in i \:/,?“T’\L’ iy O
the asymmetric unit, lattice energy calculations for compound 2 o* :5.1 o @ S
were carried out using AA-CLP which is also incorporated in the )
CLP package, as this atom-atom potential method is capable of
working with more than two molecules. This change in calcula- 4a
tion method was necessary as polymorph 2Zb contains 3 mole- ® o _953 o
cules in the asymmetric unit when the inversion symmetry is L . o \r o By ok F‘?’ o5 SR oo
removed. As a consequence of this limiration, PIXEL based O‘*m/”""imﬂﬂ o [ o i \;:9“;‘_ ”.‘—i_;’.—{m
molecule...molecule interaction energies were calculated only g;z,l.__ ~ D_ch] e \J-— Y, S

. h C14 Qe -

for the ordered molecule of 2b. cr3 k) o o

Hirshfeld and electron density surfaces on which the electro- bl e o 0 & {‘5 P
static potential was mapped, were generated using CrystalEx- 53 co o 5b  ©y —1\“”
plorer” coupled with HF/6-31G(d,p) wave function calcula- &\/ s :—;2‘\ /C&
tions using Gaussian-09.'¢ B ) e

cig] 18 2 2 &

Figure 1. ORTEP Diagrams (50% probability level) for the poly-

Table 1. Crystallographic Information for the previously- o SRS 55

published polymorphs of 17

la 1b

Formula C, H;;NO, C,H;;NO,

Formula weight 227.5 227.5 RESULTS AND DISCUSSION

Temperature (K) 173(2) 173(2) Molecular structures

Crystal system Triclinic Monoclinic ORTEP diagrams for the structures analysed in this work are

Space group P2/n P./n shown in Figure 1. Selected torsion angles for these structures

2(A) 12.5115(4) 5.1936(6) as well as those of compound 1 which were reported in a previ-

. ous paper are given in Table 3. In general, the phenylbenzamide

b(A) 7.3273(2) 13.2328(14) component adopts a planar conformation. The conformation of

c(A) 12.6648(4) 17.0316(17) the amide group (defined by the bedf torsion angle in Table 3) is

e 90 90 almost constant and seemingly unaffected by crystal packing.
The phenyl group is also almost planar with the amide group in

B 100.052(2) 90.125(4) compounds 1-4 and 5a, and this may be due to an intramolecu-

&) 90 90 lar hydrogen bond which forms berween the amide hydrogen

Cell volume (A) 1143.23(6) 1170.5(2) and the alcohol, aldehyde or ester oxygen atom. The only excep-
tion is in 5b, where the benzamide group is rotated to take ad-

peale (g/cm’) 1.320 1.290 vantage of intermolecular hydrogen bonding. In this case the

7 4 4 substituted phenyl group rotates by about 90° so that it is al-

7 . 1 most perpendicular to the benzamide group. The benzamide
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group also adopts a different orientation as indicated by the
least squares overlay of the molecules in 5a and 5b (Figure 2c).
This difference has a significant effect on the hydrogen bonding
and crystal packing of compound 5 as will be discussed further
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in the text. The other conformational difference between the
molecules reported here is due to differences in the orientation
of the substituent to the phenylbenzamide component in vari-
ous compounds. The phenylbenzamide conformation in mole-
cules 3a and 3b is almost identical, but the added imidazole
substituent is orientated in the opposite direction in each mole-
cule (Figure 2a) resulting in different hydrogen bond patterns in
each structure. Since the alcohol group is involved in strong
hydrogen bonding, its orientation has been assumed to be con-
stant while the imidazole has been treated as being flexible.
Using this assumption, it is found that the core phenylben-
zamide component adopts an almost identical conformation in
the two polymorphs resulting in an RMSD of 0.0415 A when
all the non-hydrogen atoms of the phenylbenzamide component
are used in the calculation (Figure 2a).

Polymorphs 4a and 4b crystallize with one and two mole-
cules (defined as molecules A and B) in the asymmetric unit,
respectively. All three molecules adopt a different conformation
(Figure 2b). The imidazole group in molecule B of 4b was
found to be disordered, but the dominant orientation
[0.617(15) accupancy] has a similar conformation to the mole-
cule in 4a. Molecule A in 4b adopts a conformation in which
the imidazole is more perpendicular with the phenylbenzamide
moeity and hence significantly different to the other two mole-
cules (Figure 2b). A consequence of the imidazole disorder in
4b is that the direction from which the imidazole can act as
acceptor to a proton donor is altered. Each orientation there-
fore stabilizes a different hydrogen bond motif.

The relative energies of molecules in polymorphs 1a-5b as
calculated with M06-2X/6-31++G(d,p) functional and basis set
using Gaussian-09 are given in Table 4. The energies of the dis-
ordered molecules in 2b and 4b are not included. As can be
seen the energy difference between each pair of conformers is
very small. In general the larger the molecule the greater the
energy difference between the conformers. It is interesting to

note that the energy difference for the two very different con-
formations of 5 is only about 14 k]/mol. One reason for the 5a
conformation having a lower energy may be due to stabilization
by the intramolecular hydrogen bond.

Freerrd

wod

Figure 2. a) Superimposition (by least squares fit of atoms
C1-C7 and N1 atoms) for compound 3-5 shown in two views. a)
molecules of compound 3a in blue and 3b in red; b) molecules
of compound 4a in blue and the two molecules in the asym-
metric unit of 4b in red and orange; ¢) molecules of compound
5a in blue and 5b in red.

Table 2. Crystallographic Information for compounds 2-5. Two polymorphs have been found for each of these compounds.

2a 2b 3a 3b 4a 4b 5a 5b
Formula CyHNO, CH,,NO, CsHi;N;0,  CisHiNO, CisHisN;O,  CsHisNO, C,,H;;NO; C,H;NO;
Formula weight 225.24 225.24 307.35 307.35 305.33 305.33 331.36 331.36
Temperature (K)  173(2) 173(2) 173(2) 173(2) 173(2) 173(2) 173(2) 173(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic  Monoclinic  Monoclinic  Orthorhombic  Monoclinic  Monoclinic  Monoclinic Orthorhombic
Space group Pl/n n2/c P2/n 7,22, P2./n C2/c n/c Pbca
a(d) 4.5532(1) 3.8949(1) 13.4793(8) 4.2509(7) 8.2469(2) 30.2956(11)  5.9682(3) 8.7529(4)
b(A) 15.0996(4) 25.1426(8) 6.6293(4) 11.363(3) 8.2333(2) 8.2672(3) 12.0166(6) 9.5545(4)
c (A) 16.1510(5) 16.8477(5) 18.5481(12)  31.115(6) 22.0039(5) 26.5597(9) 22.9633(12) 39.9926(17)
() 90 90 90 90 90 90 90 920
B 96.515(2) 95.522(2) 108.540(2) 90 95.544(2) 117.346(2) 90.091(4) 90
() 90 90 90 90 90 90 90 90
Cell volume (A% 1103.23(5) 1642.20(8)  1571.41(17)  1502.9(5) 1487.1 5908.8(4) 1646.87(14)  3377.6(3)
pealc (g/em?) 1.356 1.367 1.299 1.358 1.364 1.373 1.336 1.316
z 4 6 4 4 4 16 4 8
Z 1 1.5 1 1 1 2 1 1
Data/Parameters  2650/158 2575/145 3786/216 2769/209 3585/212 6444/423 2512/227 2867/229
R1/wR2 0.042/0.10  0.040/0.07  0.044/0.11 0.050/0.13 0.041/0.10  0.052/0.10 0.060/0.17 0.035/0.09
GOF 1.030 0.870 1.060 1.009 1.012 1.011 1.112 1.073
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Table 3. Selected torsion angles (°) for molecules in poly-
morphs 1-5. Also included are the interplanar angles between
the least squares planes defined by two phenyl rings in the
phenylbenzamide moiety.

abed bedf bede  edfg Bz/Ph inter-
planar angle
la 157.2 177.4 -1.2 31.9 13.6
1b 169.9 -177.0 1.8 21.1 2.7
2a -175. 8 177.3 2.7 8.0 11.7

2bm1 -179.7 175.9 3.6 6.2 8.9
2bm2  -174.5 178.5 0.6 5.9 3.9
3a 159.9 -176.1 3.3 23.6 6.9

3b 163.9 -178.2 -1.5 25.5 9.6

4a 176.3 -179.5 0.8 0.1 3.9

4b-m1 169.7 -173.9 5.7 17.0 11.1

4b-m2 172.7 -178.2 1.8 -3.2 10.3

5a 149.8 -176.1 3.4 323 5.0

5b 61.2 172.1 7.0 20.6 78.5
R

R = CHO or CH,OH

Table 4. Conformation energies for molecules in polymorphs
of 1b-5b (kJ/mol) relative to polymorphs la-5a as calculated
with M06-2X/6-311++G(d,p) using Gaussian-09. The calcula-
tion was only carried out for the ordered molecule for poly-

morphs 2b and 4b.

Compound Polymorph b
1 0.9

2 0.4

3 7.1

4 11.2

5 13.8

Crystal packing

The dominant influences on these crystal structures are
O-H...O hydrogen bonding, C-H...O and C-H...w interactions,
and dispersion forces (usually referred to as ... interactions)
between neighbouring aromatic rings. It is the interplay be-
tween these that determines the nature of each polymorph. As
mentioned in our previous paper,’ the extent of the influence of
the 7...T interactions in these molecules is easily overlooked if
the usual ring centre to ring centre (Cg...Cg) measurement is
done. The extent of the contribution of the ... interactions to
the stability of each polymorph is instead more easily deter-
mined by calculation of the weak interactions acting between
the molecules using a program such as PIXEL." PIXEL as a
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consequence has been used to evaluate all the structures report-
ed here. The results of these calculations are listed in Table 6
for the similar compounds 1 and 2, Table 7 for compounds 3
and 4, and Table 8 for compound 5. At least two most im-
portant interactions as calculated by PIXEL have been drawn
and these can be found in the electronic supporting infor-
mation.

It should be noted that for simplicity we refer to ... inter-
actions as any interaction in which the molecules receive signif-
icant stabilization by significant T overlap over another mole-
cule regardless of whether the aromatic ring centroid to aro-
matic ring centroid distance (usually referred to as Cg...Cg dis-
tances) is exceptionally short. An examination of mole-
cule...molecule interaction energies from the PIXEL calcula-
tions show that the most significantly stabilized mole-
cule...molecule interactions incorporate very significant favora-
ble contributions from Coulombic, polarization as well as dis-
persion effects (Tables 6-8).

The crystal structures of the polymorphs of 1 have previously
been reported by us and as a consequence only the key charac-
teristics of these structures relevant to this discussion are pre-
sented here.

b)

Figure 3. Intermolecular hydrogen bonding in the polymorphs of
1. a) Crystal packing of 1a down the ¢ axis; the hydrogen bonded
chain along the b axis together with the .. overlap between the
molecules can be clearly seen. b) These interactions in 1b are sepa-
rated from each other leading to hydrogen bonded chains along
the b axis which then interact with neighboring chains through
TT...T interactions.
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Since strong hydrogen bonding, if possible, contributes sig-
nificantly to the stability of a structure, it almost always has to
be present. There are very few exceptions with an example in
this work being the polymorphs of 5. As a consequence, hydro-
gen bonding in 1 links these molecules into chains in each pol-
ymorph as shown in Figure 3. Strong hydrogen bonding is a
very directional interaction as the best hydrogen donating group
will interact best with the best available hydrogen accepting
group so as to form the strongest hydrogen bond possible in a
structure.”’ It is by nature an atom...atom interaction that de-
termines the point of contact between two molecules in a struc-
ture. As can be seen in Figure 3, hydrogen bonding forces the
molecules rogether to form chains but does not control the
orientation of the molecules with respect to each other. By
contrast, T...TM interactions are at their strongest when the mole-
cules involved overlap significantly over each other with the
best stabilization occurring when the repulsive electrostatic
interactions between the molecule is at a minimum. Com-
pound 1 in the two polymorphs has adopted two approaches to
stabilize the structure via ... interactions. In 1a, the influence
of the T...T interactions causes the molecules to overlap within a
hydrogen bonding chain, while in 1b it is the 7...T interactions
between the chains of molecules which stabilize the structure.
In other words, the different packing in the two structures is
due to the different application of ... interactions to the sta-
bility of each structure. C-H...O interactions act to further stabi-
lize each structure. The combination of the T...m and O-H...O
hydrogen bonding between molecules in la results in a signifi-
cant interaction energy between these molecules, with this ge-
ometry contributing -62.8 k]/mol while the next most signifi-
cant molecule...molecule interaction only contributes -23.5
kJ/mol to the structure (Table 6). By contrast, the separation of
the O-H...O and 7...7 interaction results in a structure in which
the interactions of a reference molecule with its neighbors are
more uniform in strength. In this case the molecule...molecule
interactions berween hydrogen bonded molecules contributes -
37.8 kJ/mol to the structure, while the ... averlap contribures
-27.8 k]/mol to the structure. It is interesting to note that
PIXEL attributes the strength of the T...T interaction as being
almost entirely due to dispersion (Table 6). Also, the sum of
these interactions (-65.6 kJ/mol) is almost identical to the ener-
gy of the combined interaction present in la (-62.8 kJ/mol).
The geometries of the two most stabilizing interactions are illus-
trated in Figure S1 in the supplementary information.

The alcohol group present in compound 1 has been replaced
by an aldehyde group in compound 2. Compound 2 also crys-
tallizes as two polymorphs with their crystallographic details
shown in Table 2. A feature common to the two polymorphs is
the centrosymmetrically C-H...O hydrogen bonded dimer high-
lighted in Figures 4 and 5. The differences between polymorphs
2a and 2b depends on how these arrange in each structure.
PIXEL calculations indicate that these dimers are moderately
significant to the stability of the structure contributing -17.4
k]/mol in 2a and -17.9 kJ/mol in 2Zb. They provide a useful
feature for the comparison of the two structures and may also
provide a kinetic path towards the structures during crystalliza-
tion by aligning pairs of molecules in this way before the mole-
cules start stacking through ... interactions. The issue is not
discussed here, but it is interesting to note that the success of
crystal structure prediction over the last few years has shown
that the overall thermodynamic stability of the crystal structure
is more important than any individual interaction, as accurate
lattice energies are the primary selection criterion used in the
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prediction procedure.”" The existence of polymorphs in which
strong hydrogen bonding is absent in one of the polymorphs is
a key example of this (see compound 5 and the discussion of
the polymorphs of p-tosylhydrazone in reference 23). The signif-
icant influence of kinetics is, however, revealed through the
existence of the phenomenon of polymorphism. The ... in-
teraction between molecules which stack on each other upon
cell translation along the a axis (the molecules therefore being
eclipsed on each other along the stacking direction) contributes
-31.2 and -28.7 k]/mol (calculated for the ordered molecule) to
structures 2a and 2b, respectively. The lack of strong hydrogen
bonding in the polymorphs of 2 allows the molecules to arrange
in different ways. Polymorph 2a crystallizes with one molecule
in the asymmetric unit in which the C-H...O hydrogen bonded
dimer is transposed according to the space group operations
along the b and ¢ axes. By contrast, 2b crystallizes with one and
half molecules in the asymmetric unit where one molecule is
disordered over a centre of inversion. The ordered molecules
(molecule A) outnumber the disordered molecules (molecule B)
by a ratio of 2:1. In this structure the molecules act as ‘host’
and ‘guest’ with respect to each other. The ordered molecules
form the ‘host’ structure, while the disordered molecules in-
clude themselves in channels created by the ‘host’ structure as
shown in Figure 5. The presence of the disordered molecule
leads to the layered structure of 2a being converted to the cross
hatched structure of 2b. The orientation of the disordered mol-
ecules (shown in green) relative to the ordered molecules can be
clearly seen in Figure 5b. It is interesting to note that the disor-
dered molecules do form C-H...O interactions with the ‘host’
molecules, but as the interactions are strongest between the
phenyl groups and the amide oxygen (Figure 5a), they effectively
allow the molecule to rotate along its length, and therefore do
influence the orientation of these molecules which leads to the
observed disorder. With respect to whether the disordered mol-
ecule is related by an inversion or translation to the next mole-
cule along the stack axis, PIXEL calculations indicate that inver-
sion is slightly favoured suggesting that the molecules might be
arranging with inversion symmetry along the disordered stack.
This is discussed further below when the lartice energies of the
various polymorphs are considered. A list of weak interactions
present in the polymorphs of 2 is given in Table 5, while the
geometries of these interactions are listed in Tables S1 and S2
in the supplementary information. In general, the PIXEL calcu-
lations indicated that the environments around each molecule
in 2a and 2b as measured molecule...molecule interaction ener-
gies is relatively uniform, though slightly stronger interactions
are present in 2a. The geometries of the two most stabilizing
interactions are illustrated in Figure S2 in the supplementary
information.
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b)

Figure 4. a) Crystal packing of compound 2a viewed down the a
axis; the common C-H...O dimer present in both polymorphs of 2
is indicated. b) These molecules interact through C-H...O interac-
tions to form a layered structure with T...T interactions between the
layers.
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Figure 5. a) Crystal packing of compound 2b composed of ordered
and disordered molecules viewed down the a axis; the common
C-H...O dimer of 2 is highlighted and is composed of the ordered
molecules. These create host channels into which the disordered
guest arrange in two orientations (one orientation shown in green).
C-H...O and ... interactions can be clearly seen bur the orienta-
tion of the disordered molecules create a crosshatched arrangement
of molecules as in b).
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Compound 3 is an imidazole-containing derivative of com-
pound 1. The conformation is, on the whole, different in pol-
ymorphs 3a and 3b with the imidazole pointing in opposite
direction in each molecule (Figure 2). In both polymorphs, the
alcohol group hydrogen bonds to the more basic imidazole
group (the strongest hydrogen acceptor in the molecule) of a
neighbouring molecule rather than to another alcohol group.
These hydrogen bonds in 3a result in the molecules arranging
in the form of a spiral resembling a tightly coiled spring in the
direction of the b axis of the unit cell in which each molecule is
symmetrically related to the next by a 2, screw axis (Figure 6).
Spirals of hydrogen bonded molecules interact with neighbour-
ing molecules through C-H...O interactions involving an imid-
azole ring hydrogen and the amide oxygen atom, or through
C-H...w interactions in which a phenyl group acts as hydrogen
donor and the imidazole as T acceptor. The hydrogen bonding
is similar in 3b but the spiral is now stretched out to form a
chain like structure in which each molecule is situated behind
the previous one along the b axis (Figure 7). Here the molecules
are also aligned by a 2, screw axis but are spaced further apart.
Molecules in each of these chains then interact through ...t
interactions with molecules related by translation along the a
axis in an arrangement very similar to polymorph 1b (Figure
2b). Noteworthy is that 3a crystallizes in a centrosymmetric
space group (P2,/n) while 3b crystallizes in a chiral space group
(P2,2,2,). According to the PIXEL calculations (Table 7), the
molecule...molecule interaction contributing most to the struc-
ture of 3a is the one associated with the hydrogen bonded pat-
tern (-67.8 kJ/mol). There is also a centrosymmetric dimer simi-
lar to the one mentioned in the polymorphs of 2 which is held
together by two C-H...O and two C-H.. 7 interactions (48.8
k]/mol), and which brings neighbouring hydrogen bonded
chains together (Figure 6b). The most important mole-
cule...molecule interactions in 3b are those associated with the
hydrogen bonding (-73.7 k]/mol) as well as the ... interaction
in which the molecules overlap by translation along the a axis
(-39.6 k]/mol). The geometries of the two most stabilizing inter-
actions are illustrated in Figure S3 in the electronic supplemen-
tary information.

References on page 164

a)

b)
Figure 6. a) O-H...N hydrogen bonded spiral down the b axis pre-

sent in 3a. b) These interact with neighboring spirals through C-
H...mand C-H...O interactions.
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b)

Figure 7. a) The O-H...N spirals present in 3a are stretched out to
form a more layerdike chain in 3b. b) These interact with each
other through ... interactions in a manner similar to 1b. These
... stacks are related to each other by a 2, screw axis down the b
axis as shown in green.

Table 5. List of intermolecular interaction types present in
the polymorphs of 1-5. The presence of hydrogen bonds and
T...TT interactions was determined using PLATON. The pres-
ence of ... interactions was also determined by visual in-
spection of the molecule...molecule interactions with signifi-
cant T overlap contributing 15 kJ/mol or more to the stability
of the structure as determined by PIXEL. Strong intramolecu-
lar hydrogen bonding, if present, has also been indicated.

Polymorph  Interactions

la N-H...O (intra), O-H...O, CH...O, m...m

1b N-H...O (intra), O-H...0, CH...O, m...w

2a N-H...O (intra), CH...O, C=0O...m, ...

2b N-H...O (intra), C-H...O, m...

3a N-H...O (intra), O-H...N, C-H...O, C-H...m

3b N-H...O (intra), O-H...N, CH...O, m..7w

4a N-H...O (intra), C-H...N, C-H...O, 7...w

4b N-H...O (intra), CH...O, CH...N, C=0...7,
CH...m, ..

S5a N-H...O (intra), CH...O, CH...w, w...w

5h N-H...O (inter), C-H...O, C-H...T, W...
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Molecules in 4a pack in a zigzag like pattern while those in
4b pack as layers. Compound 4 is an imidazole-containing de-
rivative of compound 2 and related to compound 3 by conver-
sion of the alcohol to an aldehyde. Strong hydrogen bonding is,
as a consequence, absent in both structures and is instead re-
placed by C-H...N interactions. These in 4a occur between im-
idazole groups located on the folds of the zigzag pattern and
link molecules in neighbouring stacks together. Molecules in
4b form C-H...O linked layers composed of either A or B mole-
cules. These are then linked together by C-H...N interactions
between neighbouring imidazole groups. Both structures con-
tain molecules held together by ... interactions. These in 4a
act between pairs of molecules (dimers) related by centers of
inversion, while in 4b they bind four molecules together to
form a tetramer in which the sequence of molecules is
A..B..B... A (Figure 9). This tetramer stacks on its neighbours
to create the layered packing, but is rotated by about 90° with
respect to the tetramer below and above it so that only partial
overlap occurs between neighbouring tetramers. Weak interac-
tions present in 4a and 4b are listed in Table 5. PIXEL calcula-
tions indicate that the two most significant molecule...molecule
interactions in 4a involve a C-H...O stabilized centrosymmetric
dimer (:36.7 kJ/mol) followed by the centrosymmetric ...
interaction (-36.6 kJ/mol). The most significant mole-
cule...molecule interactions in 4b involve a T...T interaction
within the tetramer (-49.0 k]/mol) as well as two arrangements
which support C-H...O interactions along the b axis of the unit
cell which stabilise the structure by -32.9 and -32.3 kJ/mol re-
spectively (Table 7). The geometries of the three most stabilizing
interactions of 4a and two most stabilizing interactions of 4b
are illustrated in Figure S4 in the supplementary information.

b)

Figure 8. a) A dominant ... interaction leads to the formation
molecular dimers in 4a. These are brought together by together by
the C-H..N interactions between imidazoles on neighboring di-
mers. b) The geometry adopted by C-H...N interactions also result
in zigzag like packing.
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Figure 9. The structure of 4b is dominated by T...T interactions. a)
The strongest of these result in a tetramer of 7 stacked molecules
which can be viewed as the building unit of this structure. Rein-
forcing this formation are C-H...N interactions between imidazoles
on molecules within the tetramer. b) The layered structure is creat-
ed by the assembly of tetramers which are rotated by about 90°
with respect to the neighboring ones above and below them which
results in the layered structure.

Compound 5 is derived from compound 1 by esterification
of the alcohol group with benzoic acid. The molecule adopts a
very different conformation in polymorphs 5a and 5b especially
around the amide group. The conformation of the phenylben-
zamide is almost planar in 5a while the phenyl and benzamide
groups are twisted almost perpendicularly to each other in 5b.
This leads to different hydrogen bond behavior in each struc-
ture: the almost planar conformation of the phenylbenzamide
group leads to intramolecular N-H...O hydrogen bonding in 5a
resulting in molecules which are not connected by strong in-
termolecular hydrogen bonding, while the twisted confor-
mation in 5b allows chains of N-H...O hydrogen bonded mole-
cules to be formed along the b axis. This phenomenon in which
a compound is able to erystallize as a close packed structure
with no hydrogen bonding, and another in which hydrogen
bonding is present is very rare,”” and is a consequence of the
two different molecular conformation adopted by 5. Polymorph
5a can be described as being made up of C-H...O stabilized
layers of molecules which stack along the ¢ axis. These C-H...O
interactions within each layer link up chains of molecules along
the a and b axis (Figure 10a). These layers are linked together by
CH...w and ... interactions between benzoate groups on the
edges of neighboring layers (Figure 10b). The chains of 5b are
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not only stabilized by N-H...O hydrogen bonding, but also by
additional C-H...O and C-H...w interactions (Figure 11a). There
are also T..T interactions between the benzoate groups on
neighboring chains. C-H...T interactions are present between
the benzamide groups on adjacent chains (Figure 11b). For 5a,
PIXEL calculations indicate that the most important mole-
cule...molecule geometry (-50.4 kJ/mol) is the one in which
molecules are linked together along the a axis by C-H...O and
C-H... interactions. The molecules also partially overlap allow-
ing dispersion to contribute (-67.6 k]/mol; see Table 8) signifi-
cantly to the interaction energy. For comparison, the mole-
cule...molecule geometry supporting the C-H...O hydrogen
bonded chain along the b axis (Figure 10a) only contributes
abour -34.0 kJ/mol. This is due to dispersion (-39.4 kJ/mol)
contributing less to this interaction because the molecules along
the chain only overlap moderately. The next most important
molecule...molecule interaction (-38.8 kJ/mol) is one in which
the benzoate groups on neighboring layers interact through
.. and C-H...T interactions as shown in Figure 10b. A key
difference between the two polymorphs is that the strength of
interactions around a molecule is 5a is relatively uniform, while
in 5b there is a dominant interaction followed by much weaker
ones. For 5b, the strongest molecule...molecule interaction is
between molecules involved in the N-H...O hydrogen bonded
chain (-71.0 kJ/mol) along the b axis. The strength of this inter-
action is also due to the presence of a C-H...w and two C-H...O
interactions between the molecules. The next strongest geome-
try contributes only -21.1 kJ/mol, and supports the C-H...
interaction between neighboring N-H...O chains. The geome-
tries of the three most stabilising interactions are illustrated in
Figure S5 in the supplementary information.
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b)

Figure 10. a) C-H...O bound chain along the b axis of polymorph
5a. b) Neighboring chains are held rogether by C-H...m and m...w
interactions between bezyl esters on neighboring molecules. Strong
N-H...O interactions are prevented from occurring in this structure
due to the planar conformation of the phenylbenzamide group.

References on page 164

b)

Figure 11. a) The molecular conformation adopted by 5b allows
strong N-H...O hydrogen bonding to occur, resulting in the for-
mation of a chain of hydrogen bonded molecules down the b axis.
Molecules within this chain are also kept together by C-H...m and
C-H...O interactions. b) As in 5a, neighboring chains are held to-
gether by m...1 interactions between the benzyl ester groups.

Lattice energy calculations

Lattice energies for polymorphs la-5b is given in Table 9.
With the exception of compound 2, all of these were calculated
using PIXEL. The lattice energies for compound 2 were calcu-
lated using the atom-atom potential method AA-CLP as PIXEL
cannot calculate a lattice energy for a structure containing more
than two molecules. In order to calculate a lattice energy for 2b,
in which the presence of the disordered molecule causes prob-
lems, the symmetry of the structure was lowered from P2,/c to
P2, and the a axis doubled allowing the disordered molecule to
be treated as an ordered molecule in one of two possible orien-
tations with respect to the molecule stacked above and below it.
This allowed a lattice energy to be calculated using the assump-
tion that the molecules stack by cell translation above and be-
low it (a kind of eclipsed geometry) leading to a lattice energy of
-119.7 kJ/mol, or the assumption that molecules along the stack
are related to each other by a center of inversion which lead to a
calculated lattice energy of -121.8 kJ/mol. This difference sug-
gests that the disordered molecules are probably related by a
center of inversion along the stack.

In general, the relarive energies given in Table 9 show thar
the energy difference between various polymorphs is less than
4 kJ/mol. The only exception is for 4b where the difference is
almost 15 kJ/mol. This difference may be because only the in-
tramolecular energy of the ordered molecule was taken into
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account in the calculation. Refining a disordered molecule of-
ten results in a structure whose conformation is less than ideal,
and in this case resulted in intramolecular energies that were
significantly higher than that of the ordered molecule. The
energies of the disordered molecule were therefore omitted
from the calculation burt the overall result has been kepr to al-
low comparison with the energies of the other compounds. The
most interesting calculations are for compounds 3 and 5. In
both cases the intramolecular energy of the second polymorph
is significantly higher than that of the first polymorph but the
final relative energies differ by less than 3 k]/mol. It is interest-
ing to note that the significant change in conformation for 5b
results in the molecule being at a significantly higher energy,
but that the advantage in forming the intermolecular N-H...O
pattern compensates significantly resulting in a lower lattice
energy.

Table 9. Intramolecular, lattice and relative energies of com-
pounds 1 to 5 (k] mol™). With the exception of compound 2,
lattice energies were calculated using PIXEL, while the rela-
tive intramolecular energies were calculated with the M06-2X
DFT functional using Gaussian-09 and a 6-31++G(d,p) basis
set. The lattice energies for 2 were calculated with AA-CLP.

Polymorph ~ M06-2X  Lattice Energy Relative Energy
la 0 -130.6 -130.6

1b 0.90 -127.5 -126.6

2a 0 (-118.7) (118.7)

2b 0.36 (119.7)/(-121.8)  (-119.34)/(-121.44)
3a \] -196.4 -196.4

3b 7.07 -200.4 -193.3

4a 0 -156.7 -156.7

4b 11.21 -153.2 -142.0

5a \] -154.3 -154.3

5b 13.79 -166.1 -152.3

Phenylbenzamide as a promoter of polymor-

phism

The diversity of polymorphs presented so far raises the ques-
tion whether the phenylbenzamide component is able to en-
courage polymorphism or not. In order to check for a general
trend, a search for structures containing the phenylbenzamide
group was carried out in the Cambridge Structural Database™
(CSD; Version 5.34, 2013 release with Nov 2012 update) re-
sulting in 982 unique compounds (including compound 1 as
Refcodes AWEWAB and AWEWABOI1) after the removal of
obvious duplicate entries (such as AWEWABO1 in this case).
Of these, 23 compounds have at least one reported polymorph,
three have been reported for 8Methoxy-N-phenyl-1-
naphthamide (TAWRIT, TAWRITO1l and TAWRITO02), one
compound has been reported to exist as two DMF solvate pol-
ymorphs (PIWBUT and PIWBUTO1), and one reported as two
polymorphs of a co-crystal (FENDUJ and FENDU]J01). The
FENDU]JO1 co-crystal may also contain solvent which is absent
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in the structure included in the CSD but a search for voids
does suggest that some solvent molecules may be present. A full
list of Refcodes for these 23 compounds is given in the elec-
tronic supplementary information.

Only 23 polymorphic structures out of 982 compounds sug-
gests that the phenylbenamide group is incapable of encourag-
ing polymorphism. However, it is likely thar this group is inter-
esting to researchers working on compounds for synthetic pur-
poses and therefore not searching for polymorphs. Given the
lack of an extensive number of reported polymorphs reasons
have to be found as to why the phenylbenzamide moiety might
have a propensity for forming polymorphs.

From the examination of crystal structures of compounds 1-
5, and ignoring the molecule specific O-H...O and O-H...N
hydrogen bonding present in the structures of compounds 1
and 3 respectively, it is clear that a wide variety of intermolecu-
lar interactions is possible ranging from N-H...O hydrogen
bonding involving the amide group, to C-H...O and C-H...w
interactions and finally ... interactions (or at least interactions
with a significant dispersion component as calculated with
PIXEL). The interplay of the various interactions may therefore
play a role in encouraging polymorphism.

Another clear phenomenon noted when examining these
structures and those displaying polymorphism in the CSD, is
that the phenylbenzamide group can easily bend and twist lead-
ing to various conformations and conformational polymor-
phism.

Finally, the phenylbenzamide group has a special electronic
property that becomes apparent when the electrostatic potential
is plotted on the electron density surface of a molecule. The
ESP diagrams for compounds 1 and 2 are shown in Figure 12.
All four of these diagrams also indicate a T...T interaction pre-
sent in each of the structures. The diagrams are colored such
that blue represents the electropositive areas in which hydrogen
atoms usually present, while red represents electronegative areas
where the nitrogen atom, oxygen atoms and the m electron
charge of the benzene rings is present. What is clear when the
electrostatic potential diagram of any of these molecules is
scanned from left to right is an alternating sequence of positive
and negative areas. This means that a molecule interacting with
it in a ...m manner will be able to find a number of orienta-
tions to do so, and we believe this to be another factor which
encourages polymorphism. This is especially clear when the two
T...T interactions shown in Figure 12 for compound 2 are exam-
ined. In each case the upper molecule has maintained its orien-
tation but has located itself on a different area of the lower
molecule. It is interesting to note that the electrostatic potential
of the molecule is blurred out when mapped onto a Hirschfeld
surface as shown in Figure 12. The diagrams also show that the
mapping of electrostatic potential onto the Hirschfeld surface is
sensitive to crystal packing.

So, do we believe that the phenylbenzamide group encour-
ages polymorphism? Considering that this group is capable of a
variety of weak interactions and is also conformationally flexible
enough ro allow different interactions to become dominant in a
structure, and thar the electrostatic surface of the group is com-
plex enough to allow a variety of ... interactions to occur, we
believe it to be a strong possibility. The fact that we were able to
find the five pairs of polymorphs discussed in this work without
undue effort makes the possibility interesting. If nothing else,
the possibility is appealing because of the ease with which ben-
zoic acids and aniline type compounds can be converted to the
phenylbenzamide group. It may therefore be possible to convert
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a compound that is reluctant to form polymorphs to one that application in the pharmaceutical industry as amides are a
does so easily. Such modification of compounds might also find common functional group in biological systems.

2
2b
Figure 12 Electron density (left; 0.008 isosurface level) and Hirshfeld surface diagrams (right) on which the electrostatic potential is mapped.

The colors range from -50 k]/mol (-0.019 au) shown in red, 0 kj/mol in white and +50 kJ/mol (+0.019 au) in blue for compounds 1 and 2
(polymorphs have been indicated).

1b

Table 6. Molecule...molecule interaction energies contributing most to the stability to the polymorphs of 1 and 2 as calculated
using PIXEL (k] mol).

Symmetry Total Coulombic Polarization Dispersion Repulsion
(molecule pair)

Polymorph 1a

1.5-x,-0.5+y, 1.5-z -62.8 -54.1 -24.1 -60.4 75.8
2-x, -y, -z =235 -11.3 -4.3 -25.1 17.1
1-x,y, I-z -20.3 -6.5 -6.2 -27.9 20.2

0.5+x, -0.5-y, 0.5+2 -14.8 7.6 2.8 -10.9 6.5

1.5-x, 0.5+y, 0.5-z -8.3 -2.0 -0.5 -8.0 2.1
2, oy, 2 75 13 -1.9 -14.6 7.7

Polymorph 1b

1.5-x, 0.5+y, 0.5-z -37.8 -46.3 -21.6 -26.5 56.6
I+x, v,z -27.8 -2.6 -5.0 -46.1 259
2.5-x, 0.5+y, 0.5-z -19.9 -11.8 -3.6 -12.5 8.0
1-x, 2-y, -z -18.6 -7.1 -2.7 -22.0 13.2
0.5+x, 1.5-y, 0.5+z -13.1 -5.3 -1.6 -13.7 7.5
1.5+x, 1.5-y, 0.5+z -1.9 -2.7 -1.5 -11.7 8.1

Polymorph 2a

1+x,y, 2z -31.2 -5.5 =37 -50.7 28.7

-0.5-x, 0.5+y, 1.5-z -19.0 -12.8 4.7 -16.8 15.2

1-x, -y, 1-z -17.4 -79 -5.1 -23.6 19.1

0.5-x, 0.5+y, 1.5-z -12.9 -43 -2.1 -15.7 9.2

0.5+x, 0.5-y, -0.5+z -12.8 -52 -1.3 -12.5 6.4

X, I-y, 1-z -7.4 22 -0.9 -12.0 33
Polymorph 2b (ordered molecule only)

1+x,y.z -28.7 -2.6 -3.9 -55.4 33.2

-x, l-y, -z -17.9 1.7 -3.8 -19.6 13.1

X, 1.5-y, 0.5+z -10.0 -4.6 -1.8 -11.5 79

1-x, 1-y, -z -9.0 -2.0 -0.7 -10.7 44

14x, 1.5-y, -0.5+z -8.4 -2.5 -0.9 -8.4 35
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Table 7. Molecule...molecule interaction energies contributing most to the stability to the polymorphs of 3-4 as calculated using

PIXEL (k] mol").

Symmetry Total Coulombic Polarization Dispersion Repulsion
(molecule pair)
Polymorph 3a
0.5-x, 0.5+y, 0.5-z -67.8 -95.6 -55.2 -553 1383
I-x, -y, 1-z -48.8 2313 -12.5 -39.8 34.8
X, lty, z -344 -12.8 -4.3 -32.7 15.3
1-x, I-y, 1-z -21.9 -14.1 -1.9 -27.6 27.6
0.5+x, 0.5y, -0.5+z -19.3 -10.7 -3.9 -18.2 13.5
1.5-x, 0.5+y, 0.5-z -19.1 -8.5 -2.8 -20.0 12.2
1-x, 1-y, -z -14.4 -5.4 -1.1 -10.5 2.6
Polymorph 3b
1-x,0.5+y, 1.5-z -73.7 -86.8 -43.9 -45.9 103.0
I+x,y, 2 -39.6 -6.6 -10.3 -67.9 45.2
2-x,0.5ty, 1.5-z -32.6 -15.7 9.2 -33.5 25.8
0.5+x, 0.5-y, 2-z -11.6 -4.6 -3.8 -17.0 13.8
1.5-x, 1-y, 0.5+z -79 -3.2 -1.8 -8.4 5.5
0.5-x, -y, 0.5+z -7.2 -3.6 -0.8 -4.5 1.8
Polymorph 4a
=X, <Y, -Z -36.7 -21.8 -6.5 -31.0 22.6
1-x, -y, -z -36.6 -2.0 -7.0 <721 44.5
1-x, 1=y, -z -32.9 -11.9 -4.8 -38.6 22.4
-x, 1-y, -z -30.1 -133 -6.4 -43.9 33.6
I+x,y. z -28.4 -17.3 =53 -24.6 18.9
1.5+x, 0.5-y, 0.5+z -17.5 -13.6 -5.1 -10.1 11.3
-0.5-x, 0.5+y, -0.5-z -17.4 -13.7 -5.1 -11.1 12.5
0.5+x, 0.5-y, 0.5+z -16.0 =27 -3.6 -20.6 11.0
1.5-x, 0.5+y, 0.5-z -8.9 -0.7 -0.9 -11.7 4.4
Polymorph 4b
1-x, 1-y, 1-z (m1_m2) -49.0 -14.5 57 -70.9 42.1
1-x, -y, 1-z (m2_m2) 329 -11.0 -5.7 -33.9 17.7
X, 14y, z (m2_m2) 323 226 8.0 -30.6 28.9
0.5-x, 0.5+y, 0.5-z (m1_ml) -31.3 -11.2 -54 -43.4 28.6
1-x, 1-y, 1-z (m2_m2) -28.1 0.6 -3.3 -55.6 30.2
x, 14y, z (ml_ml) 276 227 93 292 336
X, vy, Z(m2_ml) -24.8 -19.3 -8.1 -15.9 18.5
0.5-x, -0.5-y, 1-z (m1_m2) 212 126 37 -10.4 55
0.5-x, 0.5y, I-z(ml_ml) -20.8 -8.9 -1.6 -15.8 54
1-x, -y, 1-z (m1_m2) -16.2 63 23 -10.9 3.3
X, I-y, 0.5+z (m2_ml) -15.7 -4.9 -1.3 -13.6 4.1
0.5-x, 0.5-y, 1-z(m1_m2) -15.6 -4.7 -3.8 -15.7 8.6
1-x,y, 1.5-z (m2_m2) 8.8 3.0 26 -15.4 12.1

Table 8. Molecule...molecule interaction

PIXEL (k] mol").

energies contributing most to the stability to the polymorphs of 3-5 as calculated using

Symmetry Total Coulombic Polarization Dispersion Repulsion
(molecule pair)
Polymorph 5a
I+x, v,z -50.4 -21.0 -9.0 -67.6 47.3
2-x, 1=y, 2-z -38.9 -13.3 -4.5 -52.1 31.0
2-x, 0.5+y, 1.5-z -34.0 -14.3 -7.9 -39.4 27.5
3x,0.5+y, 1.5-2 -17.7 -3.6 -3.9 -26.1 15.9
1-x, -y, 2-z -13.6 -2.6 -1.8 -18.3 9.1
1-x, 2-y, 2z -8.9 -4.0 -1.5 -11.8 8.5
Polymorph 5b
0.5-x,0.5+y, z -71.0 -55.2 -24.6 -67.0 75.8
0.5+x, 1.5-y, I-z 2211 -1.3 -3.1 -28.2 17.6
-x, 2-y, 1z -18.1 -7.6 -3.2 -33.7 26.4
1-x, 2-y, 1-z -15.0 -4.7 -3.4 -23.8 17.0
0.5+x, y, 0.5-z -14.2 -4.5 2.7 -20.2 133
I+x,y, z -12.6 -3.1 =21 -15.7 8.3
X, 0.5+y, 0.5-z -9.5 2.7 -1.4 -10.8 54
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IN SUMMARY

The comparison of 5 pairs of polymorphs of five similar
phenylbenzamide derivatives indicated that the structures are all
unique. Strong O-H...O and O-H...N hydrogen bonds are pre-
sent in the structures of compounds 1 and 3 respectively, while
N-H...O hydrogen bonding is present in structure 5b but absent
in structure 5a. Through the conformation of the phenylben-
zamide is generally planar and consistent in the structures re-
ported here, the molecule in 5b adopts a different confor-
mation so as to allow an intermolecular N-H...O hydrogen. This
N-H...O hydrogen bond is present as an intramolecular interac-
tion in 5a. Examination of polymorphs of other compounds in
the CSD indicates that phenylbenzamide can adopt a variety of
conformations and form conformational polymorphs. Other
weak forces such as C-H...O, C-H...N, C-H...m and 7...7 interac-
tions compete with each other resulting in polymorphs that
have very little in common with each other or with the poly-
morphs of the other compounds reported here. An interesting
observation is that T...T interactions play a very significant role
in most of the structures, but that the extent and nature of the
interaction differs from structure to structure. A possible reason
for this is revealed when the electrostatic potential is mapped
onto the electron density of the phenylbenzamide group indi-
cating an alternating pattern of positive and negative regions
across the molecule. Neighboring molecules as a consequence
can align to form T...T interactions in a variety of orientations.
The ease with which we have identified these five pairs of poly-
morphs, the variety of interactions adopted by each structure,
the flexibility in 1. interactions formed, and the variety of
possible conformations adopted, suggests that the phenylben-
zamide group may encourage polymorphism.
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Crystal coordinates as CIF files for polymorphs 2a to 5b have de-
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3.3 Conclusions

This work was a result of the unexpected, yet fortuitous discovery of five pairs of
polymorphs of the alcohol and aldehyde intermediates of 10-[2-(benzoylamino)-phenyl]-
5,15-diphenylcorrole and 10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyl]amino}phenyl)-5,15-

diphenylcorrole as in Figure 3.5.1. The structures of these were explored and discussed in
0} ¢}
% Nb E \N)‘\©
H H
AN
OH 1 ) 2
0} 0}
N NN\
OH 3 O 4
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NJ\@
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Figure 3.5.1 Polymorphic N-phenylbenzamide derivatives evaluated in this work. 1 N-[2-
(hydroxymethyl)phenyl]-benzamide; 2 N-(2-formylphenyl)benzamide; 3 N-[2-(hydroxyl-
methyl)phenyl]-3-(1H-imidazol-1-ylmethyl)-benzamide; 4  N-(2-formylphenyl)-3-(1H-
imidazol-1-ylmethyl)-benzamide; 5 2-(benzamido)-benzyl benzoate

two papers in Crystal Growth & Design.

The results reported in the 2013 paper indicate that N-phenylbenzamide is a
conformationally flexible and electrostatically non-uniform functional group. These
properties allow for a wide variety of potential N-H:--O, C-H::O, C-H:-m and m-m
interactions. It is believed that it is as a consequence of this that the N-phenylbenzamide

derivatives explored in this work were found to be polymorphic. It was also suggested
161
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that this functional group may encourage polymorphism in a wider variety of derivatives.
With the importance of polymorphism in many spheres including pharmaceuticals and
materials science, the discovery of a molecular group that could promote polymorphism

is of great significance.

Quantitative analysis of the intermolecular interactions in a crystal structure has been
shown to provide invaluable insights into the forces that shape the packing of a crystal
lattice. In contrast to the traditional atom-to-atom approach to crystal analysis, the
guantification of intermolecular interactions between pairs of molecules in the lattice
highlights the importance of the weaker hydrogen bond interactions such as X-H:--m, C-
H---X and C-H--m bonds as well as m-m interactions in the stabilisation of crystal
structures. Often, the differences between polymorphs of a compound lie not with
differences in the strong classical hydrogen bonding, but rather in the weaker
interactions. This was found to be the case for compounds 1 and 3 where the strong
hydrogen bond was maintained, but differences in the two polymorphs of each
compound arose from different C-H:--O and mt---1t interactions. In the case of the aldehyde
derivative 2 and 4, where strong intermolecular hydrogen bonding was absent,
differences between polymorphs again arose from C-H---O and m---1t interactions. Large
conformational differences between molecules in the polymorphs of compound 5 led to
significant differences between the two polymorphs. In the case of the first polymorph,
the conformation of the molecule in the crystal lattice did not allow for the formation of
an intermolecular hydrogen bond and the structure was stabilised by weak interactions. A
conformational change in the second polymorph allowed for strong N-H---:O hydrogen
bonding to occur. The phenomenon of a polymorphic compound crystallising as a close
packed structure with no hydrogen bonding in one case, and with hydrogen bonding
present in the other case is very rare,”” and is as a consequence of the differences in

molecular conformation adopted by 5.

A useful result of the 2011 paper is that knowledge of the intermolecular forces, together

with their energetic contribution to the stabilisation of crystal structure, may offer
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information on structure determining interactions, providing useful insights into methods
for the suppression or promotion of one polymorph over another. Experiments could

then be tailored to either promote or prevent these interactions through the use of

different crystallisation methods and solvents.
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4.1 The inorganic chemistry of corroles

4.1.1 Metals in corroles

Corroles, aromatic corrins, and core-contracted porphyrins have received much attention
since corrole synthesis was revolutionised in 1999.% Corroles, with three ionisable
pyrrolic nitrogens in the inner core of the macrocycle, form trianions. This results in a
system rich in 1t electrons, which in a small binding cavity, is a strong o donor.? As a result,
corroles are able to stabilise metals with high oxidation states, a feat not achieved by the
dianionic porphyrin or monoanionic corrin.*” In addition, the trianionic nature of the
corrole results in low-valent metal complexes with significantly higher reactivity than
porphyrin counterparts.8 The coordination of metals by corroles is of great interest as
metallocorroles have been found to play important roles in catalysis, medicine, sensors

and energy generation.*’

The complexation of a wide variety of metals by corroles has been studied.® In spite of the
small coordination cavity, a variety of different metals can be coordinated without
distortion of the planarity of the macrocycle'® (although non-innocent corroles are often
saddled®!). Palmer observed that while the number of reported first-row transition
metal corrole complexes is high, the coordination of second- and third-row transition
metals is more limited.? Complexes of all of the first-row transition metals except
scandium have been reported. Second-row transition metallocorroles, including Nb, Mo,
Ru, Rh and Ag corroles have been reported while Re, Ir and Au are the only third-row
transition metals complexes reported.6 Main group metals, B, Al, Ga, In, Sn, Ge, As, Bi, Sb

458 The trianionic nature of the

and P have also been complexed by corrole macrocycles.
corrole is unable to stabilise metals in the 2+ oxidation state. As a result, complexes of
such metals (such as Mg", Co", zn", Fe" or Ni") which are commonly found in porphyrin

chemistry, are rare in corrole chemistry.8

The most common coordination numbers observed in corrole complexes are five and six.

A few four-coordinate systems have been reported including Cu" and Ag" systems. Five-
170
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coordinate systems are favourable as the displacement of the metal above the plane of
the macrocycle is beneficial not only for the metal, but also for the macrocycle. Strong o
donation from the electron rich corrole decreases the Lewis acidity of the coordinated
metal, thus decreasing the affinity for a second axial ligand. In spite of this, six-coordinate
systems are common and they exhibit remarkable planarity of the macrocycle, a property

which has been shown to affect the physical and chemical properties of the system.”

The coordination of metals in high formal oxidation states by porphyrins results in

6712 High-valent

unstable, transient complexes, while similar corrole complexes are stable.
metallocorroles are thus useful as stable biomimetic systems in the study of high-valent
intermediates in haem biochemistry.12 The first high-valent metallocorrole was reported
in 1981 where chromium was found to be coordinated in the 5+ oxidation state.™ It has
been established that the electronic nature of the corrole ring, dictated by the electronic
properties of the meso and B substituents, together with the oxidation state of the metal
and the presence of axial ligands, can be either innocent, or non-innocent.'? In electron
rich systems, the corrole macrocycle is said to be innocent, in that a true high-valent
metal centre is present, while in electron poor corrole systems, the macrocycle is in fact
partially oxidised and is thus non-innocent.? These electron-poor systems, as a result of

31 The presence of a strong

the partial oxidation, tend to display saddled macrocycles.
field axial ligand has been shown to stabilise high-valent metal centres, and in these

cases, the corrole ligand appears to be innocent.™

In addition to acting as a tetradentate ligand, examples of corroles acting as tridentate,

1316 a5 well as (oxo)V" and

dianionic ligands have been reported for Rh' complexes
(ox0)Ti"V complexes!’ where the metal coordinates through three of the four nitrogen

donors.
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4.1.2 Corrole and vitamin B4, spectra

In the spectroscopy of corroles, as with the UV-vis spectroscopy of porphyrin, the bands
of lower energy and intensity are known as the a or Q bands (500-700 nm region) while
the bands of higher energy and higher intensity are known as B or Soret bands (300 - 500
nm region)3 as illustrated in Figure 4.1.1. Extinction coefficients are often lower for
corroles than for related porphyrin macrocycles.> The spectra of corroles have been

adequately rationalised by the four-orbital model,"® which was shown by Gouterman in

19,20

the 1960s to apply to porphyrins. In metalloporphyrins, the majority of the transitions

21,22
d. I

observed in the UV-vis spectra are due to m—>m* transitions of the metal and ligan n

the electronic spectra of metallocorroles, however, the observed bands are often due to
the m->m* transitions of the corrole ligand rather than transitions involving the metal and

axial ligands.”*%
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Figure 4.1.1 The UV-vis spectrum of triphenyl corrole in dichloromethane

The spectrum of vitamin By, is characterised by the strongly-absorbing y band in the 350
nm region and the less strongly absorbing  and a bands in the 420-600 nm region.24 A
weakly-absorbing & band in the 300-350 nm region and the E and D bands in the 390-420

nm region are also present (Figure 4.1.2). A number of electronic transitions are
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responsible for these bands in the UV-vis spectrum including internal transitions of
electrons in either the corrin ring or the axial ligands, charge transfer transitions between
either the corrin and the metal ion or the axial ligands and the metal ion as well as d-d
transitions of the metal ion. It has been found, however, that the bands above 300 nm in
the UV-vis spectrum are due to m—>mn* transitions within the corrin ring.25 While these
transitions are due to the transition of electrons within the corrin ring, they are sensitive

to the nature of the axial Iigands.26
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©
>
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0
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Wavelength (nm)

Figure 4.1.2 The UV-vis spectrum of vitamin B,,, in water

‘Atypical’ spectra, as in Figure 4.1.3, with the y band appearing at longer wavelengths and
significantly reduced intensity together with the appearance of other bands of similar or
greater intensity in the 300-350 nm region, arise upon coordination of certain ligands at
the B position including ethyl, vinyl and methyl groups,? sulfites, isoamyl and

selenocyanide,?® as well as iodide?”® and thiosulfate.*

The spectra of substituted
cobalamins become increasingly ‘atypical’ as the polarisability of the B ligand increases
and Perry and Marques suggest that the ‘atypical’ spectra arise from the separation of the
components of the typical y band due to the change in donation of electron density from

the more electron donating, polarisable B ligands.*®
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Figure 4.1.3 UV-vis spectrum of methylcobalamin, an ‘atypical’ cobalamin spectrum
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4.1.3 Ligand substitution reactions of corroles

While the literature available on the substitution reactions of vitamin Bi,, is vast, the
same cannot be said for reactions involving a corrole macrocycle. Only one example of a
substitution reaction in aqueous media has been published — the binding of human serum
albumin (HSA) to the gallium and manganese complexes of the water soluble 2,17-bis-
sulfonato-5,10,15(trispentafluorophenyl)corrole where is was found that HSA binds to
both the free base and metallated corroles very strongly, such that the stability constants
for these reactions could not be determined by UV-vis titrations.*

32-35

The reactions of various corroles with pyridine and carbon monoxide, substituted

36,37 38-40

pyridines and various anions in organic solvents have been discussed in various
publications. Figure 4.1.4 illustrates the corroles used in each study and the stability
constants for the various ligands bound to cobalt corroles are presented in Tables 4.1.1

and 4.1.2, while those bound to manganese corroles are in Table 4.1.3.

Log K, values (as defined in scheme 4.1.1) are for the coordination of one ligand to the
metal ion trans to an existing ligand. In the case of the cobalt systems 3 and 4% an
increase in the pK, of the base resulted in an increase of log K as well (Table 4.1.1),
indicating that an increase in electron density at the donor nitrogen of the ligand results
in increased affinity between the cobalt ion and the ligand. This illustrates that the affinity
of nitrogen donor ligand for H* parallels its affinity for the cobalt ion. The values of log K;
were found to be considerably higher than for log K for system 4. log K, values for system
3, with one pyridine ligand in place prior to the substitution reactions, were found to be
similar, but slightly higher than the log K; values of system 4. This demonstrates that the
ligand trans to the incoming ligand plays a more important role in the determination of
log K> than the cis effects of the length of the aliphatic chain substituted at the B positions

of the corrole ring.
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Scheme 4.1.1 Generalised reaction for ligand substitution reactions where the metal is coordinated by a
macrocycle. K; is the stability constant for the binding of the first ligand while K, is the
stability constant for the binding of the second ligand

Results from Guilard,?*** Kadish®* and Murakami®® (Table 4.1.1) indicate that the
substitution pattern at both the meso and B positions of the corrole ring affect the
properties of the coordinated cobalt(lll) ion. The presence of aliphatic substituents at the
B positions and hydrogens at the meso positions on the corrole ring led to low stability
constants for the coordination of pyridine (systems 3, 4°® and 5°%). The addition of

32-34

aromatic groups at the meso positions increased K (system 1°°°7). The introduction of

aromatic substituents at some of the B positions increased log K further (systems 6 - 8°%),
with electron withdrawing groups on some of the B positions (0-OMePh in system 8)
increasing the log K to a greater extent than the electron donating groups (p-OMePh in
system 6). The use of aromatic substituents at six of the eight B positions results in the

highest log K for the series (system 9*).
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Figure 4.1.4

1- R,'=R;'=H; R;=R,=R,=Rg=R,'=Ph; R;=R,=R;=R,=Me; M=Co

2 - R,'=R,'=R;3'=H; R;=R,=R3=R,=R;=R¢=R,=Rg=Me; M=Mn

3 - R;'=R,'=R;3'=H; R;=R,=R,=Rg=Me; R3=R,=R;=R;=Et; M=Co--Py

4 - R,'=R,'=R;'=H; R;=R,=R3=R,=Rs=R=R,=Rg=Et; M=Co

5 - R,'=R,'=R;'=H; R;=R,=R;=R.=R,=Rg=Me; R,=R;=Et; M=Co

6 - R,'=R;'=H; R,'=Ph; R3=R,=Rs=Rs=Me;R,=R,=R,=Rg=p-OMePh; M=Co

7 - R;'=R,'=Ry'=H; R;=R,=R,=Rg=Ph; R;=R.=Me; R,=R:=Et; M=Co

8 - R;'=R5'=H; R,'=Ph; R3=R,=R;=R;=Me;R,=R,=R,=Rg=0-OMePh; M=Co

9 - R,'=R;'=H; R;=R,=R;=Rs=R,=R¢=R,'=Ph; R,=R.=Me; M=Co

10 - R,'=R;'=Mes; R,'=Ph; R;=R,=R;=R,=R;=R¢;=R;,=Rg=H; M=Mn

11 - R,'=R,'=R;'=H; R;=R,=R;=R,=R=R;=R,=Rg=Me; M=Co--PPh,

12 - R,'=R,'=R;'=x-Ph; R,=R,=R3=R,=Rs=R¢=R,=Rg=Me; M=Co--PPh,
Corroles used in the study of ligand binding in organic solvents in the literature. 1 —
Guilard and co-workers,*** Kadish and co-workers;***° 2 — Licoccia and co-workers;”’ 3, 4

— Murakami and co-workers;36 4-9 — Guilard and co-workers;34 10 — Chen and co-
workers,38 Shen and co-workers;39 11, 12 — Adamian and co-workers®
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Table 4.1.1

Figure 4.1.4) from the literature

Corrole Solvent Ligand log K;; log K, Reference

1 PhCN Chloride 2.88 Kadish*’

3* Acetone  Pyridine 1.6 Murakami®®
4-cyanopyridine 1.01
4-aminopyridine 2.74
4-methylpyridine 2.1
3-methylpyridine 1.9
2-methylpyridine -0.8
3-acetylpyridine 2.28
3-hydroxypyridine 1.5

4 Acetone  Pyridine 4.2;1.6 Murakami®®
4-cyanopyridine 3.29; 0.82
4-aminopyridine 5.9; 2.65
4-methylpyridine 4.8;2.0
3-methylpyridine 4.5;1.75
2-methylpyridine 2.0;-1.0
3-acetylpyridine 5.03; 2.06
3-hydroxypyridine 4.3;1.1

1 CH,Cl, Pyridine 4.90; 2.10 Guilard,*?*
co 4.2 Kadish*

5 CH,Cl, Pyridine 3.78; 2.00 Guilard®
co 3.7

6 CH,Cl, Pyridine 4.95;2.17 Guilard®
co 4.3

7 CH,Cl, Pyridine 5.01; 2.19 Guilard®
co 3.9

8 CH,Cl, Pyridine 5.32;2.38 Guilard®
co 4.3

9 CH,Cl, Pyridine 5.48;2.19 Guilard®
co 4.8

* Stability constants given are log K, values. The ligand trans to the incoming ligand was pyridine
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The cis influence was investigated in a series of corroles bearing methyl substituents at
the B positions and phenyl groups with different substituents at the meso positions
(system 12). The cis influence investigates how a change in the equatorial ligand system
affects the chemistry, in particular the thermodynamics of ligand substitution, at the axial
position through donation of electron density from the equatorial macrocyclic ligand to

1.** Adamian and co-workers®® found that the stability constant, K, for the

the meta
binding of pyridine trans to triphenyl phosphine increased as the Hammett substituent
constant increased. This result was in line with Guilard’s results with differing electron
donating or withdrawing groups at the B positions.>* This suggests electron withdrawal
from the B or meso positions decreases the electron density of the metal ion, resulting in

a more positively charge metal centre which readily accepts electrons from an incoming

ligand, leading to higher stability constants.

Table 4.1.2 Stability constants for pyridine bound to substituted cobalt corroles already
bearing a triphenylphosphine axial ligand from Adamian and co-workers®

Corrole Solvent Meso substituent log K,
11 Benzene H 2.29
12 Benzene Ph 1.54
p-OMePh 1.30
p-MePh 1.40
p-CIPh 1.54
m-CIPh 1.72
o-CIPh 1.62

The binding of ligands to corrole-coordinated manganese occurs at much higher ligand
concentrations compared to cobalt corroles as Table 4.1.3 illustrates. Licoccia®’ suggests
that equilibrium lies in favour of the unligated, or ligand free species, as penta
coordination of manganese may be satisfied through interactions between different
neighbouring macrocycles. Binding of neutral ligands was poor but coordination of

38,39

anionic ligands (in system 10°"") yielded large stability constants.
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Table 4.1.3 Stability constants for various ligands bound to substituted manganese corroles
(as in Figure 4.1.4) from the literature

Corrole Solvent Ligand log K Reference
2 CHCl, Pyridine 1.17 Licoccia®’
4-methylpyridine 1.91
4-vinylpyridine 0.81
10 PhCN Acetate 4.5 Chen®
10 PhCN Cyanide 4.7 Shen®
Thiocyanate 4.2
Chloride 4.8
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4.1.4 Electrochemical studies

The ability of corrole to stabilise a wide variety of metals in a variety of different oxidation
states has resulted in many, many electrochemical studies on different corrole sytems. As
one might expect, changes in solvent, axial ligands, and the meso and B substituents
affect the redox behaviour of the corrole.®® The use of coordinating solvents, or the
presence of axial ligands dramatically changes the redox behaviour of metallocorroles. In
the case of cobalt corroles, the presence of an axial ligand prevents the formation of

6,42

corrole dimers which is often observed in non-coordinating solvents. It has been

observed that, as with porphyrins, the presence of aryl substituents at the meso positions
results in systems that are harder to oxidise and easier to reduce than corroles bearing

6,39

alkyl B substituents.” The electronic properties of these substituents also affect the

electrochemistry of the system. An increase in the electron withdrawing ability of the
substituent results in an increase in both the reduction and oxidation half-wave

potentials.®

Kadish and co-workers observed that metallocorroles are more difficult to reduce, and

6,35,42-44

easier to oxidise, than similar porphyrins with the same metal ions. In addition, the

reduction of cobalamins®*®

generally occurs at higher potentials than the reduction of
corroles. This suggests that the trivalent corrole macrocycle is able to better stabilise

metals in high oxidation states than the divalent porphyrin, or the monovalent corrin.
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4.1.5 Bismacrocycle systems

The synthesis, characterisation and catalytic properties of bisporphyrin, biscorrole and
corrole-porphyrin dyads have also been reported.*****”>! These dyads consist of two
macrocycles linked in a face-to-face fashion through either a flexible or rigid linker as
illustrated in Figure 4.1.5. The use of corroles in these dyads became popular following
increased ease of synthesis with the several one-pot synthetic routes and the discovery of
the interesting chemistry which corroles possess, including the stabilisation of metal in
high oxidation states.*” The first cofacial biscorrole was reported in 1998 by Jéréme and

co-workers.*’

macrocycle

macrocycle

|

Figure 4.1.5 Cartoon of the structure of bismacrocycle dyads. The linker is often a polyaromatic or
aromatic system. The two macrocycles can be of the same type (biscorrole or
bisporphyrin) or of different types (corrole-porphyrin dyads). The macrocycles can both
be metallated or free base, or only one of the two macrocycles can contain a metal.

Bismacrocycles have been utilised as catalysts in oxidation reactions, including the four-

electron reduction of dioxygen to water®*®

and the microscopic reverse of nitrogen
fixation,"” where the substrate, or guest, is encapsulated between the two macrocycles.38
Bismacrocycles are of great interest as they provide a system which can readily bind small
molecules, such as oxygen or carbon monoxide, which may require two metal binding
sites in order to undergo the desired reaction, mimicking metal cluster chemistry in
biological systems such as cytochrome oxidase and nitrogenase.”® This encapsulation is
highly dependent on several factors, including the identity of the linker molecule, the

metals coordinated by the macrocycles, and the solvent.® The length and structure of the

linker is used to control the distance between the two macrocycles, and thus the m-m
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interactions of the macrocycle.”® The flexibility of the linker also serves to control the

manner in which the dyad opens and closes to accept the guest substrate.

The identity of the bridging linker affects the ligand binding properties of the metallated
corroles. In a comparison of a corrole with two of its related biscorroles, differing by the
identity of the linker, the stability constant for the binding of pyridine was slightly higher
for the monocorrole (log K = 4.90) than for an anthracenyl-linked biscorrole (log K = 4.84)
while that for the biphenylenyl linked biscorrole was almost two orders of magnitude
lower (log K = 3.14).%? The binding of carbon monoxide, on the other hand yielded very
different results, with the highest stability constant determined for the phenylenyl linker
dimer (log K = 31.3), followed by the anthracenyl-linked dimer (log K = 15.0) and finally

the monocorrole (log K = 7.1).*?
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4.2 General Methods

Materials and general methods used in this study are reported in this section. Details of
methods specific to particular experiments are detailed in the appropriate sections to

follow.

4.2.1 Materials

Deionised water, purified using a Direct Q UV 3 Millipore and further purified using a
Millipore MilliQ unit, was used throughout this study unless otherwise stated. Water used
for the preparation of cobalt and vitamin Bi,, standards as well as any water used for
atomic absorption measurements was purified using a Micropure RO system with UV
sterilizer and further purified using a MilliQ mixed bed ion exchange system for a final

purity of >18 mQ.

Reagents and buffers used in this work are reported in Appendix 1.2. Buffers were
adjusted to the required pH using concentrated solutions of either sodium hydroxide or
orthophosphoric acid. Vitamin B, studies were performed using hydroxocobalamin
acetate. Atomic Absorption studies were performed using chlorohydrate
dihydroxocobalamin. The corrole used in all studies was synthesised as reported in Part 2

Sections 2.4.3 and 2.9.3.

4.2.2 pH measurements

pH measurements were performed using a Metrohm High-precision 780 pH meter and
Metrohm Unitrode combination pH electrode. Metrohm ready-to-use buffer solutions at

pH 4, 7 and 9 were used to calibrate the electrode using a 3 buffer calibration.
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4.2.3 UV-vis spectroscopy

UV-vis spectra of ligand binding assay experiments were recorded on either a Cary 1E UV-
vis Spectrophotometer, fitted with a circulating water bath maintained at + 25.0 £ 0.1°C,
or Cary 300 Bio UV-vis Spectrophotometer, fitted with a Cary Dual Cell Peltier accessory
from Varian, set at 25.0°C. Spectra of the pKj titration were recorded on a Cary 3E UV-vis
Spectrophotometer, fitted with a circulating water bath maintained at 25.0 £ 0.1°C. All
spectrophotometers were fitted with cuvette holders for 1 cm path length cuvettes.
Matched Helma standard quartz cuvettes with Teflon stoppers, were used for ligand
binding assays. A 1 cm path length, 1.5 ml volume quartz self-masking flow cell was used
for the pKj titration, together with a standard quartz cuvette as a reference cell. Spectra
were recorded with a spectral band width of 2 nm, signal averaging time of 0.5 s, data
interval of 1.00 nm and scan rate of 120.00 nm min™*. Collection of spectra was facilitated

by the Scan application of the Cary WinUV software suite.”?

4.2.4 Kinetics

Kinetic data were collected on an Applied Photophysics stopped flow reaction analyser
with a 1 cm cell pathlength, using an ozone-free xenon ARC lamp and pbp Spectra kinetic
monochromator with a spectral band width of 2.3 nm. The reaction between the
chromophore (DPTC-Co or vitamin Bi,,) and cyanide was monitored at four different
temperatures and five ligand concentrations under pseudo first order conditions. The
temperature of the reaction cell was controlled using a LKB BrommaMultitemp

thermostatic circulator.

4.2.5 Data Analysis

Spectroscopic data from ligand binding assays and kinetic analysis were analysed using
SigmaPlot>® in the determination of observed equilibrium or stability constants (Kops) and

rate constants (kops).
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Where K,,s was found to be less than 4, the binding isotherm in Equation 4.2.1 was used
(derivation of Equation 4.2.1 can be found in Appendix 4.1); A is the absorbance at a
particular ligand concentration [L], Ao is the initial absorbance, A; is the final absorbance
and K,ps is the equilibrium constant. Ay, A; and K, are variables which were solved for

using a non-linear least squares and an iterative process.

— AO + AlKobs[L]
1+ Kobs [L]

Equation 4.2.1

Where log K,,s Wwas found to be greater than 4, the cobalt, or chromophore concentration
was taken into account with the data fitted to the binding isotherm in Equation 4.2.2
(derivation of Equation 4.2.2 can be found in Appendix 4.1).>* A, is the initial absorbance,
A1 is the final absorbance, [M] is the total metal concentration, [L]; is the total ligand
concentration, FL is an expression for the free ligand concentration and K, is the
equilibrium constant. Ao, A; and Kyps are variables which were solved for using a non-

linear least squares and an iterative process.

— AO + AlKobs [L]free
1+ Kobs [L]free

where

[L] _ _(1 + Kobs[M]T B Kobs[L]T) + \/(1 + Kobs[M]T B Kobs[L]T)Z + 4'Kobs[L]T
Jree ™ 2Kobs

Equation 4.2.2

The final stability constants were determined from the sum of the weighted K,,s values
obtained for each wavelength at which there was a large spectroscopic change (typically
four wavelengths — two examples of which can be found in Appendix 4.6 (determination
of K) and Digital Appendices 4.2.1 and 4.2.2 (raw data) while all other examples can be
found in Digital Appendices 4.3.1 and 4.3.2 (determination of K)). The error was
calculated from the sum of weighted relative percentage error reciprocals using Microsoft

Excel.
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pH-independent stability constants were determined by taking the fraction of available
ligand (a protonated ligand cannot bind to the metal) as well as the fraction of aqua
complex of the chromophore (the hydroxocobalamin cannot undergo ligand substitution

>>%7) into account using Equation 4.2.3 (as detailed in Appendix 4.2), where pK,.

reactions
refers to the pK, of the conjugate acid of a ligand and pKsu refers to the pK, of the

equilibrium between the aqua and hydroxo complexes of the chromophore.

K = K,,s(1 + 10PKar=PHY (1 + 10PH~ PKanm)

Equation 4.2.3
Kinetic data were fitted to one of two different equations. A simple exponential, as in
equation 4.2.4 was used in all cases except for the data obtained for the reaction
between DPTC-Co and cyanide at 10°C at low cyanide concentration, where a double
exponential for two sequential first order reactions, as in Equation 4.2.5, was used. In
Equation 4.2.4, Ay is the initial absorbance, A; is the final absorbance, t is the time in
seconds and k is the observed first order rate constant to be determined. In Equation
4.2.5, €5, € and g¢ are the extinction coefficients of species A, B and C, t is the time in
seconds and ki and k; are the observed first order rate constants to be determined. This
equation determines the fraction of species A, B and C in solution at any given time from

the summation of their contribution to the overall absorbance.

A = (AO - Al)e_kt + Al
Equation 4.2.4

k k e—kzt _ k e—klt
A= gAe—k1t + & (ﬁe—kﬂ: _ e—k2t> + €C< 1 p kZ n 1>
2" 2~ Kq

Equation 4.2.5

pH-independent rate constants were determined by taking the fraction of aqua complex
of the chromophore into account using Equation 4.2.6 (derived in Appendix 4.3), where
pK,. refers to the pK; of the conjugate acid of the ligand and pKau refers to the pKj; of the
equilibrium between the aqua and hydroxo complexes of the chromophore. The hydroxo
complex is kinetically inert to substitution in the case of both vitamin Bia >’ and iron(lll)

839 We therefore assume that this is also true for cobalt(lll) corroles.

porphyrins.
Weighted k values have been not reported as the values of the errors did not represent
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the scatter of the data; rather, averaged values of k and the statistical deviation have

been reported.

k' = kI (14 10PKar=PHY) (1 4 10PH-PKanm)
Equation 4.2.6

4.2.6 DFT methods

DFT calculations were carried out using Gaussian-09.% Calculations were performed by Dr
Isabelle Navizet and Dr Christopher Perry using the cluster at the Centre for High
Performance Computing, Cape Town and the LAN cluster. Interpretation of the results is

by the author with the assistance of Navizet and Perry.
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4.3 Effect of solvents on spectra of metallated and free base

DPTC

4.3.1 Introduction

The polarity of a solvent, together with the solute-solvent interactions particular to that
solvent, can affect UV-vis spectra of chromophores insofar as the position, shape and
relative intensities of absorption bands are concerned.®® This is a consequence of the
interaction between the solvent and the chromophore and can result in a change in the

energy between the excited and the ground state of the chromophore.®*

Solvatochromism is described as the pronounced change in electronic absorption bands
due to a change in solvent poIarity.62 Solvatochromism is a complex phenomenon which
results from a variety of different processes that occur between the solvent and solute.®
Changes in the absorption band positions, shapes and intensities in the UV-vis spectra of
a chromophore are as a result of several factors, including how the orientation and
dynamics of the chromophore are affected by the solvent.®® Positive solvatochromism is
characterised by bathochromic shifts in absorption band position with an increase in
solvent polarity, while negative solvatochromism is characterised by hypsochromic shifts

in absorption band position with an increase in solvent polarity.61

The effect of solvent on the spectra of various corroles and metallated corroles has been
observed. One of the most widely studied metallocorroles is the four coordinate copper
corrole and its derivatives (the corroles studied by Lu and coworkers are illustrated in
Figure 4.3.1). These copper corroles have been studied under different solvent conditions
where it has been reported that solvent choice can affect the oxidation state of the
coordinated copper metal ion.®* In cobalt corroles, solvent choice has also been shown to
affect the electrochemical and spectroscopic properties of the corroles.®> A negative
solvatochromism effect was observed for iridium(lll) containing corroles where an

increase in solvent polarisability resulted in a hypsochromic shift of the Soret bands.®
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R,=Cl; R, =H
R, =R, =Cl

Figure 4.3.1 Copper corroles studied by Lu and co-workers®

In vitamin By, chemistry, it has been reported that solvent choice affects absorption
spectra of various cobalt(lll) containing corrinoids (negative solvatochromism)®” with

differences in the position of the y band of up to 8 nm observed for dicyanocobyric acid

heptamethyl ester.®® In addition, the Co(lll)/Co(ll) redox potential is solvent sensitive.®

69,70

Solvent choice also affects stability constants and kinetics of ligand substitution

71,72

reactions. In porphyrin chemistry, the effect of solvent has also been reported with

solvent choice affecting stability constants,”*>’* aggregation,’> and UV-vis spectra.”®’’
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4.3.2 Methods particular to solvent effects

This section deals with the effect of solvent on both DPTC and DPTC-Co. In the first case,
the effect of a range of different solvents on the spectrum of the unmetallated and
metallated DPTC was observed. In the second case, the stability of the metallated corrole
in methanol:water solutions of varying ratios was determined as a function of light
exposure after 48 hours. This investigation led to the choice of an 80:20 methanol:water
(v/v) solvent system for all further investigations in this study. It was observed that the
spectrum of the metallated DPTC in this chosen solvent system changed over time; in the

third case, therefore, the kinetics of this change was observed over a 72 hour period.

In the case of both DPTC and DPTC-Co, concentrated solutions of the chromophore were
prepared in ethyl acetate; 10 ul of chromophore solution was added to 4 ml of solvent.

The spectrum of each solution was recorded as indicated in Section 4.2.3.

The stability of DPTC-Co in various methanol:water solutions was determined by
preparing a concentrated solution of the corrole dissolved in methanol; 50 ul of the
chromophore was added to solutions of varying methanol:water ratios; 10 ml of each
solution was prepared. The spectroscopic changes were monitored as a function of time

and light exposure.

It was observed that the spectrum of DPTC-Co in 80:20 methanol:buffer solution changed
over time. The kinetics for this slow change in the spectrum were monitored at 388 and

437 nm and were recorded using the kinetics program in the Cary WinUV suite.”?

The rate constant was calculated by standard non-linear least squares methods in
SigmaPlot by fitting the experimental data to Equation 4.3.1 where A is the absorbance at
a particular wavelength, A is the initial absorbance, a is a scaling factor, k is the first

order rate constant to be determined and t is the time (s).

A= A, +ae ¥t
Equation 4.3.1
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4.3.3 The spectra of free base DPTC

The spectrum of the free base DPTC is highly dependent on the choice of solvent. The
absorption maxima of the free base corrole in a selection of solvents are given in Table
4.3.1 while the spectra are presented in Figure 4.3.2. The hydrogen bonding ability of the
solvent influences the general shape of the spectrum with hydrogen-bonding solvents
having a broadening, hypochromic effect on the absorption bands. A similar phenomenon
has been observed for a metallated porphyrin by Pesternack and co-workers.’® In their
case, the increase in the fraction of water in acetone:water mixtures led to broader peaks

with diminished intensity.

Solvents can be grouped into three classes according to their effects on the spectrum of
DPTC: non-polar (hexane, ethyl acetate and dichloromethane), intermediate polarity (THF

and acetone) and polar (acetonitrile and methanol).

The most intense bands in the Soret region presented with defined shoulders (lower in
energy than the main band) while the Q band region contained two defined peaks when
DPTC was present in non-polar organic solvents. In solvents of intermediate polarity, the
main Soret band diminished in intensity and experienced a bathochromic shift. The
shoulder was less defined than in non-polar solvents. Additional broad, higher energy
bands in the Soret region appeared. The Q bands were less defined, with similar intensity.
In polar organic solvents such as methanol and acetonitrile, the Soret bands broadened
and were lower in intensity. The shoulder was poorly defined. Q bands were less defined

and lower in intensity compared to both the non-polar and intermediate solvents.
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Table 4.3.1 Absorption maxima for the free base DPTC in a selection of solvents

Hydrogen Polarity Absorbance at wavelength (nm)
Solvent

bonding ability (E+(30)**) 415 435 583 611
Hexane None 31.0 2116 1561 0.539 0.488
Ethyl acetate Weak acceptor 38.1 1.631 1.052 0.309 0.275
Dichloromethane None 40.7 2.034 1285 0.347 0.338
THF Acceptor 374 0.728 0.637 0.336 0.284
Acetone Acceptor 42.2 0.634 0.554 0.274 0.223
Acetonitrile Acceptor 45.6 0.837 0.602 0.165 0.137
Methanol Donor and 554 1.107 0.721 0.195 0.171

acceptor

The changes in the electronic spectra of N-acetylmicroperoxidase-8 upon 7Tt
dimerization were investigated by Munro and Marques.79 -1t dimers experienced shifts
in the electronic spectra when compared to the spectrum of the monomer. In the case of
N-acetylmicroperoxidase-8, m---mt dimerization occurred as a function of ionic strength and
resulted in a broadening and decrease in intensity of bands in the UV-vis spectrum.” In
the case of DPTC, both NMR (recorded in non-coordinating deuterated chloroform) and
crystallographic data indicated that the corrole may interact with its neighbours in
solution as well as in the solid state through significant m---1t interactions as discussed in
Part 2, Section 2.2.1. A very low concentration of DPTC was used for the collection of the
spectra in Figure 4.3.2, thus decreasing the possibility of m---mt dimerization. This was
assumed as the solution chemistry and Beer-Lambert behaviour of DPTC has not been
explored. Study of the Beer-Lambert behaviour of DPTC in a variety of solvents would be
required to explore the possibility of m---m dimerization or aggregation. The decrease in
intensity and the broadening of the absorption bands seen in Figure 4.3.2 is speculated to
occur as a result of the perturbation of the HOMO-LUMO gap as a result of hydrogen
bonding between the macrocyclic inner core hydrogens and solvents capable of hydrogen

bonding.
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Figure 4.3.2 The effect of solvent on the spectrum of the free base DPTC ([DPTC] = 0.6 mM)
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4.3.4 The spectra of DPTC-Co

The spectra of DPTC-Co depend on the coordinating ability of the solvent, with solvent
coordination resulting in a dramatic shift of the Soret from the 380 nm region to the 450
nm region. In addition, the appearance of a lower energy shoulder was observed to occur.
The Q band region also experienced a considerable change with the Q band shifting from
the 550 to the 600-640 nm region. The spectra of DPTC-Co in various solvents are

presented in Figure 4.3.3 below.

Solvents can be grouped into two main groups according to their effect on the spectrum
of DPTC-Co. Non-coordinating solvents include dichloromethane, hexane and ethyl

acetate while the coordinating solvents include acetone, methanol, acetonitrile and THF.

The spectra of DPTC-Co in non-coordinating solvents differ only in intensity, or extinction
coefficient, with a strongly absorbing Soret band at 388 nm and weakly absorbing, broad
Q band at 555 nm. Coordinating solvents induced a large spectroscopic change with the
splitting of the Soret band. In both acetonitrile and acetone, this band was split to yield a
pronounced shoulder at 453 nm while in methanol and THF this shoulder was not seen. It
is thought that the Soret at 388 nm is indicative of a five-coordinate species, while the
multiple bands in the 440 nm region are due to the presence of a six-coordinate species.
The broadening and decrease in intensity of the spectra in coordinating solvents, in
particular acetonitrile, may be due to aggregation. A study of the Beer’s Law behaviour of
DPTC-Co in different solvents would be required to rationalise the observed spectra. Such
a study would also indicate if the splitting of the Soret band in the 450 nm region is a
result of the solvation of the macrocycle or aggregation. A similar large bathochromic
shift of the Soret was observed by Adamian and co-workers upon the change from a five-
coordinate to six-coordinate cobalt corrole system during the binding of pyridine to a

corrole with an existing triphenylphosphine axial ligand.*

The position of the Q bands was also found to be solvent dependent. In acetonitrile and

acetone, Q bands were present in the 543 nm and 622 nm region with an additional Q
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band at 582 nm in acetonitrile. In methanol and THF Q bands were present at 536, 575
and 608 nm.

The ratio of the 388 nm:438 nm peak heights (Table 4.3.2) is remarkably different for the
four coordinating solvents. As the availability of the electron pair on the donor atom
(oxygen in the case of acetone, THF and methanol and nitrogen in the case of acetonitrile)
increases, the ratio of the 388 nm:438 nm Soret intensity decreases, indicative of an
increase in the fraction of six-coordinate species in solution. The soft nature of the cobalt
in DPTC-Co has a greater affinity to the soft, diffuse lone pair of the acetonitrile than to

the harder, less diffuse lone pairs of acetone.

Table 4.3.2 The ratio of the 388 nm Soret to the 438 nm Soret with differing solvents

Absorbance (A.U.) at

Solvent Polarity (E(30)%) wavelength (nm) 388 nm:438 nm
388 438

THF 37.4 1.292 0.992 1.307

Acetone 42.2 1.460 0.736 1.984

Acetonitrile 45.6 0.817 1.318 0.620

Methanol 55.4 1.121 1.287 0.871

There does not appear to be any correlation between solvent properties and either the
ratio of band heights or band positions. The solvent properties examined include polarity,
dielectric constant, Gutmann donor number, refractive index, molar transition energies
(E+(30)), dipole moments, Hildebrand solubility parameters, Kamlet-Taft hydrogen donor,

acceptor and polarizability parameters and partition coefficients.
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Figure 4.3.3 The effect of solvent on the spectrum of DPTC-Co ([DPTC-Co] = 0.05 mM)

197

References on page 325



4.3.5 The stability of DPTC-Co in methanol:water solvent systems

This study aimed to compare a synthesised biomimetic system to vitamin By,.. As such,
the composition and ionic strength of the solvent system in which the stability constants
were to be determined needed to the same for the biomimetic and vitamin Bq,.
Unfortunately, DPTC-Co was not water soluble, but rather was soluble in methanol and
methanol:water mixtures. Therefore, the stability of DPTC-Co when exposed to light after
48 hours was determined in a range of methanol:water mixtures. The spectra of the initial
solution, after 48 hours exposed to light and after 48 hours with no light exposure are

presented in Figure 4.3.4 below.

The stability of DPTC-Co was poor, with a degree of precipitation in solutions with less
than 40% methanol, regardless of the extent of light exposure. In a 20:80 methanol:water
solvent system, DPTC-Co precipitated out of solution immediately, while in 40:60
methanol:water, DPTC-Co precipitated out of solution after 48 hours. In 60:40
methanol:water, DPTC-Co showed greater stability, with the decrease in absorption of the
chromophore occurring to a lesser extent while in 80:20 methanol:water, DPTC-Co
showed the greatest stability with little change in the absorbance of the chromophore.
There was a light dependant change in the Soret band at 380 nm. After light exposure, a
collapse of the 380 nm Soret is observed, with an increase in the intensity of the 440 nm
Soret. As discussed in Section 4.3.4 above, this is thought to be an effect of the
coordinating behaviour of the solvent. Owing to the relative stability of the system, 80:20
methanol:water was chosen as the solvent system that was to be used throughout this

study.

Water is a highly polar and coordinating solvent. It is therefore surprising that the spectra
of DPTC-Co in solvents with high water content exhibited the spectrum indicative of the
five-coordinate species only. Owing to the insolubility of DPTC-Co in water, and the
precipitation of material in high water content solvent systems, it appears that DPTC-Co
may form an aggregate or dimer that sterically prevents the water from coordinating to

the cobalt metal centre.
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Figure 4.3.4 The stability of DPTC-Co in methanol:water mixtures. Blue — time zero; purple — 48 hrs

light exposure; green — 48 hrs no light exposure. Methanol:water mixtures: a - 5:95; b -
10:90; ¢ - 20:80; d - 40:60; e - 60:40; f - 80:20 ([DPTC-Co] = 0.02 mM)

The observed change in spectrum of DPTC-Co in 80:20 methanol:water was monitored as
a function of time over two hours. The change in absorbance at 388 and 437 nm as well
as the calculation of the associated rate constants for the first 2000 s are illustrated in

Figure 4.3.5. It is thought that there is an equilibrium between the five-coordinate and

six-coordinate DPTC-Co species in solution as in Scheme 4.3.1.
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Figure 4.3.5 The change in absorbance of DPTC-Co in 80:20 methanol:water solvent system over 2000

s ata— 388 nm and b — 437 nm at + 25.0°C. Black circles indicate the experimentally
determined absorbances. Red line indicates the calculated curve for k=1.2 +0.3x 10> s
inaand k=3.0+£0.1x10%s" in b from Equation 4.3.1

H,O
N

N’/’K LA N/N\(LK
\I\N/N a /N

N N N

Scheme 4.3.1 Schematic representation of the conversion of five-coordinate DPTC-Co to six-coordinate
DPTC-Co

Moreno-Esparza and co-workers studied the kinetics and thermodynamics of the binding
of iodide to aquacobalamin as a function of varying methanol:water solvent mixtures.®
While many substitution reactions have been studied in an aqueous environment, it has
been suggested that water is an inappropriate solvent to use as a mimic of vitamin B1,’s
biological environment as biological microenvironments are often partially hydrophobic in
nature.®® This suggests that the use of a methanol:water solvent system is quite

appropriate in the study of vitamin By,,.
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4.3.6 Conclusions

The spectra of both the metallated and the unmetallated DPTC are solvent dependent.

DPTC was found to be soluble in a wide range of organic solvents. The hydrogen bonding
capabilities of the solvent influenced the spectra, with the use of non-hydrogen bonding,
non-polar solvents resulting in spectra with sharp bands of high intensity. The use of
solvents with hydrogen bonding capabilities resulted in broader, less defined peaks of

lower intensity.

The coordinating ability of the solvent affected the spectra of DPTC-Co. The use of non-
coordinating solvents (dichloromethane, ethyl acetate and hexane) resulted in spectra
with one intensely absorbing Soret and one Q band in the 555 nm region. The use of
coordinating solvents resulted in very different spectra with multiple Soret bands of
varying intensity as well as more intense Q bands in the 600-650 nm region. The position
of the Soret appears to indicate the coordination environment of the cobalt ion. Five-
coordinate species exhibited a strongly absorbing Soret in the 390 nm region, while the
Soret or multiple Soret bands of the six-coordinate species appeared in the 440 nm
region. The spectrum of the five-coordinate species and that of a mixture of five- and six-

coordinated species is given in Figure 4.3.6.

The solvent of choice for the study of both the DPTC-Co biomimetic and vitamin B,, was
80:20 methanol:water. Lower methanol content led to precipitation and the absorption
peaks of the spectra became broad with a dramatic decrease in intensity. The conversion
of the five to the six-coordinate DPTC-Co species was slow with a rate constant of

approximately 2.0 x 102 s at 25°C.
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Figure 4.3.6 Electronic spectra of five-coordinate DTPC-Co in dichloromethane (purple) and six-

coordinate DPTC-Co in acetonitrile (green)
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4.4 pK, determination in an 80:20 methanol:water solvent

system

4.4.1 Introduction

The pK, for the aqua/hydroxo equilibrium for a corrin or corrole coordination complex, as
illustrated in Scheme 4.4.1, can be determined from the spectroscopic changes

accompanied with the change in pH.

Hzo - - o + H+
OH

H
M~ o M~
\J \J
N N
Scheme 4.4.1 The aqua/hydroxocobalamin equilibrium

This pKj, is determined for a number of reasons. The observed stability constant for the
exchange of an axial ligand needs to be corrected for the pK, of the aqua/hydroxo
equilibrium in order to obtain a pH-independent stability constant for ligand substitution

reactions of the following type:
N-CO[L4]-OH2 +L = N-CO[L4]-L + H,0

where N is an axial nitrogen donor ligand covalently bound to a macrocycle, Ls. The
macrocycle provides four equatorial ligands to coordinate the cobalt. When determining
the kinetics of such reactions with vitamin B1,,, the hydroxo complex (N-Co[L4]-OH’) has
been found to be inert to substitution in the case of both vitamin By,.>> >’ and iron(lll)

porphyrins;s&59

as such, these rate constants are pH dependent. The observed rate
constants have to be corrected for the effect of pH. Stability constants also have to be
corrected for this pH effect. Therefore it is assumed that the reactions of cobalt(lll)

corroles are pH-dependent as well. The pK; of the DPTC-Co can be compared to that of
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vitamin By, and this may provide insight into the effect that the macrocycle has on the

nature of the cobalt-oxygen bond.

In addition to the equilibrium illustrated in Scheme 4.4.1, vitamin B, possesses several
other pKss, including that of the deprotonation and subsequent coordination of the
benzimidazole ligand to the cobalt as well as the deprotonation of the phosphate group
of the nucleotide linker. DPTC-Co is expected to possess two pK;,s, for the deprotonation
of the aqua species to yield the hydroxo form as well as the deprotonation of the

imidazole base and subsequent coordination as an axial ligand.
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4.4.2 Methods particular to the pK, determination

The pK, of vitamin By, was determined in both agueous (multi-component buffer) and
80:20 methanol:multi-component buffer solvent systems. The pK, of DPTC-Co was
determined in 80:20 methanol:multi-component buffer only. Table 4.4.1 describes the
composition of the multi-component buffered solutions used in the pK; titrations. The
buffer solution was prepared and diluted to yield either a 80:20 water:buffer or 80:20
methanol:buffer solvent system. The ionic strength was not adjusted through the addition
of an inert metal salt and therefore ionic strength is reported as an average of the ionic
strength of the multi-component buffer solution as a function of pH over the course of

the titration.

Table 4.4.1 Composition of the buffered solutions used in the pK, titrations

R Final concentration after
Buffer Concentration (M, x 107)
dilution (M, x 10)

MOPS 5.045 1.009
TRIS 5.399 1.080
CHES 5.142 1.028

The required solvent was added to a double walled titration cell fitted with a lid with
openings for the pH electrode and a drawn-out capillary tube such that the system was
sealed to minimise the evaporation of methanol. The temperature of the cell was
maintained at 25 + 0.1°C by circulating water from a temperature controlled water bath
though the outer sleeve of the double walled titration cell. The solvent circulated from
the cell to the 1.5 ml volume quartz self-masking flow cell through 0.4 mm silicon tubing
by a Watson-Marlow 101U peristaltic pump at a rate of 90 revolutions per minute.
Chromophore was added either as a solid (vitamin Bqy;) or in solution (concentrated
solution of DPTC-Co in ethyl acetate). The pH was adjusted to between 3 and 4 using a
concentrated solution of orthophosphoric acid after which an initial UV-vis spectrum was

recorded. The pH was gradually increased by the addition of drops of concentrated
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sodium hydroxide using a drawn-out capillary tube and the solution was allowed to

equilibrate. Spectra were recorded after each pH adjustment.

The pK, was calculated by non-linear least squares methods in SigmaPlot by fitting the
data to Equation 4.4.1 where A is the absorbance at a particular wavelength, Aq is the
initial absorbance, A; is the absorbance at 100% dihydroxocobalamin conversion and K, is

the acid dissociation constant to be determined.

_ 107PHA, 4+ 107PKe4,
B 10~PH + K,

Equation4.4.1

The reported pK, was calculated from the sum of the weighted pK, values obtained for
each wavelength at which there was a large spectroscopic change. The error was
calculated from the sum of weighted relative percentage error reciprocals. An example of
this can be found in Appendix 4.4 and the accompanying raw spectroscopic data can be

found in Digital Appendices 4.1.1 and 4.1.2.
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4.4.3 pK, of vitamin B1,,: the effects of solvent

The pK, of Vitamin B1,, for the aqua/hydroxo equilibrium (Scheme 4.4.1) was determined
in both aqueous and 80:20 methanol:buffer solvent systems with an average ionic

strength of 0.8 mM.

At pH 4, in aqueous media, spectroscopic maxima were present at 350, 410, 498 and 525
nm, representing the y, D, B and a bands respectively. As the pH of the solution
increased, all of the above-mentioned bands underwent a bathochromic shift to 357, 416,
510 and 536 nm respectively, with well-defined isosbestic points at 331, 365, 430, 475
and 540 nm. The y band underwent a hypochromic shift while the D, B and a bands
underwent hyperchromic shifts as the pH increased. No spectroscopic changes were
observed above pH 9, indicating the full conversion of aquacobalamin to
hydroxocobalamin. The spectroscopic changes of Vitamin By, in aqueous solution with

varying pH are illustrated in Figure 4.4.1.

1.0
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Figure 4.4.1 Spectroscopic changes of vitamin B,,, in aqueous solution with varying pH

Similar spectroscopic changes were observed during the pKj, titration of vitamin By, in
the 80:20 methanol:buffer solvent system. The characteristic y, D, B and a bands present
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at 350, 410, 498 and 525 nm, respectively, in an aqueous solvent system at pH 4 shifted
slightly (apart from the y band which remains unchanged at 350 nm) to lower
wavelengths at 350, 408, 496 and 523 nm for the y, D, B and a bands, respectively, in the
80:20 methanol:buffer solvent system. As in the aqueous system, the increase in pH
resulted in the y band experiencing a hypochromic shift and the D, B and a bands
experiencing hyperchromic shifts. This change in absorption intensity was accompanied
by a bathochromic shift of the whole spectrum with maxima at 356, 418, 510 and 534 nm
for the y, D, B and a bands respectively, with clear isosbestic points at 338, 356, 455 and
498 nm. Above pH 9 there was no change in the absorption spectrum indicating the

complete conversion of aguacobalamin to hydroxocobalamin.

The pK, for vitamin By, in aqueous solution (4 = 0.8 mM) was determined to be 7.462 +
0.007 while in a 80:20 methanol:buffer solvent system (u = 0.8 mM), the pK, was
determined to be 7.40 + 0.02. The pK, in 80:20 methanol:buffer solvent system was
marginally lower than when determined in aqueous solution. The solvating ability and
dielectric constant of a solvent are important factors that affect the equilibrium position

8183 Water has a high dielectric constant (78.36)°* and is able

of the dissociation constant.
to stabilise the ions produced during an acid dissociation reaction. Methanol has a lower
dielectric constant (32.66)%" and is thus less able to stabilise the produced ions. It has
been observed in small organic systems such as 4—(2—pyridylazo)resorcinol81 and L-
Norvaline®® that a decrease in the dielectric constant of a solvent results in a decrease in

the pK.

Examples of the experimental data and fit are given in Figures 4.4.2 (aqueous solvent
system) and 4.4.3 (80:20 methanol:buffer solvent system). In both cases, the pK, showed
a slight wavelength dependence. Reported pK,s are a weighted average of the five

wavelengths considered. Details can be found in Appendix 4.4.

208

References on page 325



Figure 4.4.2

Figure 4.4.3
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Absorbance changes of vitamin By, in aqueous solution with varying pH at 350 nm. Solid
circles indicate the experimentally determined absorbances. Solid line indicates the best
fit curve for pK, = 7.462 £ 0.007 from Equation 4.4.1
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Absorbance changes of vitamin Bi,, in 80:20 methanol:buffer solution with varying pH at
350 nm. Solid circles indicate the experimentally determined absorbances. Solid line
indicates the best fit curve for pK, = 7.40 * 0.02 from Equation 4.4.1 (details can be found
in Appendix 4.4)
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4.4.4 pK, of vitamin B;,,: the effects of ionic strength

The ionic strength of the solvent plays an important role in the pK, of a system. A variety

41,84

of inert salts have been used as supporting electrolytes, such as perchlorates and

nitrates.®® In some instances, chloride salts have also been used,55’86'88 but the use of a
chloride salt as an inert salt as a supporting electrolyte is inappropriate as chloride is
known to bind to vitamin 8123.29’85 The pK, increases as the ionic strength (with non-
chloride salts) increases as in Figure 4.4.4. As the ionic strength of a solvent system

increases, so the polarity of the solvent system increases.®® It is known that the ionic

61,71,89

strength, and thus polarity, of the reaction medium can affect both the kinetics and

89,90

equilibrium constant of a reaction.

Table 4.4.2 pK, of aguacobalamin with varying ionic strength
Solvent lonic strength, 1 (M) pK, Reference
Water 0.0007* 7.462 +£0.007 This work
80:20 methanol:water 0.0008* 7.40+£0.02 This work
Water 0.042 (NaCl) 7.75 Hanania®®
Water 0.047 (Phosphate) 7.8 Hayward™
Water 0.054 (NaCl) 7.6+0.3 Randall®’
Water 0.2 (NaClOy) 7.8+0.1 Betterton®
Water 0.5 (KCl) 7.8 Rubinson®®
Water 0.5 (NaNO;) 8.09+0.02 Brown®
Water 1.0 (KCl) 8.1 Reenstra>
Water Not specified 7.5 Smith®* and Fantes®

* jonic strength is reported as an average of the ionic strength of the multicomponent buffer solution as a
function of pH over the course of the titration.
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Figure 4.4.4 The increase in pK, of vitamin Bj,, in aqueous solution with ionic strength (M). lonic
strength was adjusted using non-chloride salts (blue diamonds) or chloride salts (purple
squares).

An increase in ionic strength results in an increase of the polarity of the solution. In a
more polar solution, the formation of more polar, or charged species, would be favoured
over the formation of less polar, or neutral species. Aquacobalamin carries a net charge of
1+ while hyrdoxocobalamin is neutral. Formation of the neutral hydroxocobalamin would

become increasingly less favourable with increasing ionic strength, thus driving the pK;

up.
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4.4.5 pK, of DPTC-Co

The pK, of DPTC-Co was determined in a 80:20 methanol:buffer solvent system with an

average ionic strength of 0.8 mM.

At pH 3.5 a single broad Soret at 434 nm and three Q bands at 525 643 and 694 nm were
present as in Figure 4.4.5. The absorbance of the spectra decreased as the pH was raised
from 3.5 to 7.5. The Soret shifted slightly to 435 nm while the Q bands shifted to 521, 626
and 701 nm. At pH 8.6 a Q band of significant intensity appeared at 621 nm. This Q band
increased in intensity as the pH increased to 9.2 while the Soret became less broad and
the maximum absorbance shifted from 434 nm to 437 nm with a gradual increase in
absorbance. The Q band at 701 nm decreased in intensity and a new Q band appeared at
583 nm. At pH 9.8 a shoulder on the Soret appeared at 453 nm. As pH increased to 10.5
the Soret at 437 nm became more narrow and increased in intensity and the shoulder at
453 nm became more distinct. The Q bands at 583 and 621 nm increased in intensity
while the Q band at 701 decreased in intensity further. There was no change in the
spectrum at higher pH indicating the complete conversion of the aqua species to the
hydroxo species. Two sets of isosbestic points were observed. Between pH 3.5 and pH
7.5, isosbestic points were observed at 377 and 697 nm. Clear isosbestic points between
pH 8.6 and 11.7 were present at 335, 434, 465, 545 and 648 nm. The spectra of DPTC-Co
with increasing pH are given in Figure 4.4.5. The experimental and calculated data for the
change in absorbance at 621 nm between pH 6.9 and pH 11.7 is presented in Figure 4.4.6.
The pK, for the aqua- hydroxo-DPTC-Co equilibrium was determined to be 9.76 + 0.06.
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Spectroscopic changes of DPTC-Co in aqueous 80:20 methanol:buffer solution with
varying pH (raw data can be found in Digital Appendix 4.1.1)
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Absorbance changes of DPTC-Co in 80:20 methanol:buffer solution with varying pH
between 6.9 and 11.7 at 621 nm. Solid circles indicate the experimentally determined
absorbances. Solid line indicates the best fit curve for pK, = 9.76 + 0.06 in Equation 4.4.1
(details can be found in Appendix 4.4)
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The pK, for DPTC-Co (9.76 * 0.06) is considerably higher than the pK, for vitamin Bi,,
(7.40 £ 0.02) in the same solvent system and with the same ionic strength. A high pK,
value indicates that the DPTC-Co hydroxo species is less stable than hydroxocobalamin,

the corresponding vitamin B;,, species.

Two series of experiments were conducted by Marques, Brown and co-workers involving
a change in the electronic nature of vitamin By,’s corrin ring through the addition of
either an electron donating85 or electron withdrawing94 group at the C10 position. The
introduction of an electron donating chloro group decreased the pK, from 8.09 (L =0.5 M
NaNOs;) in vitamin Bz, to 7.65 (1 = 0.5 M NaNOs),®® while a strongly electron withdrawing
nitro group increased the pK, to 10.71 (i = 2.2 M NaCl0,).>* These were unexpected

results.

The interpretation of the often used example of the difference in the first pKss of
[Fe"(H,0)q] (pKa = 2.19) and [Fe"(H,0)¢] (pKa = 10.1)* is that as the charge on the metal
centre increases, the metal-oxygen bond becomes more polarised. This results in the
electron density in the oxygen-hydrogen bond being pulled closer to the oxygen atom,
resulting in a weaker, longer oxygen-hydrogen bond which therefore undergoes
heterolytic cleavage more readily. As the charge on the metal decreases, the metal-
oxygen bond is polarised to a lesser extent, resulting in a shorter, stronger oxygen-
hydrogen bond which requires a much higher pH for deprotonation. This classic
interpretation would suggest that as the charge on the cobalt in vitamin By, derivatives
increased, through the addition of an electron withdrawing group such as the nitro group,
the pK,; would have decreased. As this was not the case, it appears that the classic
interpretation is not applicable to more complex, electron-rich macrocyclic systems.
Marques, Brown and co-workers explained the observed unexpected increase in pK, as
being a result of the cobalt-oxygen bond in 10-nitrosoaquacobalamin becoming more
ionic due to the cobalt(lll) like character of the metal. Consequently, the charge on the
oxygen was found to increase (from semi-empirical molecular orbital calculations)

resulting in a stronger oxygen-hydrogen bond, requiring a higher pH for deprotonation.’*
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Brown and Marques’s findings that an increase in electron density on the macrocycle led
to a decrease in pK, does not support the findings that the pK, of the more electron rich
corrole containing system was considerably higher than that of vitamin B1,. In this case,
the choice of solvent system, 80:20 methanol:water, may have affected the pK, through a
charge neutralisation effect. The aqua DPTC-Co species has a net charge of zero from
cobalt(lll) coordinated to the trianionic corrole macrocycle. The hydroxo species has a net
charge of 1-. In a primarily organic solvent environment, the presence of a charged
species would not be favourable, driving the pK, up, making the charged species more
difficult to attain. In the case of vitamin By,,, aquacobalamin, with a charge of 1+ would
be less favourable than the neutral hydroxocobalamin, thus the pK; is low. The difference
in the pK, of vitamin B, in water and 80:20 methanol:water is admittedly small (7.462 +
0.007 (water; u = 0.8 mM) vs 7.40 + 0.02 (80:20 methanol:water; u = 0.8 mM), but this
may be due to a culmination of low ionic strength and a highly organic medium at the

threshold pK; value for this system.

The presence of two sets of spectroscopic changes of DPTC-Co with increasing pH, each
accompanied by a set of isosbestic points, suggests that there is more than one pKj; in the
given pH range. At low pH there appears to be a second pK, as illustrated in the
experimental and calculated data for the change in absorbance at 400 nm for the full pH
range in Figure 4.4.7. There is a significant change in absorbance at the isosbestic points
for the second pKj, 335, 434, 465, 545 and 648 nm, below a pH of 8.6. An example of this
is given for the absorbance for the isosbestic point at 545 nm in Figure 4.4.8. The second

pK, was determined to be approximately 6.7 + 0.2.
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Figure 4.4.7 Absorbance changes of DPTC-Co in 80:20 methanol:buffer solution with varying pH
between 3.5 and 11.7 at 400 nm. Solid circles indicate the experimentally determined
absorbances. Solid line indicates the best fit curve
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Figure 4.4.8 Observed absorbance changes of DPTC-Co in 80:20 methanol:buffer solution with varying
pH at 545 nm, an isosbestic point for the second pK,

In order to verify if this was a true pK, the stability constants for the coordination of
nitrite to DPTC-Co at various values of pH was determined as in Table 4.4.3. The observed
stability constants were corrected for the fraction of aqua-DPTC-Co using the first
determined pK, of DPTC-Co of 9.76 £ 0.06. Above a pH of 8.78 the stability constant

decreased with increasing pH, but experienced little variation after the correction factor
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was applied. Below pH 8.29 the stability constant increased with decreasing pH and the
observed log K did not change when the correction factor was applied. This indicates that

there is a third species present at low pH in addition to the aqua and hydroxo DPTC-Co

species.
Table 4.4.3 The pH dependence of the stability constant of the coordination of DPTC-Co and
nitrite
pH log Kobs log K 1 (M)*
6.04 8.77£0.05 8.77 £ 0.05 0.013
6.47 6.6 +0.1 6.6 +0.1 0.004
7.10 4.29 +0.02 4.29+0.02 0.011
7.49 3.56+0.02 3.56+0.02 0.017
8.29 3.39+0.04 3.40+0.04 0.023
8.78 2.95+0.05 3.00+0.05 0.006
9.51 2.86+0.02 3.06£0.02 0.016
10.02  2.62+0.03 3.06+0.03 0.021
1091 1.80+0.03 2.97+0.03 0.019

*lonic strength was calculated from the concentration of the
charged buffer species at the experimental pH

The second pK,; might be due to one of the following equilibria: the deprotonation of one
axially bound water in the diaqua species or the deprotonation and coordination of the
imidazole base as illustrated in Scheme 4.4.2. The deprotonation of one water in the
diaqua species seems unlikely, as the fraction of the diaqua species is likely to be low, and
thus the deprotonation of one axially bound water would not contribute to large
spectroscopic changes. The pK; for the corresponding equilibrium for diaquacobalamin is

6091

The deprotonation and subsequent coordination of the imidazole base of the tail of DPTC-
Co is a more likely candidate, although the value for the pKj, is unexpectedly high. The pK;
for the corresponding equilibrium in vitamin B1,,, the coordination of the benzimidazole
base, is -2.4.°* This is significantly lower than the pK, of the conjugate acid of free

benzimidazole at 5.56 (25°C, u = 0.1 M).?® The histidine involved in the corresponding pK,
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in the case of the iron porphyrin containing acetyl-microperoxidase 8, is 3.21 (25°C, u =
0.1 M NaClo,).”’ Again, this is significantly lower than the pK, for the conjugate acid of
free histidine at 5.97 (25°C, u = 0.0 M).%° Reduction of the pK, values from the free ligands
to the coordinated ligands indicates competition between the metal ion and protons in
solution for the nitrogen containing ligands. The pK, of the conjugate acid of free
imidazole is 6.99 (25°C, i = 0.0 M)*® while the pK, for the coordinated base in DPTC-Co is
6.7 + 0.2. Such a minimal reduction in the pK, might suggest that the design of the
imidazole containing tail is not optimal for the coordination of the cobalt metal. This
might be due to insufficient flexibility in the tail, and thus the angle of the interaction

between the imidazole and the cobalt may be unfavourable for the optimal orbital

overlap.
A
H,0 N H,0 +H*
/N\| OH _//\l\
N CN N T N
m N T |\N P
B NH NH
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N—i\\l\l i» N/N\l§
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Scheme 4.4.2 Possible equilibria for the second pK,. A —the deprotonation of one axially bound water in
the diaqua species B — the deprotonation of the imidazole base
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4.4.6 Conclusions

The pK, of vitamin B1,, was determined in both water and 80:20 methanol:water at very
low ionic strength and the pK, of DPTC-Co was determined in 80:20 methanol:water at

similarly low ionic strength.

The pK; of vitamin By,, was highly dependent on the ionic strength of the medium, with
an increase in pK, with increasing ionic strength. The pK, was less dependent on the
polarity of the solvent, as a very small difference was observed between the pK,

determined in water (7.462) and in 80:20 methanol:water (7.40).

Two pK,s were observed for DPTC-Co. The first, representing the deprotonation of the
aqua species leading to the hyroxo species was high at 9.76. This pK, was significantly
higher than the vitamin B, pK,. In vitamin B1,,, deprotonation of the axially bound water
results in an overall neutral molecule, with a decrease in the charge at the metal centre.
In the case of DPTC-Co, the neutral molecule becomes charged upon deprotonation. In a
methanol rich solvent system, a neutral system would be favoured over a charged
system, thus resulting in the deprotonation of water bound to vitamin By, occurring
more readily than in the case of DPTC-Co. The second pK; was found to be 6.7 and may
represent the deprotonation and coordination of the imidazole tail. This was
unexpectedly high, and may be as a result of poor flexibility of coordination of the tail to

the cobalt ion.
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4.5 Corrole solution chemistry — Beer’s law and determination of

the extinction coefficient

4.5.1 Introduction

The Beer-Lambert law is a fundamental law which combines the work of Beer, correlating
the light absorbed with the concentration of the chromophore present in solution, and
that of Lambert, correlating the amount of light absorbed with the distance travelled
through the light absorbing medium.”® Beer’s law states that the measured absorbance of
monochromatic Iight99 is proportional to the concentration of the chromophore. This
holds true as long as the chromophore does not undergo any change that might affect the
extinction coefficient, or the amount of light absorbed by the chromophore at a particular
wavelength. Such changes include dimerization or polymerisation or changes due to the

190 The deviation of linearity of the

existence of a concentration-dependant equilibrium.
change in absorbance with increasing concentration can thus be used in establishing the
concentrations for which the chromophore of interest is monomeric. In addition, the use
of this relationship can be used in the determination of the extinction coefficient, €, of the

chromophore.

The extinction coefficient of a chromophore can be used in calculating the exact
concentration of the chromophore in solution. It follows that € must be determined
accurately. This can be done in several ways. The most reliable method requires that a
crystal structure of the chromophore has been determined so that the exact nature of the
solid is known i.e. if the solid is solvated or not. The crystal of the chromophore can then
be very accurately weighed and dissolved in an appropriate solvent and the UV-vis
spectrum recorded. In the absence of a crystal structure, various analytical methods can
be used. These include ICP-OES (inductively coupled plasma optical emission

spectrometry) and graphite furnace atomic absorption. The latter was used in this study.
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Atomic Absorption (AA) involves the atomisation of the sample. Free atoms in the gas
phase absorb electromagnetic radiation from an element-specific hollow-cathode lamp
and are excited to high energy states. As in other spectrophotometric techniques, the
amount of absorbed radiation is determined from the difference between the initial and
final radiation intensities. Correlation of the absorbance and concentration of standard
samples can be used in the determination of the exact concentration of an unknown

101

sample.” " In this work, the concentration of cobalt was determined for both vitamin By,

samples of known concentration and DPTC-Co samples of unknown concentrations.

The use of AA for the determination of cobalt samples with complex matrices has been
established'®® and thus vitamin B1,a itself, and not a conventionally used cobalt standard

— a simple cobalt salt — was used to establish a calibration curve in this analysis.
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4.5.2 Methods particular to solution chemistry

The solution chemistry and Beer-Lambert behaviour of DPTC-Co was determined
spectrophotometrically. DPTC-Co was dried under high vacuum and a sample of 7.65 mg
was weighed out on a six figure balance. The DPTC-Co sample was dissolved in 5 ml of
ethyl acetate to yield a concentrated stock solution with a concentration (determined

from weighing) of 1.957 x 10° M.

DPTC-Co was added in known aliquots to a cuvette containing 2.5 ml of 80:20
methanol:buffer solution at pH 9.5. A reference cuvette containing 80:20 methanol:buffer
solution only was used. The change in absorbance with increasing concentration of DPTC-

Co was monitored at 388, 437 and 610 nm.
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4.5.3 Beer-Lambert behaviour of DPTC-Co

The increase in absorbance of the chromophore with increasing concentration of DPTC-Co
is illustrated in Figure 4.5.1. The change in absorbance at 388, 437 and 610 nm was
monitored as a function of increasing DPTC-Co concentration. The change in absorbance
increased linearly across the 0.00-5.70 x 10 M concentration range (Figure 4.5.2 — see
Appendix 4.5 for data and statistical analysis), indicating that DPTC-Co was present as a
monomer in 80:20 methanol:buffer solution below a concentration of 5.70 x 10° M and
absorbance of 2.16 A. U. - well above the concentration used in the pK, and stability

constant experiments carried out in this study.
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Figure 4.5.1 The increase in absorbance of DPTC-Co with increasing concentration

223

References on page 325



24
4
® 610 nm y = 3.81(3) x 10" x — 0.045(0.009) /: ‘
19 4 437 nm R’ =0.9989 o
|
— + 388 nm e
-] /y"/‘
<14 P
/"/ - 4
g 1 y =3.65(1) X 10"x 0.028(0.004)
c / R?=0.9998
© _$
o _
S 3
[ 0.9 - =
o A
< w
,//‘
& [
__
0.4 / P }»a—«l»*f”"’
pe e il y =9.21(7) x 10°x — 0.014(0.002)
i .- w— R”=0.9989
obm m =
0.1 o C.00001 Q00002 0.00003 3.00004 000005 C.00008
DPFTC-Co concentration {M)
Figure 4.5.2 The linear increase in absorbance with increasing DPTC-Co concentration, indicating that

Beer’s Law is obeyed and DPTC-Co is present as a monomer in solution (details on the
statistical analysis can be found in Appendix 4.5)
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4.5.4 Methods particular to the determination of cobalt

concentration by atomic absorption

Cobalt concentration of vitamin By,, standards and DPTC-Co samples were determined

using atomic absorption spectroscopy.

Vitamin Bi,, samples were prepared using chlorohydrate dihydroxocobalamin in water
purified using a Micropure RO system with UV sterilizer and further purified using a MilliQ
mixed bed ion exchange system for a final purity of >18 mQ. Six standards with
concentrations between 0.05 and 6 ppm cobalt were prepared. Samples of each standard
were treated with a few sodium cyanide crystals and placed in a thermostatted circulating
water bath at 25°C for three hours. Once the hydroxocobalamin had completely
converted to dicyanocobalamin, the spectrum of each sample was recorded. The
concentration of dicyanocobalamin was calculated from the extinction co-efficient, €, at
367 nm (3.04 x 10* M™* cm™).?* DPTC-Co samples of between approximately 0.1 and 0.4

ppm were prepared in dichloromethane.

Atomic absorption spectra were recorded on a PG-900 atomic absorption
spectrophotometer using a graphite furnace fitted with a pyrolytically coated HGA-76
graphite tube. Collection of spectra was facilitated by the AAWin software suite, where
absorption was monitored at 240.7 nm. The line spectrum characteristic of cobalt, using a
Photron hollow-cathode lamp single element cobalt lamp, was reported as the integral of
the absorption profile. Sample volumes of 10 ul were injected into the graphite tube in
the furnace. Samples were subjected to a heating program (as in Table 4.5.1) and the
absorption due to cobalt was recorded. The drying stage of the heating program removed
the solvent. The pyrolysis stage aimed to strip the sample from matrix components — in
this case, the organic material (corrin or corrole macrocycles) encasing the cobalt ion and
was in essence a calcination stage. The atomisation stage was a high temperature stage
where free cobalt atoms in the gas phase were excited from the ground state to higher
energy states. The energy absorbed by the electrons in this process was recorded as an
absorption spectrum. The cleaning phase removed any residue remaining on the graphite
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tube.

Non-specific absorption of radiation was corrected for by subtracting the
absorbance recorded from a deuterium lamp. This is known as deuterium background

correction.*®

Table 4.5.1 Heating program used in the determination of cobalt concentration by graphite
furnace atomic absorption

Step Temperature Ramp (°C/s) Hold Argon flow Step type
(°C) (s) rate
1 120 3 5 Maximum Drying
2 750 5 12 Maximum Pyrolysis
3 2300 0 3 Off Atomisation
4 2300 0 4 Maximum Cleaning
5 25 - 45 Maximum Cooling

Vitamin By, and DPTC-Co samples were run a number of times until three absorbances
had a relative percentage error below 5%. Blank samples (water for vitamin By, analysis
and dichloromethane for DPTC-Co analysis) were run between every sample. A calibration
curve was established using the calculated concentrations and averaged observed
absorbances of the vitamin B1,, standards that fell within the linear range of absorbance.
The concentrations of cobalt in the DPTC-Co samples were calculated from the equation

of the linear calibration curve.
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4.5.5 Determination of cobalt concentration by atomic absorption

A calibration curve for the cobalt absorbance in standard vitamin Bj,, samples was
established and is detailed in Table 4.5.2 and Figure 4.5.3. Above 0.2 ppm cobalt, the
curve deviated from linearity. A concentration range of 0-0.2 ppm was used for the
calibration curve used in the determination of the concentration of cobalt in DPTC-Co.
Equation 4.5.1, where A is the atomic absorbance and [Co] is the cobalt concentration,
was used to determine the concentration of cobalt on DPTC-Co. The cobalt
concentrations in DPTC-Co samples can be found in Table 4.5.3 below. The concentration
of sample 3 was not calculated as its absorbance lay beyond the linear range of the

calibration curve.

A =22721[Co] + 0.1382
Equation 4.5.1

Table 4.5.2 Atomic absorption of cobalt in vitamin B,,, standards at 240.7 nm

Standard 0 1 2 3 4 5 6
Concentration 0 0.6678 1.368 3.388 9.079 12.07 22.30
(x 10° M)
Concentration (ppm) 0 0.0394 0.0806 0.1997 0.5351 0.7115 1.3144
Absorbance 1 0.122 0.248 0.332 0595 0.824 0900 1.031
Absorbance 2 0.115 0.245 0337 0574 0.853 0.899 1.030
Absorbance 3 0.119 0.239 0.328 0.584 0.832 0926 1.001
Average absorbance 0.119 0.244 0332 0.584 0.836 0.908 1.021
Standard deviation 0.004 0.005 0.005 0.011 0.015 0.015 0.017
Relative standard 3.0 1.9 1.4 1.8 1.8 1.7 1.7

deviation (%)
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Table 4.5.3 Atomic absorption of cobalt in DPTC-Co samples at 240.7 nm

Sample 1 2 3

Absorbance 1 0.344 0.596 0.813
Absorbance 2 0.333 0.588 0.800
Absorbance 3 0.333 0.606 0.796
Average absorbance 0.337 0.597 0.803
Standard deviation 0.006  0.009 0.009
Relative standard deviation (%) 1.886 1.511 1.107
Concentration (ppm) 0.087 0.202

Concentration (x 10 M) 1.482 3.424
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4.5.6 Determination of the extinction coefficient, €

The extinction coefficient, g, is a measure of a molecule’s ability to absorb light at a
particular wavelength100 and is characteristic of a molecule as well as the solvent in which
the molecule is dissolved. The concentration of chromophore can be determined from
the Beer-Lambert Law (Equation 4.5.2) where A is the absorbance at a particular
wavelength, € is the extinction coefficient (M cm™), b is the path length of the cell (cm)

and c is the concentration (M).

A = ebc
Equation 4.5.2

There is a linear increase in absorbance with concentration provided that the
chromophore absorbs light as a monomer in solution and does not aggregate, or take
part in a concentration-dependent equilibrium100 which would result in deviations from
linearity. € can therefore be determined from the gradient of the change in absorbance
with increasing concentration. From Figure 4.5.2, € can be determined for the three
wavelengths of interest. The determined € values from the Beer’s Law experiment are as
follows: 3.81 % 0.03 x 10* M™ cm™ (388 nm), 3.65 + 0.01 x 10* M cm™ (437 nm) and 9.21
+0.07 x 10° M™* cm™ (610 nm).

The € determined from a Beer’s Law experiment is dependent on the accuracy of the
concentration of the stock chromophore solution. As the concentration of DPTC-Co was
not accurately known, € was determined for the DPTC-Co samples used in AA analysis.
Spectra of DPTC-Co samples 1 and 2 were recorded in dichloromethane and € was
determined (the concentration of sample 3 could not be determined as it lay beyond the
linear region of the calibration curve — Section 4.5.5). The same know volume of DPTC-Co
was added to 2.5 ml dichloromethane and 2.5 ml 80:20 methanol:buffer solvent system
(pH 9.5). The concentration of DPTC-Co in dichloromethane was determined from &
(dichloromethane) and this concentration was used to determine € in 80:20

methanol:buffer solvent system (pH 9.5) (Tables 4.5.4 and 4.5.5). The value of € at 388
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nm obtained from AA was used in the determination of DPTC-Co concentrations in

stability constant titrations (Section 4.6).

There is a large difference between € (388 nm) for DPTC-Co determined from AA (3.18 +

0.03 x 10* M™* cm™) and that determined from Beer’s Law (3.81 + 0.03 x 10* M™* cm™). It is

unexpected that € determined from Beer’s Law is higher than that determined from the

AA results. If moisture was present or the crystal lattice contained included solvent in the

weighed sample which was used for the Beer’s Law experiment it would increase the

mass of the sample resulting in a higher calculated concentration. The absorbance of

DPTC-Co would be lower than expected, resulting in a smaller calculated value of ¢.

Table 4.5.4 Determination of € from AA DPTC-Co samples in dichloromethane
UV-vis Absorbance Concentration  Concentration €
Sample
(A.U.) (ppm) (Mx107°) (M* em™ x 10%)
1 0.344 0.0906 1.54 4.79
1 2 0.333 0.0857 1.45 5.06
3 0.333 0.0857 1.45 5.06
1 0.596 0.201 3.42 5.32
2 2 0.588 0.200 3.36 5.42
3 0.606 0.206 3.49 5.21
Average € (M cm™) 5.14
Standard deviation 0.225
Relative standard deviation (%) 4.37

Table 4.5.5 Determination of € from AA DPTC-Co samples in 80:20 Methanol:buffer (pH 9.5)
Concentration € AA
UV-vis absorbance (A. U.),
Solvent (M x 107) (M*em™ x
wavelength (nm)

10%)

Dichloromethane 1.064, 389 2.07 5.14
80:20 Methanol: 0.657, 388 2.07 3.18

buffer (pH 9.5)
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4.5.7 Conclusions

The linear relationship between absorbance and concentration from the Beer’s law
experiment indicates that DPTC-Co exists as a monomer in solution below a concentration
of 5.7 x 10° M. The extinction coefficient at 388 nm was determined to be 3.81 x 10* M™

cm™.

Atomic absorption methods were used to determine the exact concentration of cobalt in
DPTC-Co samples. The concentration of DPTC-Co was determined from correlation of the
observed AA absorbances with a standard calibration curve, constructed from vitamin By,
samples of known concentration. Consequently, the extinction coefficient of DPTC-Co in
dichloromethane was determined to be 5.14 x 10* M™ cm™ at 389 nm. This was used in
determination of the extinction coefficient of DPTC-Co in 80:20 methanol:buffer at pH 9.5
and found to be 3.18 x 10 M™ cm™ at 388 nm.

The large difference between the extinction coefficients determined using the two
different methods is of concern, and cannot be adequately rationalised. In spite of the
uncertainties in the calculated extinction coefficients, the value determined from AA

analysis was used in the calculation of DPTC-Co throughout this work.
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4.6 Determination of stability constants of DPTC-Co and vitamin

B1,4 With various neutral and anionic ligands

4.6.1 Introduction

A stability, formation or binding constant, is an equilibrium constant which provides a
measure of the interaction between, in the case of this work, an incoming ligand and a
metal in the formation of a complex. This study is concerned with the formation of
complexes of vitamin By, and DPTC-Co with a variety of ligands, as in Scheme 4.6.1. In
vitamin By, chemistry, stability constants determined for ligand substitution reactions are
K, values (but are generally referred to as K) as the experiments are carried out at a pH at

which the nitrogenous base of the tail is coordinated to the cobalt (K).

/ N\CN - N\HZT
N | N — 5 N&e—/FCo
i(lm\l\l/ K, \\?N
NH ol »

Scheme 4.6.1 Generalised reaction for ligand substitution reactions (where K, is to be determined)
where the cobalt metal is coordinated by either the corrin ring of vitamin By,, or the
corrole ring of DPTC

Stability constants give a direct indication of both the sign and magnitude of the Gibbs
energy of the formation of the complex as AG® is directly proportional to log K in Equation

4.6.1. Analysis of stability constants as a function of temperature allows for the
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determination of the change in enthalpy and change in entropy of the system from the
van’t Hoff plot of Equation 4.6.2. This information can be used in deducing the driving
force of a reaction, bonding (related to enthalpy changes) or disorder (related to changes
in entropy). This study determined stability constants at 25°C only. The determination of
K as a function of temperature over a meaningfully large temperature range presented a
problem given the high fraction of methanol in the solvent system; thus determination of
the enthalphic and entropic contributions to the energy of the reactions was not

determined.

AG° = —RT InK
Equation 4.6.1

AH®  AS°

1nK=—RT+ R

Equation 4.6.2

The ligand exchange reactions of vitamin B, have been studied extensively. The same
cannot be said for the reactions of metallocorroles. As discussed in Section 4.1.3, the
ligand exchange reactions of about a dozen metallocorroles with a selection of ligands

3237 \While these studies aimed to

have been studied in organic solvent systems.
determine the effect of ligand basicity and the effect of substitution of both the B and
meso positions of the corrole framework, the present study aimed to compare the
stability constants of vitamin B,, with those of the corrole-containing biomimetic system,
DPTC-Co, such that the effect of the increased delocalised electron system of the

macrocycle on the chemistry of the coordinated cobalt metal ion could be deduced.
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4.6.2 Methods particular to the determination of stability constants

All ligand binding assays were performed using a 80:20 methanol:buffer solvent system.
The buffer used varied depending on the pH at which the experiment was carried out, but
the concentration remained constant at 0.05 M. No inert salt was added to adjust the
ionic strength; rather this was determined from the concentration of the charged buffer
species at the pH at which the experiment was conducted. The initial pH of the DPTC-Co
or vitamin By, solution was recorded. Initial spectra of either DPTC-Co or vitamin By,
with no ligand present were first recorded. Cobalt concentrations were calculated using
the extinction co-efficient, €, at 388 nm (3.18 x 10° M™* cm™) for DPTC-Co (see Section 4.5)
and at 350 nm (2.61 x 10*m* cm'l) for vitamin Blza.zg A known volume of standard ligand
solution was added to the cuvette using a 10, 50, 100 or 250 pl micro syringe. The cuvette
was inverted to ensure mixing and the spectrum was recorded after allowing for
equilibration. Additions were made until there was no further change in the spectrum.
The final pH was recorded. Spectra were corrected for the dilution effect by multiplying
the recorded absorbance by the ratio of the total and initial volume. An example of the

raw and corrected data can be found in Digital Appendices 4.2.1 and 4.2.2.

In the case of out-of-cell titrations, equal volumes of solvent and chromophore were
added to the required number of 10 ml vials. Ligand was added such that the total
volume of ligand added increased across the series of vials. Vials were capped, sealed
with parafilm and placed in a thermostatted circulating water bath maintained at 25°C for
2-3 hours before the spectra were recorded. Once again, the spectra were corrected for

the dilution effect as explained above.

Table 4.6.1 below provides details of all of the ligand binding assays undertaken. Ligand
concentration ranges are for the ligand concentration in the cuvette. Stability constants
presented in Sections 4.6.3 and 4.6.4 were determined using Equations 4.2.1 and 4.2.2 as
described in Section 4.2.4 and details on the determination of K can be found in

Appendix 4.6 and Digital Appendices 4.3.1 and 4.3.2.
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Table 4.6.1 Summary of ligand binding assays: ligands, ligand concentration ranges and cobalt
concentrations

Ligand Ligan?ac:;:tz:;)ration pH (E;c:(b::)t-!)
DPTC-Co

Neutral ligands

Ethanolamine 1.23x10°%4.25x 10* 9.50 2.018
Pyridine 5.95x107-4.54x 10 9.16 2.711
4-Dimethylaminopyridine (OMAP)  1.46 x 10°-2.78 x 10 9.51 2.056
N-Methylimidazole 1.26 x 10°-3.38 x 10™ 9.46 2.166
Thiophene 6.24 x 10°-0.422 9.52 2.185
Thiourea 3.60x10%-4.88 x 10~ 9.47 1.924
Trimethylphosphite 7.93x107-2.74x 10” 9.44 1.748
Trimethylphosphite 7.36x107-3.61x 10” 9.44 2.799
(DMAP competition experiment)

Trimethylphosphite 9.64x107-4.73x 10 9.50 2.258
(Pyridine competition experiment)

Anionic ligands

Cysteine 7.85x107-2.10x 10 9.86 2.084
Sodium cyanide 6.09x107-2.10x 10" 9.57 2.198
Sodium cyanide (DMAP 6.07 x107-2.09 x 10™ 9.59 1.669
competition experiment - in cell)

Sodium cyanide (DMAP 8.37x107-2.48 x 10” 9.51 1.957
competition experiment - out of

cell)

Sodium nitrite 8.05x10°-1.14 x 10~ 9.51 2.459
Sodium azide 1.17 x10*-1.65 x 10™ 9.51 1.943
Sodium thiocyanate 2.47 x10%-9.47 x 10~ 9.50 2.601
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Table 4.6.1 continued

Ligand Ligan?ac:;:t(a':\/lt)ration pH (E;c:(b:(;t_!)
Vitamin B,,

Neutral ligands

Ethanolamine 1.39 x 10°-0.188 8.13 4.835
Pyridine 9.88x10°-1.12 721 4273
4-Dimethylaminopyridine (OMAP)  2.70 x 10°-2.15 x 107 9.10 7.833
N-Methylimidazole 4.20x10°-5.49x 107 7.09 2.76
Thiophene 0.245-2.88 9.14  4.609
Thiourea 2.27x10°%-3.75x 10" 7.08 5.857
Trimethylphosphite 6.06 x 10°-2.15 x 10" 7.08 4.144
Anionic ligands

Cysteine 4.00x10°-1.73x 107 6.01 4.308
Cyanide 5.85x10°-1.38 x 10™ 7.11 6.277
Cyanide 9.59x10°-3.56x 10° 7.09 3.185
(azide competition experiment)

Cyanide 9.60 x 10°-4.37 x 10° 7.09 3.172
(nitrite competition experiment)

Nitrite 8.11x107-6.46 x 10" 7.12 3.658
Azide 1.63x10°-1.01x 10" 7.11 2.308
Thiocyanate 8.00x107-2.73x 10 7.12 2.499
lodide 6.57 x 10°-1.54 x 10° 6.99 3.628
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4.6.3 The effect of solvent on stability constants

The stability constant for the binding of ethanolamine to DPTC-Co was determined in
dichloromethane, methanol and 80:20 methanol:buffer. The change in spectrum of DPTC-
Co in 80:20 methanol:water was of concern; thus the stability constant for the binding of
ethanolamine was determined in both fresh and ‘aged’ (used more than one day after

preparation) solutions. The log K values are compared in Table 4.6.2.

The log K for the binding of ethanolamine in dichloromethane is significantly larger than
in more polar, coordinating solvents. In dichloromethane, a non-polar and non-
coordinating solvent, DPTC-Co is found as the five-coordinate species only. In
coordinating solvents, both the five- and six-coordinate species are present. During the
binding of a ligand, the ligand can bind directly to the five-coordinate species, while in the
case of the six-coordinate species, displacement of the coordinated solvent must occur
before the ligand is able to bind, resulting in a lower observed log K. Similarly, this can be
rationalised by looking at the donor numbers (DN) of the solvents. Gutmann’s donor
number is a semiquantitative measure of the Lewis basicity of a solvent and indicates the
ease of solvation of a cation or Lewis acid by a solvent.®! The DN for dichloromethane is 1
while that for methanol is 18.®* During the coordination of a ligand to a metal centre, as
the donor number decreases, competition between solvent and ligand decreases,

therefore the stability of the complex increases, increasing log K.'%

The log K for the reaction in methanol and the corrected log K in aged methanol:buffer
solution differ by about 0.35 units. The corrected log K value for the reaction in fresh
80:20 methanol:buffer solution, however, is greater than in methanol or in the aged
80:20 methanol:buffer solution. Methanol, although a poor ligand, is able to bind to the
coordinated cobalt metal centre in DPTC-Co with a log K of -1.60 £ 0.08 (from the out of
cell titration of methanol in dichloromethane) and as discussed in Section 4.3.5, the
kinetics for the binding of methanol appear to be slow. In pure methanol and the aged
methanol:buffer solution, the coordination of ethanolamine involves first the

displacement of the methanol axial ligand followed by the coordination of ethanolamine.
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This is an energy intensive process, resulting in a decrease in the log K value. Fresh
methanol:buffer solutions, containing a mixture of five- and six-coordinate DPTC-Co
species, yield higher log K values as only a fraction of DPTC-Co is present as the six-
coordinate species requiring the displacement of methanol before the binding of

ethanolamine.

Table 4.6.2 pH-independent stability constants for the binding of ethanolamine to DPTC-Co in
various solvents

Solvent log Kops log K
Dichloromethane 6.08 £+ 0.04 6.08 £+ 0.04
Methanol 4.79+0.05 4.79+0.05
80:20 methanol:buffer (fresh, pH 9.5) 4.65+0.02 5.15+0.02
80:20 methanol:buffer (aged, pH 9.5) 4.31+0.02 4.81+0.02

In the present study, stability constants for the ligand substitution reactions of DPTC-Co
were determined using freshly prepared solutions, rather than the ‘aged’ solutions due to
several concerns including the moderate instability of the corrole to light and air and the
irreproducibility of preparing ‘aged’ solutions. As the focus of this work was to study the
trends in log K values for vitamin B,, versus the corrole, there was a need for a simple,

reproducible system.

The effect of increasing the fraction of methanol on the stability constant of the binding
of N-methylimidazole to vitamin Bi,, was also determined. Table 4.6.3 and Figure 4.6.1
illustrate the change in log K with increasing methanol concentration. As the
concentration of methanol in the solvent system increases and the polarity decreases, the
log K decreases in an apparently sigmoidal fashion. Hamza observed that binding
constants of pyridine derivatives to aquacyanocobyrinic acid are solvent dependent

where it was found that an increase in polarity led to an increase in the value of K.*’
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Table 4.6.3 Solvent dependant stability constants for the binding of N-methylimidazole to

vitamin By,
% v/v methanol in Polarity log K
log Kobs

methanol:buffer solvent (Ex(30)°*%%)? (1 (M))
0 63.1 3.81+0.04 4.32 £ 0.04 (0.019)
20 61 3.84+0.04 4.32 £0.04 (0.021)
40 59.3 3.71+£0.05 4.21 +0.05 (0.019)
60 57.3 3.56 £+ 0.06 4.04 £ 0.06 (0.022)
80 56.3 3.51+0.05 3.99 £ 0.05 (0.022)

® Approximate values determined from Figure 3(B) from Smithrud et al'™
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Figure 4.6.1 The dependence of the stability constant for the binding of N-methylimadazole to vitamin
B1,, ON percentage methanol (v/v) in a methanol:buffer solution

For purposes of comparing vitamin B1,, and the biomimetic model, the stability constants
of ligand substitution reactions of vitamin Bi, were conducted in 80:20 methanol:water

solutions due to the dependence of log K on solvent composition.
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4.6.4 The binding of neutral and anionic ligands to DPTC-Co and

vitamin By,

The binding of a variety of both neutral and anionic ligands with DPTC-Co and vitamin By,
were studied in the 80:20 methanol:buffer solvent system. A summary of the observed
and corrected stability constants for the generalised reaction in Scheme 4.6.1 are
presented in Tables 4.6.4 and 4.6.5. The ligand concentration ranges and pH used can be

found in Table 4.6.1.
OH,
%N - N/ CT\N
l\_y/ \|\ e
N \-y
N
Scheme 4.6.1 Generalised reaction for ligand substitution reactions where the cobalt metal is
coordinated by either the corrin ring of vitamin B, or the corrole ring of DPTC

|

The stability constants for the strong binding of trimethylphosphite to DPTC-Co and
cyanide to DPTC-Co and vitamin By, were determined initially from standard ligand
substitution reactions for which very high, and thus very unreliable, stability constants
were determined (log K >> 4, in square brackets in Tables 4.6.4 and 4.6.5). Competition
reactions, where a strong binding ligand (pyridine or DMAP in the case of
trimethylphosphite and DMAP, azide or nitrite in the case of cyanide) was initially
coordinated to the chromophore and this ligand was then replaced by trimethylphosphite

or cyanide, were used to determine a more reliable stability constant.
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Table 4.6.4 Summary of the stability constants for the coordination of neutral ligands to vitamin B;,, and DPTC-Co
Vitamin By, log Vitamin By, log K DPTC-Co log K
Ligand DPTC-Co log Kyps
Kobs (1 (M)) (1 (M)
Neutral ligands
Ethanolamine 1.41 +£0.05 3.60 £ 0.05 (0.023) 4.65+0.02 5.15+0.02 (0.016)
Pyridine 0.26 £ 0.04 0.48 £ 0.04 (0.013) 4.01£0.02 4.11 £ 0.02 (0.011)
4-Dimethylaminopyridine (DMAP) 1.70+£0.02 3.99 £ 0.02 (0.010) 4.81 £0.02 5.32 £0.02 (0.016)
N-Methylimidazole 3.51+£0.05 3.99 £ 0.05 (0.011) 5.23+0.04 5.41 +£0.04 (0.015)
Thiophene -0.8+0.2 1.0+ 0.2 (0.010) 0.89 £0.04 1.09 £ 0.04 (0.016)
Thiourea 1.59 +0.02 1.76 £ 0.02 (0.011) 1.9+0.1 2.1+0.1(0.015)
Trimethylphosphite 4.60 + 0.07 4.77 £0.07 (0.011) [6.7 £0.1] [6.9 £ 0.1 (0.015)]
Trimethylphosphite (DMAP competition - - 6.44 +0.08 11.8 £ 0.1 (0.015)
experiment)
Trimethylphosphite (Pyridine competition - - 6.25 +0.07 10.36 + 0.09 (0.016)

experiment)
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Table 4.6.5 Summary of the stability constants for the coordination of anionic ligands to vitamin B,,, and PDTC-Co

Vitamin By, log K DPTC-Co log K

Ligand Vitamin By, log Kops DPTC-Co log Kops
(1 (M)) (1 (M)
Anionic ligands
Cysteine 4.1+0.1 6.5+ 0.1(0.011) 54102 5.7 £ 0.2 (0.020)
Cyanide [5.1+0.1] [7.3+0.1(0.011)] [7.7 £ 0.4] [8.1+0.4(0.017)]
Cyanide (DMAP competition experiment - - - 7.6+0.7 13.1+0.7 (0.017)
in cell)
Cyanide (DMAP competition experiment - - - 7.7+0.6 13.2+0.6 (0.016)
out of cell)
Cyanide (azide competition experiment) 4.06 £ 0.03 12.53 £ 0.07 (0.011) - -
Cyanide (nitrite competition experiment) 3.09+0.04 11.9+0.5(0.011) - -
Nitrite 6.5+04 6.7 £ 0.4 (0.012) 2.86 £0.02 3.06 £ 0.02 (0.016)
Azide 6.17 £0.05 6.35+£0.05 (0.011) 2.63+£0.02 2.82 £0.02 (0.016)
Thiocyanate 4.5510.04 4.73 £0.04 (0.012) 1.12 £ 0.05 1.31+£0.05 (0.016)
lodide 3.82£0.02 3.96 £ 0.02 (0.010) 2.09 £ 0.03; 2.33+£0.03 (0.017)
-0.02 £ 0.02 0.22 £0.02

References on page 325

242



The stability constants determined for the binding of various ligands to aquacobalamin in
the 80:20 methanol:buffer solvent system were different, and in some cases considerably
different, from those determined in agueous media, as reported in the literature. These
differences are summarised in Table 4.6.6 below. As mentioned in Section 4.3.5, the ideal
solvent system for the study of vitamin By,, and correlation to biological systems, may not
be an aqueous solvent system, but rather a multi-component system containing a more

non-polar solvent, such as methanol.®

Balt and co-workers, as well as Moreno-Esparza and co-workers, have studied the

reactions of vitamin By, in multicomponent solvent systems using varying dioxane-

71,105 105,106

water, acetonitrile-water and methanol-water mixtures.®? In all cases it was
observed that there was a marked difference in both the thermodynamic and kinetic
parameters as the identity of the solvent mixture changes. Balt and co-workers found
that in dioxane-water mixtures the rate constant for the binding of thiosulfate to
aquacobalamin decreased from 500 to approximately 160 M™ s™ as the concentration of
dioxane increased from 0 to 8 M’! while the rate constant for the reaction between
thiourea and aquacobalamin decreased from 214 to 7.5 M s™ as the fraction of dioxane
increased.'® In acetonitrile-water mixtures the stability constants for the binding of
thiocyanate to aquacobalamin increased from log K = 3.30 to 4.17 as the fraction of
acetonitrile increased from 0 to 80%,'° while the rate constant for the binding of
thiourea to aquacobalamin varied from 14.0 to 227 %% Moreno-Esparza and co-
workers found that the stability constant for the binding of iodide to aquacobalamin

increased from log K = 1.41 to 3.95 as the methanol fraction increased from 0 to 100%.%°
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Table 4.6.6 Stability constants in 80:20 methanol:water and in aqueous media for the binding
of a variety of ligands to aquacobalamin

Log K (25°C)

Ligand 80:20 methanol:water
Aqueous solution
solvent system*

Pyridine 0.48 +0.04 1.23"
N-methylimidazole 4.05 + 0.05 4.44"
Thiourea 1.59 +0.03 1.1'%
Trimethylphosphite 4.77 +0.07 5.0'%"
Cysteine 6.5+0.1 6.0 or 8.3'%°
Cyanide 12.54 + 0.07 >12%
Nitrite 6.7+0.4 5.34"
Azide 6.35 % 0.05 4.85"
Thiocyanate 4.73 +0.04 3.03%"
lodide 3.97+0.02 1.4%
3.1280%*
* This work

** 1 =0.15M NaClO,

From Tables 4.6.4 and 4.6.5 it is clear that the stability constants of the neutral ligands are
higher in agueous solutions (thiourea is an exception) while those of the anionic ligands
are higher in the 80:20 methanol:water solvent system, although it must be noted that
the ionic strength of the determined stability constants varies. Balt and co-workers found
that the log K for the substitution of water by thiocyanate on vitamin B, increased from

d.1% The fraction

3.30 to 4.17 as the fraction of acetonitrile in the solvent system increase
of dioxane had a less dramatic effect on the stability constant for the binding of thiourea,
increasing from 13 to 17 dm?® mol™.*® Moreno-Esparza and co-workers found that the
stability constant for the binding of iodide to vitamin B;,, was enormously dependent on
the composition of the solvent, increasing from 26 in 100% water to 9.0 x 10% dm® mol™ in

100% methanol.®°

While dioxane’* and acetonitrile’® have been shown to not displace the water in

aquacobalamin, a methanol-cobalamin complex has been shown to form with a stability
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constant of 3.7 dm?® mol™ in methanol-rich solvent systems.®® The complex formation was
characterised by a subtle shift in the position of the y band from 350 to 351 nm and a
decrease in intensity. Moreno-Esparza concluded that the increase in the stability
constants with decreasing polarity of solvent arises as a result of the formation of an
outer-sphere complex which is more stable at lower solvent polarity due to the charge
neutralisation as a result of the reaction between aquacobalamin (bearing a charge of 1+)
and iodide resulting in a neutral iodocobalamin species.?’ Thus, the binding of the anionic

iodide was found to be more favourable in solvents with higher methanol composition.

Aquacobalamin has an overall charge of 1+ with a charge of 2+ at the metal centre. The
coordination of an anionic ligand results in a neutral complex. In solvent systems with low
water content, such as the 80:20 methanol:water solvent system used in this study, the
formation of a neutral complex would be far more favourable than in a purely aqueous
solvent system, resulting in higher stability constants in less polar solvent systems, as in
Table 4.6.5. The binding of neutral ligands, on the other hand, does not affect the charge
of the complex. The hydrogen bonding abilities of the solvent decrease as the fraction of
the more non-polar solvent increases. This might affect the stability of the complexes of
neutral ligands, resulting in lower stability constants in the 80:20 methanol:water solvent

system than in purely aqueous systems.
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4.6.5 The UV-vis spectroscopic changes of DPTC-Co upon ligand
binding

The absorption bands in the Soret region have been assigned the labels Soret 1, Soret 2,
Soret 3 etc. while similarly the bands in the Q band region have assigned Q1, Q2 etc. as
illustrated in Figure 4.6.2, a spectrum recorded during the coordination of ethanolamine
to DPTC-Co. An absorption band of low intensity at a wavelength lower than that of Q1

was also observed, but is not discussed.
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Figure 4.6.2 Assignment of absorption bands of DPTC-Co. The spectrum was recorded during the
coordination of ethanolamine to DPTC-Co

The binding of neutral N donor ligands (ethanolamine, pyridine, DMAP and N-
methylimidazole) to DPTC-Co vyields similar spectroscopic changes, with the collapse of
the 388 nm Soret and the appearance of a well-defined shoulder on the 438 nm Soret
(experiencing a small shift from 437 nm as in Figure 4.6.3). In all cases, there was an
increase in the intensity of the 438 nm Soret. There was little variation in the position of
the shoulder with ethanolamine and N-methylimidazole complexes at 452 nm, the DMAP
complex at 451 nm and pyridine complex at 450 nm. The Q bands experienced both an

increase in intensity and a bathochromic shift. The Q band at 577 nm in DPTC-Co shifted
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to 579 nm in all cases except the N-methylimidazole complex where it shifted to 580 nm.

There was variation in the 611 nm Q band which shifted to 617 nm (pyridine complex),

619 nm (DMAP complex),

620 nm (ethanolamine complex) and 622 nm (N-

methylimadazole complex). Table 4.6.7 summarises the shifts in the Soret and Q bands as

well as the isosbestic points for the binding of N-donor neutral ligands. Spectra

representative of the binding of neutral N-donor ligands (the spectroscopic changes for

the binding of DMAP) are illustrated in Figure 4.6.3 below.

Table 4.6.7 Shifts in wavelength of the Soret and Q bands and isosbestic points upon binding
of neutral N-donor ligands to DPTC-Co

Wavelength (nm)

Ligand Isosbestic points (nm)
Soretl Soret2 Soret3 Q1 Q2
Water 388 437 - 577 611
Ethanolamine - 438 452 579 620 347,421,504, 543, 560
Pyridine - 438 450 579 617 347,425, 545, 557
DMAP - 438 451 579 619 331, 419, 476, 570, 590,
605
N-methy- - 438 452 580 622 329, 414, 483, 575, 591,
imidazole 610
1.0
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Figure 4.6.3 Spectroscopic changes associated with the binding of DMAP to DPTC-Co, representative of

the changes observed for the binding of nitrogen donors
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The binding of trimethylphosphite to DPTC-Co (Figure 4.6.4) vyields very different
spectroscopic changes compared to the binding neutral N-donors. The binding of
trimethylphosphite to DPTC-Co was achieved by exchanging a bound pyridine or DMAP
ligand with the trimethylphosphite ligand. These competition experiments were carried
out as the log K for trimethylphosphite in the absence of a competing ligand was too high
to determine with any accuracy. There was a decrease in intensity of the Soret and Q
bands upon substituting the competition ligand with trimethylphosphite. Soret 2 shifted
from 438 to 443 nm while two shoulders, Soret 1 and Soret 3, appeared at 414 and 461
nm. The Q bands at 577 and 611 nm shifted to 587 and 633 nm. Isosbestic points were
seen at 308, 418, 459, 566, 584, 595 and 625 nm.
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Figure 4.6.4 Spectroscopic changes associated with the displacement of pyridine by
trimethylphosphite on DPTC-Co

Thiourea and thiophene, while both sulfur donors, bound to DPTC-Co vyielding different
spectra. The spectroscopic changes were not as drastic as in the case of the neutral N- or
P-donor ligands. The binding of thiourea led to the collapse of Soret 1 at 388 nm. Soret 2
at 437 nm underwent a decrease in intensity as well as a bathochromic shift to 439 nm. Q
bands 1 and 2 increased in intensity and shifted to the red from 577 nm to 587 nm and

611 nm to 631 nm for Q band 1 and 2 respectively. The isosbestic point at 356 nm was
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clear while those at 450, 604 and 615 nm were less so. The spectroscopic changes can be

seen in Figure 4.6.5.
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Figure 4.6.5 Spectroscopic changes associated with the binding of thiourea to DPTC-Co

Thiophene bound to DPTC-Co with a general decrease in the intensity of all of the bands
with one isosbestic point only as in Figure 4.6.6. The shifts in wavelength of Sorets and Q
bands were subtle. The wavelength of Soret 1 did not change while Soret 2 shifted from
437 to 438 nm. Q band 1 shifted to the blue from 577 to 574 while Q band 2 shifted to
the red from 611 to 614 nm. The single isosbestic point was at 630 nm. The general
decrease in the UV-vis spectrum may be indicative of the thiophene ligand interacting
with the metal in DPTC-Co through m-stacking. Evaluation of the Hill plot indicated that
one ligand had coordinated to the metal centre as the gradient of the plot was nearly
equal to one (0.9548). Of course, this might also be an indication a 1:1 DPTC-

Co:thiophene n-stacked arrangement.
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Figure 4.6.6 Spectroscopic changes associated with the binding of thiophene to DPTC-Co

Anionic N- and S-donor ligands (cyanide, nitrite, azide and thiocyanate) bound to DPTC-Co

to yield similar spectra. There was a collapse of Soret 1 at 388 nm. Unlike the neutral N-

donors, Soret 2 did not have a defined shoulder, but rather was broad and experienced

either a blue shift or no shift at all with an increase in intensity. Unlike the neutral ligands,

Q bands 1 and 2 did not increase in intensity, but rather decreased in intensity with the

appearance of Q band 3 in the 710 nm region. The changes in Soret and Q band positions,

as well as the isosbestic points, are listed in Table 4.6.8 while spectra representative of

the binding of anionic N- and S-donor ligands (the spectroscopic changes for the binding

of thiocyanate) are illustrated in Figure 4.6.7.

Table 4.6.8 Shifts in wavelength of the Soret and Q bands and isosbestic points upon binding
of anionic N- and S-donor ligands to DPTC-Co

Wavelength (nm)

Ligand Isosbestic points (nm)
Soretl Soret2 Q2 Q3

Water 388 437 611 -

Azide - 437 614 710 351,405,516, 637
Nitrite - 436 637 706 348,403,522, 635
Thiocyanate - 437 615 709 339,408, 506, 637
Cyanide - 434 638 710 351,405,516, 637
Cyanide (DMAP comp) - 434 638 700 342,433,467,516, 652
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Figure 4.6.7 Spectroscopic changes associated with the binding of thiocyanate to DPTC-Co

Cysteine has 3 pK,s at 1.7, 8.36 and 10.74 for the deprotonation of the carboxylic acid,
thiol and amine respectively.’® The titration of DPTC-Co with cysteine was conducted at a
pH of 9.8 where the fraction of the thiolate was 0.97 and the unprotected amine was
0.12. The binding of cysteine can thus be considered to involve the binding of thiolate, an
anionic ligand. In spite of this, the spectroscopic changes are reminiscent of the binding of
neutral N-donor ligands (Figure 4.6.8). There was an increase in absorbance of all maxima
except the initial Soret at 388 nm. Soret 2 experienced a small shift to the red from 437 to
439 nm (as in the neutral N-donors). The shoulder appeared at 435 nm. Q bands 1 and 2
shifted from 538 to 539 nm and 611 to 621 nm respectively, again similar to the
spectroscopic changes observed upon binding of neutral N-donor ligands. Isosbestic

points were observed at 399, 430, 473, 560, 677 and 739 nm.

251

References on page 325



Absorbance (A. U.)

ane 350 400 454 00 iy GO0 G50 700 750 800
Wavelength {nim)

Figure 4.6.8 Spectroscopic changes associated with the binding of cysteine to DPTC-Co at pH 9.8

lodide coordinated to DPTC-Co weakly. At low iodide concentrations (0-2.05 x 10° M), a
general decrease in the intensity of the spectrum was observed with no shift in peak
position; thus no isosbestic points were observed. At higher iodide concentrations, a
marked increase in intensity of Soret 1 and decrease in intensity of Soret 2 was observed.
Q band 1 increased in intensity while Q band 2 decreased in intensity. There was no
change in peak position except for Q band 2 which shifted from 611 to 614 nm. Isosbestic
points were observed at 420, 455, 597 and 620 nm. This may indicate the formation of an
outer-sphere complex preceding the actual binding of iodide to the metal centre.
Spectroscopic changes at high iodide concentrations are presented in Figure 4.6.9 and the

binding isotherm at 385 nm is illustrated in Figure 4.6.10.
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Figure 4.6.9 Spectroscopic changes associated with the binding of iodide to DPTC-Co at high iodide
concentration
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Figure 4.6.10 Change in absorbance at 385 nm with increasing concentration of iodide. Solid circles

indicate the experimentally determined absorbances. Solid line indicates the best fit curve
from Equation 4.2.1
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In general, the binding of both neutral and anionic ligands to DPTC-Co resulted in a
collapse of Soret 1, believed to indicate the decrease in the fraction of the five-coordinate
species with an increase in the fraction of the six-coordinate species. The appearance of a
shoulder, Soret 3, appears to be indicative of the coordination of strong neutral ligands
and cysteine. The position of Q band 2 varied as the identity of the donor atom of the
ligand changed and a low energy Q band (Q3) appeared during the binding of several
anionic ligands. This suggests that the electronic transitions responsible for the
absorption bands in the Q band region arise as a result of the interaction between the
ligand and the biomimetic model. This hypothesis was explored using time dependent

DFT calculations and is discussed in Section 4.7.
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4.6.6 The UV-vis spectroscopic changes of vitamin B;,, upon ligand

binding

The binding of neutral N-donor ligands (ethanolamine, pyridine, DMAP and N-
methylimidazole) to vitamin Bi,, yielded similar spectroscopic shifts; the change in
intensity, however, differed for the 4 ligands. In the case of the ethanolamine complex,
there was an increase in absorbance of the y band. The D, B and a bands experienced a
decrease in intensity. The binding of pyridine on the other hand caused a decrease in
absorbance of the y band and an increase in the D, B and a bands with more distinct
and a bands. Coordination of N-methylimadazole produced an increase in absorbance of
all of the maxima. The binding of DMAP, in a manner similar to ethanolamine, resulted in
an increase in absorbance of the y band and a decrease of the B and a bands. The D band,
however, increased in intensity. Titrations of ethanolamine and DMAP with vitamin Bi,,
were conducted at pH 8 and 9, respectively, while the titrations of both pyridine and N-
methylimidazole were conducted at pH 7. The spectroscopic shifts and isosbestic points
are summarised in Table 4.6.9 below while representative spectra are illustrated in Figure

4.6.11.

Table 4.6.9 Shifts in wavelength of the y, D, B and a bands and isosbestic points upon binding
of neutral N-donor ligands to Vitamin B,

Wavelength (nm)

Ligand Isosbestic points (nm)
1% D B a
Water (pH 7) 351 409 502 523
Water (pH8/9) 354 418 509 532
Ethanolamine 356 411 508 532 348,393, 468, 498, 555
Pyridine 356 411 505 531 337,354
N-Methylimadazole 309, 352, 396, 406, 417,
357 411 506 535
500, 512, 526
DMAP 358 415 509 535 351,419, 537
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Figure 4.6.11 Spectroscopic changes associated with the binding of N-methylimidazole to vitamin B,,, at
pH7.1

The formation of the trimethylphosphite complex was accompanied by large
bathochromic spectroscopic shifts as illustrated in Figure 4.6.12. The y band shifted from
351 to 363 nm. The D band shifted from 409 to 411 as observed for the coordination of
ethanolamine, pyridine and N-methylimadazole. The B and a bands shifted from 502 to
522 nm and 523 to 540 nm respectively. The D band increased in intensity while the
absorbance of the y, B and a bands decreased. Clear isosbestic points were observed at

326, 358, 482 and 552 nm.

The binding of thiourea and thiophene to vitamin By, led to similar spectroscopic
changes. The initial spectra of vitamin Bi,, differed as the titrations were conducted at
different pH values. The thiourea titration was conducted at pH 7.1 while the thiophene
titration was conducted at pH 9.1. The binding of thiourea resulted in the y band
decreasing in intensity, and shifting from 351 to 353 nm. The D band shifted from 409 to
407 with an increase in intensity. The B and a bands became indistinct and shifted from
502 and 523 nm to yield one broad band at 530 nm with a decrease in intensity. Clear
isosbestic points were observed at 335, 358, 440 and 537 nm. In the case of the
coordination of thiophene, the y band decreased in intensity, but did not experience a

shift from 354 nm. The D band shifted from 418 to 414 with an increase in intensity. The B
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and a bands became indistinct and shifted from 509 and 532 to yield one broad band at
532 nm with a decrease in intensity. Isosbestic points were observed at 348, 361, 482 and
552 nm. The stability constant for the coordination of thiophene to vitamin By,, was very
low, with an observed log K of -0.8. Owing to the low binding constant and the insolubility
of thiophene in 80:20 methanol:water solutions at high thiophene concentrations,
saturation of the metal was not observed as seen in the binding isotherm in Digital

Appendix 4.3.2. Spectroscopic changes representative of the binding of sulfur donors are

illustrated in Figure 4.6.13.
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Figure 4.6.12 Spectroscopic changes associated with the binding of trimethylphosphite to vitamin By,
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Figure 4.6.13 Spectroscopic changes associated with the binding of thiourea to vitamin B,,, at pH 7.1
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The binding of anionic N- and S-donor ligands (cyanide, nitrite, azide and thiocyanate) to
DPTC-Co led to similar spectra. This was not the case when bound to vitamin B;,,. These
titrations were all carried out at pH 7 with y, D, B and a bands of aquacobalamin present

at 351, 409, 502 and 523 nm respectively.

The binding of azide led to a decrease in intensity of the y band at 358 nm with the
appearance of a broad shoulder at 348 nm. The D band at 417 nm increased in intensity.
The B band at 514 nm decreased in intensity while the a band at 537 increased in

intensity. Isosbestic points were observed at 344, 356, 445 and 527 nm.

When nitrite was coordinated to vitamin B, the y band at 355 nm increased in intensity.
The D band at 413 nm increased in intensity. The B band at 505 nm and the a band at 531
both increased in intensity and became more distinct. Isosbestic points were observed at

341, 352,420 and 486 nm.

In the case of the thiocyanate complex, the y band at 534 nm decreased in intensity. The
absorbance of the D band at 411 nm increased. The f and a bands at 511 nm and 533 nm
both decreased in intensity. Isosbestic points were observed at 338, 353, 439 and 528

nm.

A large bathochromic shift of the y band to 360 nm with an increase in absorbance was
observed upon formation of the cyanide complex. The position of the D band did not
change, but an increase in absorbance was observed. The B band at 517 nm decreased in
intensity while the a band at 548 nm increased in intensity. Isosbestic points were
observed at 323, 354, 444 and 534 nm. As the stability constant for the formation of the
cyanide complex was very large, two competition experiments were carried out using
azide and nitrite as competing ligands. A summary of the spectroscopic changes of these

experiments can be found in Table 4.6.10.
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Table 4.6.10  Spectroscopic changes associated with the binding of cyanide to vitamin By, in
competition reactions

Competing Wavelength (nm)

Isosbestic points (nm)
ligand Y D B a
Water 351->360 409->409 502->517 523->548 323,354,444,534
Nitrite 354->360 413409 504->517 531-»548 355, 404, 449, 449, 539
Azide 356->360 4175409 514->517 537-»548 353,389, 542, 600

The binding of iodide led to an ‘atypical’®® vitamin By, spectrum as in Figure 4.6.14. The y
decreased in intensity substantially with a shift from 351 to 355 nm. Shoulders appeared
on either side of the y band at 321 and 373 nm, characteristic of atypical vitamin B,
spectra.29 The D band gave way to two bands at 418 and 439 with decreased intensity.
The B band collapsed while the a band decreased in intensity at 529 nm and a new band
appeared at 557 nm. Isosbestic points were observed at 336, 363, 395, 417, 446, 542 and
597 nm.
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Figure 4.6.14 The ‘atypical’ spectroscopic changes associated with the binding of iodide to vitamin B;,,

The coordination of cysteine at pH 6.0 also yielded an ‘atypical’ spectrum (Figure
4.6.15).110 The absorbance of the y band was greatly reduced with new bands appearing
at 332 and 369 nm. There was an increase in the absorbance of the D band together with

a large bathochromic shift from 408 to 430 nm. The B band collapsed and the a band
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decreased in intensity and shifted from 522 to 528 nm and a new band appeared at 554

nm. Isosbestic points were observed at 338, 362, 447 and 531 nm.
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Figure 4.6.15 The ‘atypical’ spectroscopic changes associated with the binding of cysteine to vitamin
B,,, at pH 6.0

The spectroscopic changes observed during the binding of ligands to vitamin B1,, were, in
general, smaller than those observed for the DPTC-Co reactions. In general, the a and B
bands experienced a bathochromic shift upon the binding of both neutral and anionic
ligands. The position and intensity of the y band varied as the ligand varied. An increase in
intensity with little change in position was observed for neutral N-donor ligand complexes
and the nitrite complex, while an increase in intensity with a significant bathochromic
shift was observed for the cyanide complex. The y band decreased in intensity with a
significant bathochromic shift in position for the trimethylphosphite complex and
decreased in intensity for the neutral S-donor ligand, azide and thiocyanate complexes
with little change in position. ‘Atypical’ spectra were observed for the iodo and cysteine

complexes.
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4.6.7 The effect of the corrole ring on the coordinated metal

There is a linear correlation between the log K values for vitamin By, and DPTC-Co
complexes, as illustrated in Figures 4.6.14 and 4.6.15; as log K of DPTC-Co complexes
increases, the log K of vitamin B;, complexes increases as well. This suggests that the
cobalt coordinated by either the corrole or corrin ring coordinates to the ligands in a
similar fashion. In Figure 4.6.16 the data points (except that for cyanide) lie below the log
Keorrole = log Kg,, line. This indicates that the stability constants are higher for B,
complexes than for DPTC-Co complexes. In Figure 4.6.17 all of the data points lie above
the log Keorrole = lOg Ka,, line, indicating that the stability constants are higher for DPTC-Co
complexes than for By, complexes. The very large log K value for the coordination of
cyanide to both DPTC-Co and By, and the coordination of trimethylphosphite to DPTC-Co
makes determination of their exact values very difficult, even when determined from
competition experiments. These log K values are approximate therefore and the presence
of the cyanide data point above the log Keorrole = lOg Kg,, line in Figure 4.6.16 cannot be

considered significant.
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Figure 4.6.16 The correlation between the stability constants for DPTC-Co and vitamin B;, complexes
with anionic ligands.
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Figure 4.6.17 The correlation between the stability constants for DPTC-Co and vitamin B;, complexes
with neutral ligands.

As mentioned previously, the corrin ring has one ionisable nitrogen of the four nitrogen
donors which coordinate cobalt(lll) with a net 2+ charge on the metal centre. In the
corrole ring, on the other hand, three of the four coordinating nitrogens are ionisable.
When coordinated to cobalt(lll), the complex is neutral. The electrostatic interaction
between the positively charged metal centre of vitamin By, and the harder ionic ligands
results in higher log K values than for the neutral corrole biomimetic system. Similarly, the
neutral DPTC-Co system interacts more strongly with the softer neutral ligands than the
charged vitamin By, system. This suggests that the interaction between the metal and the
incoming ligand can be modified by the nature of the equatorial macrocyclic ligand and
that cobalt, when coordinated by the corrole ring in DPTC-Co is softer, possessing more

cobalt(ll) character, than when coordinated by the corrin ring in vitamin B,.

The log K values for the binding of both pyridine and trimethylphosphite (even if the
latter is an approximate value) are considerably higher for the DPTC-Co complex than the
vitamin By, complex and therefore these values deviate significantly from the linear
relationship in Figure 4.6.17. The lower than expected values for the coordination of

pyridine and trimethylphosphite by vitamin By, are probably due to the steric interactions
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between the bulky ligand and the metal centre, crowded by sterically large acetamide
groups above the plane of the corrin ring. As no crystallographic data were available, DFT
modelling had to be relied upon to explore the structure. The interaction between
pyridine and cobalt in vitamin By,, as determined by DFT calculations, is illustrated in

Figure 4.6.18.

One might expect a similarly low log K value for the binding of DMAP to vitamin B, as
the steric bulk of this ligand is very similar to that of pyridine. From comparison of the pK;
values for the conjugate acids of these ligands, 5.2 (pyridine) and 9.55 (DMAP) (Table
4.6.11), it is evident that there is a very strong inductive effect from the dimethylamino
group para to the nitrogen of the pyridine ring. The increased electron density on the
nitrogen enhances the attraction between the nitrogen and the proton, thus increasing
the basicity of the ligand. DMAP is better able to interact with the cobalt in vitamin By,, in
spite of the steric restrictions, due to the increased attraction between the electron rich
nitrogen and the positive metal centre. This is evident from a comparison of the cobalt-
ligand bond lengths determined from the geometry-optimised DFT structures. The
pyridine-cobalt bond length is 2.045 A while there was a 0.018 A decrease to 2.027 A
when DMAP was bound to cobalt. In addition to the shortening of the nitrogen-cobalt
bond, there was an increase in the non-bonded interaction distance between the
hydrogen atoms on C2 and C6 of the ligand and C5 and C15 of the corrin macrocycle from
2.340 and 2.538 A (pyridine) to 2.349 and 2.559 A (DMAP) as illustrated in Figure 4.6.18.
These changes in bond lengths indicate that the increased basicity of DMAP encourages
strong coordination to the coordinated cobalt, in spite of the steric constraints,
illustrating that the electronic effects overcome the steric effects during the coordination

of pyridine derivatives.
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Figure 4.6.18 DFT geometry optimised By, complexes with pyridine (A and B) and DMAP (C and D)
viewed from the B face and from the side illustrating bond lengths (in A) a — 2.340; b —
2.045; c—2.538; d —2.349; e — 2.027; f — 2.559

The pK; values for the ligands used in this study are presented in Table 4.6.11. An increase
in the pK, of the conjugate acids of the anionic ligands led to an increase in the stability
constant for the formation of both the DPTC-Co and vitamin By, complex as in Figure
4.6.19. This suggests that there is a correlation between the affinity of the Lewis base (the
ligand) to both the Lewis acid proton and the Lewis acid metal; thus when coordinating to
anionic ligands, Co(lll) acts in a similar manner to the hard proton, i.e. the interaction

between the ligand and the metal has ionic character. This is evident from the QTAIM
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studies on the DPTC-Co model, discussed in Section 4.7.4, where the data suggested that

the bond between the cobalt and the anionic nitrite ligand had a high degree of ionic

character. The large stability constants of cyanide with DPTC-Co and vitamin B, deviated

from the linear relationship in Figure 4.6.19, indicating that the cyanide-cobalt bond

differed from the nature of the other Co-anionic ligand bonds. QTAIM data highlighted

this difference, indicating that the Co-CN bond had significant covalent character.

Table 4.6.11  pK, values for the conjugate acids of ligands used in this study

Ligand pK, (L—M) Reference
Neutral ligands

Trimethylphosphite 3.4 Chemaly'®
Pyridine 5.20 (0.0) NIST database®™
N-Methylimidazole ~ 7.10(0.1) NIST database®™
Ethanolamine 9.50 (0.0) NIST database®™
DMAP 9.55(0.1) NIST database®
Thiourea 21.1 (DMSO) Jakab™!
Thiophene

Anionic ligands

lodide 9.5 McCoubrey'?
Thiocyanate -1.3(0.0) NIST database®™
Nitrite 3.15(0.0) NIST database™
Azide 4.62 (0.0) NIST database™
Cysteine 1.7, 8.36,10.74 (0.0)  NIST database™
Cyanide 9.21(0.0) NIST database®™
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Figure 4.6.19 The correlation between the stability constants for DPTC-Co and vitamin B;, complexes
with anionic ligand pK,

The stability constants of DPTC-Co and vitamin Bj,, complexes with neutral ligands,
however, decrease with increasing ligand pK, (the pK, of the conjugate acid of the
ligands) as in Figure 4.6.20. The inverse correlation suggests that in this case the metal
does not behave in a manner similar to the ionic interaction between the hard proton and
the Lewis base. This suggests that the interaction between the metal and the ligand in
DPTC-Co and vitamin B;; complexes has significant covalent character. QTAIM data,
however, indicates that the Co-ligand bond has significant ionic character, although p,
indicative of bond length and strength, shows that the neutral ligands bind to the cobalt
with short, strong bond lengths, with the exception of trimethylphosphite, a bulky,
sterically demanding ligand. The negative trend might be misleading, however, as the
series of neutral ligands considered varied enormously in terms of their basicity,
polarisability, size and the nature of the donor atom. In spite of the negative trend
(highlighting the misleading nature of this ‘trend’), the log K of the binding of DMAP, an
electron donating ligand was over an order of magnitude higher than the binding of
pyridine for both the DPTC-Co and vitamin By, systems. This result is in agreement with
Murakami’s findings®® where the log K increased with increasing basicity of pyridine

ligands.
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Figure 4.6.20 The correlation between the stability constants for DPTC-Co and vitamin B;, complexes
with neutral ligand pK,

The stability constants for the formation of complexes with sulfur donors thiourea and
thiophene were low. Sulfur, a soft ligand, might be expected to form strong complexes
with the softer than expected Co(lll) in the corrin and corrole systems. Thiourea contains
a thioketone where the lone pairs are delocalised into the double bond, ensuring that
they are held more closely to the sulfur nucleus and are less available for bonding to the
metal. Thiophene on the other hand is an aromatic thioether. The lone pairs on the sulfur
are delocalised into the aromatic system of the molecule, and thus are unavailable for

bonding to the cobalt metal.

Guilard®* and Adamian®® found that within a series of corroles bearing different B and
meso substituents, the presence of electron withdrawing substituents, decreasing the
donation of electron density to the metal, resulted in an increase in the log K for the
coordination of pyridine. The decrease in electron density at the metal centre would
result in a harder, more positively charged metal ion which would more readily accept
electrons from an incoming ligand than would a softer, more electron rich metal ion. This
is in direct contrast with what has been observed in this study. The introduction of the

electron rich corrole ring, donating electron density to the coordinated cobalt, should
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result in a softer, more electron rich metal compared the cobalt vitamin By, system,
coordinated by a less electron rich corrin ring. In this study, the binding of neutral ligands
occurred more readily with the electron donating corrole system, with higher stability

constants, than in the By, system.

In the systems studied by Guilard and Adamian, comparison was made between similar
systems, using either pyridine as the incoming ligand and different corrole macrocycles,
or with the same corrole macrocycle and different pyridine derivatives as incoming
ligands. In this way, the effect of a change in basicity of the ligand, or in the electron
donating or withdrawing properties of the corrole ring substituents could be observed. In
the present study, the two systems and the range of ligands used were markedly different
and many factors influenced the binding of ligands. These include the steric constraints of
the B face of vitamin Bi,, from the bulky propionic substituents together with their
electron donating properties, the differences in the identity of the lower or a ligand as
well as the difference in the length of the delocalised system, and therefore planarity and
conformation, of the corrin and corrole macrocycles. With these differing factors, it was

not possible to draw similar conclusions to those in the literature.>***

It must be noted that the log K values for the binding of ligands to DPTC-Co (which are, in
essence, log K, values, as discussed in Section 4.6.1) determined in this study, are
substantially higher than those observed previously. The log K and log K, for the binding
of pyridine to various corroles in organic solvents varied from 3.78-5.48 and 1.6-2.38 for

3237 \while the binding of pyridine to DPTC-Co had a log K of

log K and log K3, respectively
4.11. This is in the region expected for the binding of one pyridine molecule to yield a
five-coordinate system. The pyridine complex with DPTC-Co, at pH 9.2 (the pH of the
ligand substitution reaction with pyridine) is expected to be six-coordinate, a result

verified by DFT calculations (discussed in Section 4.7).
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4.6.8 Conclusions

The binding of ligands to cobalt in corrin and corrole-containing systems is solvent
dependent. The charge of both the ligand as well as the metal centre in the macrocycle
dictates the solvent effect. In the case of DPTC-Co, containing a neutral metal centre, the
increase in polarity and coordinating ability of the solvent decreases the efficiency of a
neutral ligand binding to the cobalt. In the case of vitamin Bj,, containing a positively
charged metal centre, anionic ligands have been found to bind more efficiently in solvents

with lower polarities, while the opposite is true for neutral ligands.

The spectroscopic changes observed upon complexation of the different ligands were
similar for ligands of the same class (neutral N-donor; neutral S-donor; anionic N-and S-
donor) for both the corrole and corrin systems. The binding of iodide and cysteine to
vitamin Bq,, resulted in ‘atypical’ spectra while the binding of cysteine to DPTC-Co gave
spectra similar to the binding of the neutral N-donor ligands. Two processes were
observed during the binding of iodide to DPTC-Co, indicating the potential formation of

an outer-sphere complex.

The stability constants of the binding of a range of ligands to both the corrole containing
DPTC-Co and the corrin containing vitamin Bi,, systems indicate that cobalt acts in a
similar fashion towards ligands when coordinated by either the corrin or corrole ring. The
binding of anionic ligands was favoured by the charged metal centre in vitamin B,,,, while
the neutral cobalt in DPTC-Co favoured neutral ligands. This suggested that the metal in
DPTC-Co was softer in nature than that in Vitamin By, highlighting the ability of the
coordination environment of the cobalt to affect its chemistry. The steric constraints of
the B face of vitamin Bi,, affect the binding of bulky ligands, such as pyridine; however,
the steric effects can be overcome as the electron donating ability, or basicity, of the

ligand increases, as in the case of DMAP.

The log K of the anionic ligand increased as the pK, increased for both corrole and corrin

systems while the opposite occurred for neutral ligands. This may indicate a difference in
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the character of the metal-ligand bond. QTAIM analysis indicated that the binding of
anionic ligands occurred through a more ionic interaction, with long bond lengths while a

more covalent interaction, with shorter bond lengths was observed during the binding of

neutral ligands.
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4.7 Correlation between DFT calculated and experimental UV-vis
spectra — insights into the effect of ligand binding on the

electronic structure of the DPTC-Co system

4.7.1 Introduction

DFT, or density functional theory, is a computational method based on the two
Hohenberg-Kohn theorems. The first theorem states that there is a one-to-one mapping
between the ground state electron density of a system and its wavefunction and the
second that the ground state electron density minimises the total electronic energy of a
system. The fundamental postulate of quantum mechanics is that any physical system can
be fully described by its wavefunction. Consequently, the first Hohenberg-Kohn theorem
allows for the physical properties of a system to be described by the electron density of
that system. From the second theorem, the energy of the ground state can be

113

determined from determination of the ground state electron density.”~ The calculated

electron density distributions are expressed in terms of Kohn-Sham orbitals.

Several functionals, or the mathematical relationships between energy and electron
density, for the calculation of the electron density distribution have been designed,
differing in the way this electron density-energy relationship is described.’** As the choice
of functional can drastically alter the outcome of DFT calculations, there is much debate

14114116 1 general, the

as to the best choice of functional for the study of macrocycles.
consensus is that while hybrid functionals appear to give good results, a series of
functionals should be used and the results compared to available experimental data. In
any event, in the absence of experimental data, it is very difficult to determine the

accuracy of computational data.

Various DFT-based studies have been performed on corrole complexes, with the majority

focused on fundamental studies of different corroles with respect to their molecular and

18,114,117-126

electronic structure. Some of the main conclusions about the molecular
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structure of corroles include the following: corroles are relatively planar compared to

porphyrins;121 five-coordinate structures often display doming at the metal centre; 212

saddling, unlike in the case of porphyrins, is uncommon for corroles with the exception of

121,124

copper corroles (which have been extensively studied*1>127°129). ruffling of the

macrocycle is impossible.*?*??

The electronic structure of corroles is similar to porphyrins in some respects and the

electronic structure of the four frontier orbitals described by the four-orbital model

19,20

proposed by Gouterman can be used to describe corroles as well as porphyrins.*®

The innocence or non-innocence of the corrole ligand has been extensively debated,
where the use of DFT has highlighted the metal-corrole ligand orbital mixing leading to

non-innocence of the corrole 1#116:120127,130-134

There is general agreement that the
corrole ligand is able to act as both an innocent and a non-innocent ligand and the
corrole’s environment (meso and B substitution patterns, the type of metal and the

presence and type of axial ligand) plays an important role in this distinction.

DFT calculations have also been used in the determination of reaction mechanisms and
the reactivity of metallated corrole systems. In many cases, manganese and iron corroles

have been studied as biomimetic models in order to gain insight into the reaction

135,136

mechanisms of cytochrome P450 compound | and chloroperoxidase compound | and

Il intermediates.>>*%’

Time-dependant DFT (TD-DFT) calculations have been used in the calculation of excited

states of corrole systems. This has been used to rationalise experimental spectroscopic

data 138-143

The changes in substitution pattern of the corrole backbone at the meso and B
positions in free-base corroles are evident in the position of the Q bands. TD-DFT results
indicate that this is as a result of the change in the energy gap between the LUMO and
LUMO-1 orbitals. The substitution of nitro groups in the B positions stabilises the LUMO

140
d.

orbitals resulting in the Q bands being red-shifte The spectra of metallocorroles are

also sensitive to varying substitution of aryl groups at the meso positions — a feature not
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138141 This sensitivity results in ‘hyper-spectra’, or the

observed in porphyrin spectroscopy.
splitting of the Soret band as a result of significant ligand-to-metal charge transfer
contributing to transitions in the Soret region, a phenomenon also not observed for

porphyrins.138’139’141

AIemayehu138

noted that while TD-DFT calculations often provide good representations of
experimental data in cases where the corrole, metal and substituents can be viewed as a
single chromophore, the presence of substituents with lone pairs in the corrole system
can result in unsatisfactory calculated spectra displaying nonphysical, strong transitions

which arise from the excitations of these lone pairs.

Bader’s quantum theory of atoms in molecules (QTAIM) is used to gain insights into the

144145 QTAIM uses the distribution of electron

nature of bonding in chemical systems.
density, p, and the gradient vector field of p, Vp, to study the topology of the electron
density in describing the bonding in a system. A bond is characterised by the presence of
both a bond path and a bond critical point. A bond path is a line in space at which the
distribution of electron density is higher than at the neighbouring lines or space. The
point on this line at which the gradient, Vp, vanishes is known as a bond critical point. The
value of p at the bond critical point gives an indication of the strength of the bond, while

its position indicates the polarity of the bond.**

The ratio of electron potential energy
density, V(r) and kinetic energy density, G(r), |V(r)|/ G(r) is used to classify the bond as

covalent, ionic or of intermediate character.**
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4.7.2 Methods particular to DTF methods

A simplified model of DPTC-Co (Figure 4.7.1) was used for DFT studies. A variety of
ligands, representative of those used for the experimental determination of stability
constants, were used as the upper axial ligand. Wavefunction files for use in QTAIM
analysis of p were generated using DFT methods using Gaussian-09.% Geometry
optimisations were carried out at the BP86 "8 level of theory using the TzVP*91 hasis
set. BP86 is a generalised gradient approximation functional which is considered to be

one of the best functionals for the study of cobalamins.™*

Figure 4.7.1 Simplified DPTC-Co model used for DFT calcuations

TD-DFT single point excitation energies for the first 30 excited states were calculated
using the hybrid density functional CAM-B3LYP™? with TZVP*¥**° pasis set. Preliminary
calculations using the BP86 functional showed poor correlation with experimental
spectra. The hybrid CAM-B3LYP functional, on the other hand, reproduced experimental
results more closely. The resultant calculated electronic spectra were compared and

contrasted with experimental data.

Wavefunction files, were generated using Gaussian by performing a single point
calculation on previously geometry-optimised structures, were used as input for QTAIM
calculations. p, a measure of the electron density at a bond critical point, G(r), the kinetic
energy density, and V(r), the electron potential energy were evaluated using the AIMALL

and AIM2000 program suite."”*'**
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4.7.3 Calculated UV-vis spectra of a DPTC-Co model

TD-DFT calculations were carried out for the DPTC-Co model coordinated to one of
several ligands — methanol, ethanolamine, pyridine, trimethylphosphite, imidazole,
nitrite, cyanide and a thiolate (HsCS’), a model of cysteine as well as the five-coordinate

species and a diaqua species.

Table 4.7.1 illustrates the differences between the calculated and experimental spectra.
There is good correlation (in bold in Table 4.7.1) of the distance between the Soret and
final Q band in the experimental spectra with that in the calculated TD-DFT spectra of

DPTC-Co complexes with neutral ligands and the thiolate.

The distance between the Soret and last Q band was not reproduced for the complexes of
anionic ligands, cyanide and nitrite, the diaqua nor the five-coordinate species. Scaling of
the x-axis of the calculated spectrum (using a multiplication factor) improved the
correlation slightly in the case of the five-coordinate species while in the case of the
diaqua, cyanide and nitrite complexes, the position of the calculated Q band of highest
wavelength in the TD-DFT spectra corresponded to a much more weakly absorbing Q
band at lower wavelengths, rather than to the more intense Q band at a higher

wavelength in the experimental spectrum.
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Table 4.7.1 TD-DFT and experimental spectra of DPTC-Co with various ligands

Ligand TD-DFT Experimental
Soretl Soret2 Qband Soretl1-Qband Soret2-Qband Soret Q band Soret —Q band
Five-coordinate 366 503 137 388 554 166
Methanol 373 381 556 183 175 437 611 174
Ethanolamine 371 393 568 197 175 438 616 178
Imidazole 377 394 575 198 181 438 622 184
Pyridine 361 392 572 211 180 438 617 179
Trimethylphosphite 377 400 586 209 186 443 633 190
Cyanide 382 407 586 204 179 434 711 277
Nitrite 388 408 586 198 178 436 706 270
Cysteine / thiolate 388 421 602 214 181 439 621 182
Diaqua species 364 378 548 184 170 434 694 260
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Two different scaling factors were applied to the TD-DFT data to ensure overlap of the
Soret and final Q band in the calculated and experimental spectra (Yang indicated that
their calculated data had been shifted by a ‘constant energy offset’ to correlate with their

experimental data'®?

). In the case of the DPTC-Co complexes with neutral ligands and the
thiolate, the wavelength of all of the peaks was shifted to higher wavelengths. The
wavelengths of the peaks of the complexes with anions (cyanide, and nitrite), the diaqua
species and five-coordinate species were adjusted through a multiplication scaling factor.

The scaling factors used are summarised in Table 4.7.2.

Table 4.7.2 Scaling factors applied to TD-DFT data

Ligand Scaling factor
Methanol A+55
Ethanolamine A+50
Imidazole A+45
Pyridine A +45
Trimethylphosphite A +45
Cysteine / thiolate A+20
Cyanide A x 1.065
Nitrite A x 1.065
Five-coordinate Ax1.15
Diaqua species Ax1.06

Comparison of the TD-DFT spectrum of the five-coordinate species with the experimental
spectrum of DPTC-Co in dichloromethane suggests that the hypothesis of the existence of
a five-coordinate species in non-coordinating solvents (Section 4.3.4) is valid. The general
peak shape and position of the TD-DFT spectrum was reflected in the experimental
spectrum as seen in Figure 4.7.2. In addition to the peak shape and position, TD-DFT
predicted one principle Soret peak for the five-coordinate species, while at least two
Soret peaks at longer wavelengths were predicted for the six-coordinate systems (an
example of which is illustrated in Figure 4.7.3) as seen in the experimental spectra of

DPTC-Co coordinated to neutral ligands.
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Figure 4.7.2 TD-DFT (scaled x1.06) and experimental spectra of five-coordinate DPTC-Co
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Figure 4.7.3 TD-DFT (shifted +45 nm) and experimental spectra of DPTC-Co coordinated to pyridine.
The insert indicates the positions of the predicted electronic transitions, where a
transition can be seen that corresponds to the higher energy shoulder (Soret 3) in the
experimental spectrum
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Two Soret bands were predicted in the TD-DFT spectra of DPTC-Co coordinated to
cyanide and nitrite as well as to two water molecules in the diaqua species (compared to
the experimental spectrum of DPTC-Co at pH 3.5). Experimentally, the coordination of
these ligands yielded one broad Soret in the 430 nm region. Figure 4.7.4 illustrates the
TD-DFT and experimental spectra of the coordination of cyanide, where it is clear that the
two predicted Soret bands lie in the same region as the experimentally observed Soret.
This one broad Soret band may be a combination and broadening of the two calculated
Soret bands. The calculated Q band of lowest energy, while significantly different from
the experimental data, coincides with a less intensely absorbing Q band in the

experimental data.
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Figure 4.7.4 TD-DFT (scaled x1.065) and experimental spectra of DPTC-Co coordinated to cyanide

TD-DFT calculations are also used to gain insight into the nature of the electronic
transitions attributed to each peak in the UV-vis spectrum. These transitions vary as the
axial ligand changes. In the case of the cyanide complex, the electron density distribution
of the HOMO-2 to LUMO+2 orbitals are represented in Figure 4.7.5. Electron density in

the HOMO-2 orbital is found in the 1t bonding orbitals of the pyrrole groups as well as in
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the d,, metal orbital and the o orbital of the cyanide ligand. In the HOMO-1 orbital,
electron density is asymmetrically distributed about the corrole in the m bonding orbitals
of the corrole backbone ring and in the d,, metal orbital. The HOMO orbital contains
electron density distributed around the corrole backbone with a small amount of electron
density found on the imidazole axial ligand and the meso phenyl rings. The LUMO orbital
contains 1 bonding electron density symmetrically distributed around the corrole ring,
while this symmetry is lost in the LUMO+1 with more electron density on the side of the
10 meso position. Electron density of the LUMO+2, on the other hand, is found on the

phenyl ring and amide tail of the meso position at carbon 10.

Figure 4.7.6 illustrates the electron density distribution of the HOMO-2 — LUMO+2
orbitals of the aqua complex which differs considerably from the cyano complex. Like the
LUMO+2 of the cyanide complex, the electron density of the HOMO-2 is found exclusively
on the phenyl ring and amide tail of the meso group at the 10 position. A symmetric
distribution of m bonding electron density around the corrole backbone is found in the
HOMO-1 orbital. The HOMO contains electron density at the meso positions, pyrrole-
pyrrole bridge and the pyrrolic nitrogens with a small amount of electron density on the
cobalt metal and water ligand. Electron density is symmetrically distributed on the a-B
pyrrole bonds and meso positions of the corrole ring in the LUMO. The LUMO+1 orbital
features electron density at the meso positions and pyrrole-pyrrole bridge as well as the
pyrrolic nitrogens and the a-B bonds of the pyrrole units on either side of the 10 position.
Electron density is also found in the d,* orbital of the cobalt ion and on both the water
and imidazole ligands. The majority of the electron density of the LUMO+2 is found in an
antibonding arrangement between the d,” orbital of the cobalt and o orbitals of the
imidazole and water ligands. Little electron density is found on the pyrrolic nitrogen of

the inner core of the corrole ring.
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Figure 4.7.5 HOMO-2 — LUMO+2 orbitals of the DPTC-Co cyanide complex
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Figure 4.7.6 HOMO-2 — LUMO+2 orbitals of the DPTC-Co aqua complex
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The energies of the HOMO and LUMO, as well as the energy gap between them, varied
significantly as the identity of the axial ligand varied as illustrated in Figure 4.7.7. Table
4.7.3 lists the energies of the HOMO, LUMO and the HOMO-LUMO gap for the various
complexes. These data can be divided into four categories: the thiolate complex;
complexes with anionic ligands (nitrite and cyanide); complexes with neutral ligands
(methanol, ethanolamine, pyridine, trimethylphosphate and imidazole) and the five-
coordinate and diaqua species. While the HOMO-LUMO gap is the smallest for the
thiolate complex, both the HOMO and LUMO energies are the highest. The complexes of
the anionic ligands have the next lowest HOMO-LUMO gap even though the HOMO and
LUMO energies are high (just below that for the thiolate). The neutral ligand coordination
complexes have intermediate HOMO, LUMO and HOMO-LUMO gap energies. The five-
coordinate and diaqua species have the highest HOMO-LUMO gap energy and the lowest
HOMO energies. The LUMO of the five-coordinate species has the lowest energy while
that of the diaqua species is higher, lying between that of the neutral ligand complexes

and the anion complexes.

Table 4.7.3 Relative HOMO, LUMO and band gap energies (in electron volts) of DFT calculated

complexes

Ligand HOMO LUMO Energy gap
Thiolate -0.0979 0.0508 0.1487
Nitrite -0.1036 0.0471 0.1507
Cyanide -0.1045 0.0467 0.1512
Trimethylphosphite  -0.2007 -0.0486 0.1521
Imidazole -0.1982 -0.0444 0.1538
Pyridine -0.2017 -0.0474 0.1543
Ethanolamine -0.2033 -0.048 0.1553
Methanol -0.2066 -0.0494 0.1572
Water -0.2086 -0.0511 0.1575
Five-coordinate -0.2181 -0.0516 0.1665
Diaqua species -0.2167 -0.0059 0.2108
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Figure 4.7.7 Energy level scheme for the DPTC-Co and its complexes. Red lines indicate the energy

levels of occupied orbitals while yellow lines represent unoccupied orbitals. Energy is
given in electron volts. (1) five-coordinate species (2) diaqua species; (3) methanol
complex; (4) ethanolamine complex; (5)pyridine complex; (6) trimethylphosphite
complex; (7) imidazole complex; (8) cyanide complex; (9) nitrite complex; (10) thiolate
complex
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The Q band was found to arise from a HOMO - LUMO transition in all cases, except for
the five-coordinate and diaqua species. A good linear correlation between the position of
the Q band and the HOMO-LUMO energy gap was observed (Figure 4.7.8) with an
observed hypsochromic shift of the Q band with an increase in the HOMO-LUMO energy
difference. This indicates that as the gap between the HOMO and the LUMO increases,
more energy is required for the excitation of an electron from the HOMO into the LUMO
and thus the Q band appears at a position of higher energy and lower wavelength. The
presence of an outlier, the diaqua species, was unsurprising as this Q band arose from a
combination of two transitions: HOMO - LUMO and HOMO-1 - LUMO+1. The Q band of
the five-coordinate species (arising from a HOMO-1 - LUMO), whilst present at a
considerably lower wavelength, did not deviate from the linear relationship. As can be
seen in Figure 4.7.7, the energy difference between the HOMO and HOMO-1 energy
levels is minimal, and thus the HOMO-LUMO energy gap is very similar to the HOMO-1-
LUMO energy gap.
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Figure 4.7.8 Correlation between the calculated Q band position and the HOMO-LUMO energy gap.
The diaqua species deviates from the trend as this Q band arises from not one, but two
electronic transitions. (1) five-coordinate species (2) diaqua species; (3) methanol
complex; (4) ethanolamine complex; (5)pyridine complex; (6) trimethylphosphite
complex; (7) imidazole complex; (8) cyanide complex; (9) nitrite complex; (10) thiolate
complex

285

References on page 325



The HOMO - LUMO transitions resulting in the Q band in all cases (except the five-
coordinate and diaqua species) can be divided into three categories, depending on the
HOMO and LUMO states. These categories are the same as those used above, in the
analysis of the energies of the HOMO, LUMO and HOMO-LUMO gap. The complexes with
neutral ligands (methanol, ethanolamine, imidazole, pyridine and trimethylphosphite)
exhibited transitions involving the movement of electron density from the corrole ring in
the ground state to the metal and the two axial ligands in the excited state. The thiolate
complex exhibited a transition of the electron density from the sulfur atom in the thiolate
ligand and the metal in the ground state to the corrole ring in the excited state. The third
category contains the complexes of anionic ligands, cyanide and nitrite. Coordination of
these ligands resulted in Q bands corresponding to the transition of electron density from
the inner corrole ring (atoms involved in coordination to the metal and the atoms
bridging the pyrrole subunits) to the outer corrole with little involvement of the electron
density on the metal or either of the axial ligands. The Q bands of the five-coordinate
species did not arise from a HOMO - LUMO transition and those of the diaqua species
arose from two different transitions. Interestingly, the systems with transitions involving
movement of electron density from the macrocycle to or from the metal and ligands also
showed good correlation of the distance between the Soret and Q band with the
calculated and experimental spectra (Table 4.7.1). This illustrates that a superficial
resemblance of experimental spectra does not necessarily suggest a similar redistribution

of electron density during an electronic transition.

In the first category of HOMO - LUMO transitions, the calculated orbitals were very
similar for all of the ligand complexes investigated. The HOMO and LUMO orbitals of the
imidazole DPTC-Co complex are illustrated in Figure 4.7.9. The electron density in the
HOMO is situated in the m orbitals of the pyrrolic nitrogens, the mt orbitals of the methyl
groups bridging the pyrrole subunits as well as the pyrrole-pyrrole bridge. In the LUMO,
electron density was found in the antibonding d,* orbital of the cobalt ion and the o
orbitals of the donor atoms in both the axial ligands and the equatorial nitrogen ligands of

the corrole macrocycle.
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Figure 4.7.9 Orbitals of the HOMO (a) and LUMO (b) of the DPTC-Co imidazole complex

The HOMO and LUMO orbitals of the thiolate complex (Figure 4.7.10) differed
substantially from those in Figure 4.7.9. In the HOMO, electron density was situated in
the dy, orbitals of the cobalt ion, the sulfur lone pairs and the p orbital of the methyl
group of the ligand. In the HOMO—->LUMO transition, electron density moved from the

metal and axial ligand to an asymmetric distribution in t* orbitals over the macrocycle.
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Figure 4.7.10 Orbitals of the HOMO (a) and LUMO (b) of the DPTC-Co thiolate complex

The Q bands of the complexes with the anions (cyanide and nitrite) did not entail electron
movement involving the metal or axial ligands (Figure 4.7.11). In the HOMO, the majority
of electron density was found on the pyrrolic nitrogens and the atoms involved in the
linkage of the pyrrole subunits. In the LUMO, electron density moved to the it* orbitals of

the bonds within the pyrrole subunits.
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Figure 4.7.11 Orbitals of the HOMO (a) and LUMO (b) of the DPTC-Co nitrite complex

The Q bands of the five-coordinate and diaqua species did not involve different
transitions. In the case of the five-coordinate species, a HOMO - LUMO+1 transition was
observed. Like the anion complexes represented in Figure 4.7.11, this involved movement
of the electron density around the macrocycle; however, some electron density was
observed in the dz2 orbital of the cobalt ion in the HOMO as in Figure 4.7.12. In the case
of the diaqua species, the Q band was composed of two transitions: HOMO - LUMO and
HOMO-1 - LUMO+1. The HOMO - LUMO transition involved movement of electron
density from 1t bonds on the pyrrolic nitrogens and the bonds linking the pyrrole subunits

to an asymmetric distribution of the m electrons of the pyrrole rings with both bonding
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and antibonding orbitals present. On the other hand, the HOMO-1 - LUMO+1 transition
involved electron density moving from 1 orbitals of the pyrrole subunits to the
antibonding orbitals of the d,? orbital of the cobalt ion and the o bonds of the axial water

ligands and the equatorial nitrogen atoms of the corrole ring as in Figure 4.7.13.

Figure 4.7.12 Orbitals of the HOMO (a) and LUMO+1 (b) of the five-coordinate DPTC-Co species
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Figure 4.7.13 HOMO->LUMO (a) HOMO-1->LUMO+1 (b) of the diaqgua DPTC-Co complex

Analysis of the full TD-DFT spectrum calculated for the pyridine DPTC-Co model indicated
that the Q band arose from the movement of electron density from the corrole in the
ground state to the metal and axial ligands in the excited state. The Soret, a result of

139,140
=), arose from movement

multiple transitions (as has been reported in the literature
of electron density from the corrole to the atoms in the tail extending from the central
phenyl ring; from the corrole and cobalt ion to the pyridine ligand as well as movement of
electron density around the corrole ring. Bands in the UV region were due to transitions
involving electron density moving from the metal and macrocycle to the metal and ligand;
from the tail subunit to the metal and axial ligands as well as from the metal and
macrocycle to other areas of the macrocycle. Several of these transitions involved the
transfer of electron density from the ligand (axial and equatorial) to the metal as well as
metal centred excitations as has been seen in TD-DFT studies on corrole containing

138,139,141

systems in the literature. Figure 4.7.14 illustrates the multiple transitions that

occur in the Soret and UV regions of the spectrum of the pyridine complex.
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In contrast, analysis of the full TD-DFT spectrum of the nitrite complex indicated that both
the Q band and Soret, while comprising several transitions, arose from movement of
electron density around the corrole macrocycle and did not involve the metal or axial
ligands. The UV bands, however, involved many transitions including the movement of
electron density from the metal and macrocycle onto the nitrite ligand; from the metal
and corrole to the corrole; from the metal and nitrite ligand to the corrole as well as from
the corrole macrocycle to the peripheral phenyl rings. The TD-DFT spectrum is illustrated

in Figure 4.7.15 where multiple transitions occur in the Soret and UV region.
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Figure 4.7.14  TD-DFT spectrum of the DPTC-Co pyridine complex
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Figure 4.7.15 TD-DFT spectrum of the DPTC-Co nitrite complex

293

References on page 325



4.7.4 The character of the cobalt-ligand bond from QTAIM

calculations

QTAIM calculations were used to gain insight into the nature of the bonding between the
metal and its ligands in DPTC-Co ligand complexes, based on the value of p, the electron
density, at the bond critical point. The simplified DPTC-Co model used for TD-DFT
calculations was used for QTAIM calculations with imidazole, cyanide, nitrite, water,
trimethylphosphite, pyridine and the thiolate, H3CS™ as ligands. The bonding parameters
for the five-coordinate species were determined. A summary of the parameters obtained

from the QTAIM calculations are given in Table 4.7.4.

The electron density at the bond critical point of a bond, p, indicates the strength of the
bond between two atoms, with an increase in p indicating an increase in the bond
strength and a decrease in the bond length. The |V(r)|/G(r) ratio characterises the
bonding characteristics as ionic (|V(r)|/G(r) < 1), covalent (|V(r)|/G(r) > 2), or
intermediate (1 < | V(r)|/G(r) < 2).° From the data in Table 4.7.3, it is clear that all of the
bonds examined were of intermediate character, with significant ionic character, with the
exception of the cobalt-ligand bonds in the complexes with softer cyanide, thiolate and

trimethylphosphite ligands which were more covalent in nature.

The nature of the cobalt-imidazole tail bond is predominantly ionic. The nature of the
cobalt-ligand bond is less ionic than the cobalt-tail bonds (except in the case of the aqua
species). This suggests that the variable ligands form stronger complexes with the cobalt
than the axial tail ligand, and that water is a poor ligand for the corrole cobalt complex.
The cobalt-tail bond is least ionic in the case of the five-coordinate system (with the
exception of the poor water ligand) and becomes weaker and longer in length as the
nature of the variable axial ligand changes, increasing in length in the following series of
complexes: water < imidazole < pyridine < trimethylphosphite < nitrite < thiolate <
cyanide. | V(r)|/G(r) of the cobalt-tail bond does not change according to the same series,
but decreases and becomes more ionic as follows: water > trimethylphosphite > pyridine
> imidazole > thiolate > cyanide > nitrite. These series illustrate the following: firstly,
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water is a poor ligand for the DPTC-Co model, with a short, strong cobalt-tail bond;
secondly, the ionic nature of the bond is not the only factor in the determination of the
bond length, as illustrated by the difference in the position of trimethylphosphite and
pyridine complexes as well as the complexes with anionic ligand (cyanide, nitrite and the
thiolate); thirdly, the binding of anionic ligands lengthens the Co-tail bond in a more ionic

interaction.

As the length of the Co-variable axial ligand bond length increases in the following series
of complexes: cyanide < nitrite < imidazole < pyridine < water < trimethylphosphite <
thiolate, p decreases with the exception of trimethylphosphite and thiolate, containing
third row donor atoms, with necessarily longer bond lengths given the larger covalent

radii of these donor atoms.

Figure 4.7.16 illustrates the decrease in bond length of the cobalt-ligand bond with the
increase in p, indicating the increase in bond strength of the cobalt-ligand bond. The
cobalt-S bond of the thiolate complex and the cobalt-P bond of trimethylphosphite
complex are the exceptions to the almost linear trend, with a much longer than expected
bond length for the electron density found between cobalt and sulfur and cobalt and
phosphorous. It appears that ligands with third row donor atoms would form a series
parallel to the trend observed for the ligands containing smaller second row donor atoms,
due to the larger covalent radii of the third row sulfur and phosphorous donor atoms
compared to the smaller second row oxygen and nitrogen donor atoms in the other

ligands.

The identity of the variable axial ligand affects the bonding of the tail ligand, illustrating
the trans influence. This is highlighted in Figure 4.7.17 where a decrease in the Co-
variable ligand bond results in a lengthening of the Co-tail bond, which becomes more

ionic in nature.

There appears to be a correlation between the log K for the binding of ligands to DPTC-Co

and the calculated Co-ligand bond length. Although data for only four ligand DPTC-Co
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complexes are available there appears to be a general increase in the bond length as the

binding of the ligand becomes less favourable, as illustrated in Figure 4.7.18. From this

correlation, the binding of nitrite deviates from the trend which might be as a result of

the interaction between the ligand and the solvent (solvent effects are not taken into

account during the QTAIM calculations).

Table 4.7.4 QTAIM bonding parameters for the DPTC-Co model

Ligand Bond P |V(r)]/G(r) Bond length
Five-coordinate Co-tail 0.10610 1.15864 1.90214
Co-ligand - - -
Imidazole Co-tail 0.08860 1.12949 1.96698
Co-ligand 0.09026 1.13241 1.96056
Cyanide Co-tail 0.06015 1.11541 2.12224
Co-ligand 0.13462 1.42471 1.85273
Nitrite Co-tail 0.06627 1.11994 2.0829
Co-ligand 0.10408 1.21250 1.94489
Thiolate Co-tail 0.06280 1.12014 2.10657
Co-ligand 0.08092 1.52044 2.29132
Pyridine Co-tail 0.08824 1.13205 1.97024
Co-ligand 0.08482 1.13590 1.99294
Trimethylphosphite Co-tail 0.07316 1.13736 2.05218
Co-ligand 0.09887 1.48842 2.19066
Water Co-tail 0.10566 1.14800 1.90082
Co-ligand 0.05080 1.06943 2.1256
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Figure 4.7.18 The correlation between the stability constant for the binding of the ligand to DPTC-Co
and the Co-ligand bond length
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4.7.6 Conclusions

TD-DFT calculations were carried out on a variety of ligands complexed to a simplified
model of DPTC-Co. These calculations provided evidence for the existence of a five-
coordinate species as the calculated and experimental spectra were very similar. The
addition of a second axial ligand resulted in the splitting of the Soret band as seen in the
experimental spectra of DPTC-Co complexes with neutral ligands as well as a thiolate (a

cysteine model).

The distance between the most red-shifted Q band in the calculated and experimental
spectra correlated well and there was good agreement between these spectra, after
shifting the calculated peaks along the wavelength axis, for neutral ligands and cysteine. A
multiplication scaling factor was applied to the calculated spectra of the cyanide and
nitrite complexes and the five-coordinate and diaqua species for fair correlation to the
experimental data. The correlation between the experimental and calculated UV-vis
spectra provided more evidence for the hypothesis that DPTC-Co exists as a five-
coordinate species in non-coordinating environments and as a six-coordinate species in

the presence of a coordinating solvent or compound.

Analysis of the Kohn-Sham orbitals revealed a large variation in the HOMO-LUMO energy
gap as the axial ligand was varied. There was good correlation between the position of
the Q band and the energy difference between the HOMO and the LUMO, except in the
case of the diaqua species, where the Q band was found to arise from a combination of
two transitions. The origin of the Q band was found, in general, to arise from a HOMO -
LUMO transition. The nature of the molecular orbitals involved in these transitions varied
as the nature of the ligand varied. The Soret and UV regions of the spectra were complex
with multiple transitions accounting for the Soret bands and bands in the UV region. The
electronic transitions responsible for these bands varied with the identity of the ligand. In
the case of the transitions in the Soret region, in the pyridine complex, electron density
on the ligand was involved in the transitions while in the case of nitrite, transitions arose

from changes in the distribution of electron density on the corrole ring.
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QTAIM calculations provided an indication of the bonding character of the metal-ligand
interaction, in particular the bond between the cobalt and the imidazole containing tail.
The binding of anionic ligands lengthens this bond, becoming more ionic in nature. The
binding of neutral ligands occurs through a more covalent interaction with shorter bond
lengths. The poor binding of water, clear from the ease of its substitution in the

experimental ligand substitution reactions discussed in Section 4.6, was also clear.

Comparison of TD-DFT and QTAIM data of the DPTC-Co model and a similar vitamin By,
model would shed light on the electronic differences between the corrole system and the
corrin system. As computational chemistry was not the main focus of this work, this was

considered beyond the scope of the project.
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4.8 The kinetics of the coordination of cyanide to DPTC-Co and

vitamin Bq»,

4.8.1 Introduction

Cobalt(lll) is the classic example of an inert metal ion. When coordinated by the corrin
ring in vitamin Bi,,, however, rates of substitution reaction increase remarkably. The
substitution of a water ligand by thiocyanate on the [Co(NH3)a(H,0),]>" complex occurs

slowly with a second order rate constant of 8.6 x 107 M™ s1.1%8

The analogous reaction
with vitamin Bq,, occurs extremely quickly with a second order rate constant nine orders
of magnitude Iarger.84 This remarkable increase in the lability of the inert cobalt ion is

believed to be a function of its coordination environment, 248594157

In this work, the differences between the corrole ring in DPTC-Co and the corrin ring in
vitamin B1,, on the rate of reaction were determined in the substitution reaction of water

by cyanide. The rates of substitution reactions with various ligands have been determined

26,55,57,158,159 41,85,94,160 161

for vitamin B, its derivatives and model compounds™~ and the
effect of wvarying environmental factors such as ionic strength and solvent
composition’!/>80105106162.163 L oya heen studied extensively. Determination of kinetic

159,164,165 S\ oIl as

parameters can give insights into the mechanistic details of a reaction
insights into the effect of different substituents and different incoming ligands with

respect to steric demand, charge and electron donating or withdrawing abilities.

The kinetics of substitution reactions in corrole-containing systems, on the other hand,
has not been extensively investigated, although the kinetics of the catalytic activity of
various corrole-containing systems has been well documented. For example, the kinetics
of the catalysis of oxidation of hydrocarbons,ls's'168 hydrogen atom transfer (HAT)170
and nitrogen atom transfer'’* reactions as well as the catalytic activity of corrole based

antioxidants'’? have been recorded. The kinetics of the re-association of NO to a variety

of meso-substituted nitrosyl iron corrole complexes during flash photolysis reactions
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illustrated the increased lability of iron in the corrole complex compared to an analogous
porphyrin complex with a second order rate constant five orders of magnitude larger for

173 \While no correlation was found between the electronic properties

the corrole complex.
of the meso substituents and the reaction rates, the rates were found to decrease slightly

with the use of different coordinating solvents such as THF, acetonitrile and pyridine.'”®
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4.8.2 Methods particular to kinetics

All kinetic studies were performed using a 80:20 methanol:buffer solvent system at pH
9.5 (CHES buffer, 0.05M). No inert salt was added to adjust the ionic strength; rather it
was determined from the concentration of the charged buffer species at the pH at which
the experiment was conducted. Cyanide solutions were prepared in the 80:20
methanol:buffer solvent system and the pH was not adjusted further. Vitamin B,
solution was freshly prepared using hydroxocobalamin acetate. DPTC-Co solution was
also freshly prepared by adding DPTC-Co dissolved in ethyl acetate (due to DPTC-Co
limited solubility in methanol and methanol:water mixtures) to the methanol:buffer

solvent system.

Equal volumes of chromophore and cyanide were injected into the reaction cell and the
change in absorbance was monitored with time. The reaction between cyanide and DPTC-
Co was monitored at 434 nm while the reaction between cyanide and vitamin By,, was
monitored at 361 nm or in one case, at 540 nm. Vitamin By, reactions were repeated in
triplicate while eight DPTC-Co reactions were carried out. The pH of the reaction mixture
was recorded from which the concentration of free cyanide was determined. As the pH of
the initial cyanide solutions was not pH corrected, the final pH after 1:1 mixing of
chromophore and cyanide solution was highly dependent on the cyanide concentration.
The use of highly concentrated cyanide solutions increased the pH of the reaction mixture

dramatically (by 1.5 pH units in some cases).

The dead time, or the average age of the reaction solution at the time of earliest
observation,"’* of stopped flow apparatus is known to be solvent dependent’’® and is
affected by temperature, the viscosity of the solvent system, the volume of solvent
delivered to the reaction chamber as well as the efficiency of mixing in the reaction

chamber.}’*

The dead time of the instrument used is known to be approximately 2 ms in
aqueous solutions; it was found to be much longer, approximately 60 ms, in the 80:20
methanol:buffer solvent system used in this study as data collected between 0 and 60 ms

was consistently irreproducible and apparently random irrespective of ligand
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concentration and the identity of the chromophore. All data below 60 ms were discarded

before the data were analysed.

First order rate constants were determined as outlined in Section 4.2.5. Examples of raw
data collected for the determination of rate constants can be found in Digital Appendices
4.4.1 and 4.4.2 and examples of the results and regression analysis of the standard non-
linear least squares curve fitting data can be found in Appendix 4.7. Second order rate
constants were determined from the slope of the linear relationship between the first
order rate constant and free cyanide concentration at a particular temperature. The
linear relationship between the second order rate constants and the inverse of
temperature was determined in Eyring plots such that the enthalpy and entropy of
activation for the reaction between the chromophore and cyanide were determined as in
Equation 4.8.1. k; is the pH-independent second order rate constant, h is Planck’s
constant, kg is the Boltzman constant, R is the gas constant, T is the temperature and AH

and AS* are the enthalpy and entropy activation energy parameters, respectively.

kyh  —AH¥  AS*
n = +
kyT RT R

Equation 4.8.1
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4.8.3 The coordination of cyanide to DPTC-Co

The reaction between DPTC-Co and cyanide was monitored at four temperatures (9.9,
15.0, 19.7 and 25.0°C) and at five cyanide concentrations (0.2908, 0.7270, 1.454, 1.890
and 2.326 x 10 M). The progression of the reaction between cyanide and DPTC-Co was
monitored at 434 nm, the Soret of cyanoDPTC-Co. The increase in absorbance as DPTC-Co
was complexed by cyanide was small, in spite of DPTC-Co concentrations yielding an
initial maximum absorbance of approximately 1 A. U. This was as a result of the small
change in absorbance at 434 nm (an approximate 18% increase) upon coordination of
cyanide to DPTC-Co. In the case of vitamin By, large changes in absorbance were
observed as the absorbance of cyanocobalamin at 361 nm experienced an approximately
50% increase in absorbance compared to aquacobalamin. In light of the limited
availability of DPTC-Co as well as the increased complexity of the solvent system with the
addition of more DPTC-Co pre-dissolved in ethyl acetate, the concentration of DPTC-Co
was not increased. This had the unfortunate result of yielding rather noisy data with

relatively large errors in the calculated rate constants and activation parameters.

At 9.9°C and low cyanide concentrations an initial process, accompanied by a decrease in
absorbance, preceded the binding of cyanide to DPTC-Co. The rate of this initial process
as well as the rate of the complex formation were determined using a double exponential
fraction to accommodate two sequential first order reactions (Equation 4.2.5 in Section
4.2.5). This is illustrated in Figure 4.8.1. This initial process was within the dead time of
the instrument at high cyanide concentrations and at higher temperatures, and could not
be determined under these conditions. The first order rate constant for this initial
process, k'| could be determined at three ligand concentrations at 9.9°C to be 2.1 £ 0.3 x
10*. These data, together with the determined second order rate constant, k', from the
linear relationship between k' and cyanide concentration, are given in Table 4.8.1 and

Figure 4.8.2.
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Figure 4.8.1 The change in absorbance at 434 nm with time for the coordination of cyanide to DPTC-Co
in the 80:20 methanol:water solvent system at 9.9°C and ligand concentration of 2.908 x
10" M. Black circles indicate the experimentally determined absorbances. Red line
indicates the best fit curve for k', = 4.2 + 0.6 from Equation 4.2.5
Table 4.8.1 First and second order rate constants determined for the observed initial process
during the coordination of cyanide to DPTC-Co at 9.9°C at varying ligand
concentrations.
Cyanide concentration pH Free cyanide concentration K\
(x 10° ™M) (x 10° ™M) (s
0.2908 9.649 0.1509 42 +0.6
0.7270 9.679 0.3899 10+2
1.454 9.712 0.8072 1812
Ky (Mm*s™) 2.1+0.3x10*
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Figure 4.8.2 The linear relationship between the first order rate constant and ligand concentration for

the fast initial process during the complexation of cyanide to DPTC-Co at 9.9°C. k'” =21+%
0.3x10°M* s with goodness of fit r* = 0.9919

This fast initial process might involve either the formation of an outer-sphere complex
prior to the binding of cyanide or some sort of rearrangement to allow for the binding of
cyanide. As observed in Figure 4.3.4 (Section 4.3), an equilibrium is established between
the five- and six-coordinated DPTC-Co species in the 80:20 methanol:water solvent
system. The slow conversion of five- to six-coordinate species occurs with an associated
increase in absorbance of the six-coordinate Soret at 437 nm. Conversely, a decrease in
the fraction of six-coordinate species would result in a decrease in intensity of this Soret.
In figure 4.8.1, the initial decrease in absorbance may be as a result of the formation of an
inner-sphere complex with either an initial dissociation of the water ligand or a significant
weakening of the water-Co bond, followed by the coordination of cyanide with a sharp

increase in absorbance.

The main event, the change in absorbance due to the binding of cyanide to DPTC-Co was
evaluated to determine the first order rate constants using a simple exponential
(Equation 4.2.4) in all cases where the fast initial process was not observed (high cyanide
concentrations and temperatures higher than 9.9°C). An example of the data determined
at 15°C is presented in Figures 4.8.3, 4.8.4 and Table 4.8.2 below. There is evidence of a

reverse reaction that occurs during the coordination of cyanide to DPTC-Co as illustrated
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by the non-zero intercept in Figure 4.8.4. The reverse reaction is evident at all
temperatures. Second order rate constants were plotted against 1/T in an Eyring plot to

determine the activation energies AH* and AS* as in Table 4.2.3 and Figure 4.8.5.
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Figure 4.8.3 The change in absorbance at 434 nm with time for the coordination of cyanide to DPTC-Co
in the 80:20 methanol:water solvent system at 15.0°C and ligand concentration of 2.908 x
10" M. Black circles indicate the experimentally determined absorbances. Red line
indicates the best fit curve for k; = 0.26 + 0.05 from Equation 4.2.4
Table 4.8.4 First and second order rate constants determined for the formation of
cyanoDPTC-Co at 15.0°C at varying ligand concentrations.
Cyanide concentration pH Free cyanide concentration (x ki
(x 10° ™M) 10° M) (s
0.2908 9.649 0.1744 0.26 £ 0.05
0.7270 9.679 0.4480 0.43 £0.06
1.454 9.712 0.9219 0.60 £ 0.08
1.890 9.733 1.219 0.98 £ 0.07
2.326 9.754 1.526 1.0+£0.2
ky (M*s?) 610 + 101
k. (s) 0.2+0.1
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Figure 4.8.4 The linear relationship between the first order rate constant and ligand concentration for
the formation of cyanoDPTC-Co at 9.8°C. k; = 610 + 101 M s" and k, = 0.2 + 0.1 s* with
goodness of fit r* =0.9794

Table 4.8.5 The temperature dependence of k;, k. and the determined activation energy
parameters
Temperature (°C) ky (M sY) k. (M*s™)

9.9 402 £ 40 0.13+£0.04
15.1 610 £ 101 0.2+0.1
19.7 728 £70 0.28 £ 0.08
25.1 995 + 148 0.7+0.2
AH* (kJ/mol) 39+3 75+16
AS* (J/K.mol) 58+ 11 3+55
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Figure 4.8.5 Temperature dependence of k; for the formation of the cyanide DPTC-Co complex with
goodness of fit r* =0.9788

The presence of an identifiable reverse reaction was unexpected. With the incredibly high
affinity of cyanide for DPTC-Co (log K is approximately 13) it is unexpected that the
reverse aquation of DPTC-Co would occur. With the data and evidence available, this

observation cannot be rationalised.
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4.8.4 The coordination of cyanide to Vitamin B4,

The reaction between vitamin By,, and cyanide was monitored at four temperatures (9.8,
15.1, 19.8 and 25.2°C) and at five cyanide concentrations (1.048, 2.514, 5.238, 7.857 and
10.48 x 102 M). As the concentrations of cyanide were high, the pH of the reaction
mixtures were significantly higher than the pH of the buffered solvent system (at
approximately pH 9.5). Consequently, the fraction of aquacobalamin, the reactive
cobalamin species, was extremely low and the reactions had to be monitored for

between 300 and 1000 seconds.

The progression of the reaction was monitored at 361 nm, the y band of cyanocobalamin.
The absorbance increased as the reaction between aquacobalamin and cyanide
progressed, but decreased with the subsequent formation of dicyanocobalamin as
illustrated in Figure 4.8.6. The data were fitted to a double exponential to accommodate
two sequential first order reactions (Equation 4.2.5 in Section 4.2.5). The two first order
rate constants determined, k' and k", were found to be very similar indicating a cross
correlation or compensation effect of k' and k" with very large p values, indicating that the

results were not significant, and effectively meaningless.
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Figure 4.8.6 The change in absorbance at 361 nm with time for the conversion of aquacobalamin to
cyanocobalamin and subsequent conversion to dicyanocobalamin in the 80:20

methanol:water solvent system at 25.2°C and ligand concentration of 0.1048 M
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As a consequence of the unreliable results of the determination of k' and k", the data

representing the formation of cyanocobalamin from aquacobalamin only were used in

the determination of the first order rate constant. An example of the data determined at

9.8°C is presented in Figures 4.8.7, 4.8.8 and Table 4.8.4 below. Second order rate

constants were plotted against 1/T in an Eyring plot to determine the activation energies

AH* and AS* as in Table 4.2.5 and Figure 4.8.9.
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Figure 4.8.7 The change in absorbance at 361 nm with time for the conversion of aquacobalamin to
cyanocobalamin in the 80:20 methanol:water solvent system at 9.8°C and ligand
concentration of 2.514 x 10” M. Black circles indicate the experimentally determined
absorbances. Red line indicates the best fit curve for k; = 10.7 £ 0.1 from Equation 4.2.4

Table 4.8.4 First and second order rate constants determined for the formation of
cyanocobalamin from aquacobalamin at 9.8°C at varying ligand concentrations.

Cyanide concentration pH Free cyanide concentration k,

(x10% M) (x10% M) (s
1.048 10.214 0.8358 2.93+£0.04
2.514 10.659 2.304 10.7+0.1
5.238 10.904 4.980 21.2+0.1
7.857 11.107 7.610 34.0+£0.2
10.48 11.252 10.24 46.3+0.3

ky (M s?) 458 + 11
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Figure 4.8.8 The linear relationship between the first order rate constant and ligand concentration for
the formation of cyanocobalamin at 9.8°C. k;, = 458 + 11 with goodness of fit r’ =0.9975

Table 4.8.5 The temperature dependence of k, and the determined activation energy
parameters for the formation of cyanocobalamin

Temperature (°C) ky (M7 )
9.8 458 +11
15.1 794 + 31
19.8 1364 + 47
25.2 2982 + 86
AH* (kJ/mol) 82+5
AS* (J/K.mol) 96 * 19

313

References on page 325



-21.00 -

-21.50 ®
— -22.00 A
e
] [ )
=
X 2250
£
-23.00 A
( J
“23:5'@ L] [ L§ L) L
330503 235503 34003 245503 350803 355603
T (K"
Figure 4.8.9 Temperature dependence of k;, for the formation of cyanocobalamin with goodness of fit
2
r-=0.9871

The unfortunate observation of two reactions, the formation of cyanocobalamin as well
as dicyanocobalamin, might have been avoided if the reaction was monitored at a
different wavelength. The reaction was monitored at 540 nm, an isosbestic point for the
conversion of cyanocobalamin to dicyanocobalamin, at 20.3°C with a cyanide
concentration of 0.04958M upon mixing. At this wavelength, the change in absorbance
due to the formation of dicyanocobalamin was observed to a lesser extent. The second
order rate constants for this reaction at 20°C determined at 361 and 540 nm were within
error at 1364 + 47 and 1453 + 123 respectively. The signal to noise ratio, however, was
large with a small change in absorbance at this wavelength. Therefore, although the
determination of rate constants from the data representing the formation of
cyanocobalamin from aquacobalamin only did not fit the data as well as might have been
expected as the formation of dicyanocobalamin became apparent, as is evident in Figure
4.8.7, the rate constants determined at a different wavelength are identical within error,

and thus the determined rate constants (at 361 nm) are used in this discussion.
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4.8.5 The effect of environment on vitamin B,, kinetics

That the environment in which a reaction takes part affects the kinetics is a well-known
fact. Balt and co-workers, in a six part series, documented the effect of ionic strength and
solvent composition on the kinetics of axial ligand substitution reactions of
aquacobalamin with various anionic and neutral ligands in acetonitrile:water and

. . 71,72,105,106,160,162,163
dioxane:water mixtures’ oS

while Moreno-Esparza and co-workers
investigated the binding of iodide to aquacobalamin in varying methanol:water

mixtures.°

It was found that ionic strength affected both k, and k, in the reaction between
aquacobalamin and thiosulfate with k; decreasing from over 1100 M s™* to approximately
100 M s and k. increasing from approximately 0.02 to 0.04 s™ as the ionic strength
increased from 0 to 0.8 M NaClO,.”* This was not unexpected as reactions involving ionic
species are known to be influenced by the ionic nature of the reaction media;’*'*
however, the increase in k, deviated from the trend expected from Debye-Hiickel theory
where it was expected to remain constant. The ‘Winstein special salt effect’ explains this
increase as being a result of competition between the non-coordinating ClO, ion and the
leaving group in the second coordination sphere during the transition state favouring the

reformation of the aqua complex.71’164

The composition of the solvent and the ionic strength affects the kinetics of the system to

71,105

a similar degree. The solvent effect, however, is more complex than the ionic

strength effect. The polarity and dielectric constant,’*#%'%1% hydrogen bonding
capabilities,72 the structure of the bulk solvent,*®? viscosity as well as heats of evaporation

or fluidity*’®

all affect the kinetics and the mechanisms at play in the system in different
ways. These solvent effects can either stabilise or destabilise the products and transition
state depending on the nature of the solvent as well as the nature of the reactants and
products (such as electronic structure, hydrogen bonding capabilities and size®%1%?). Balt
and co-workers found that the first order rate constant for the substitution of water by

72,105

thiosulfate’* and various neutral sulfur donor ligands on vitamin Bi,; decreased as
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the mole fraction of dioxane in water increased. Similarly, substitution by thiocyanate in
acetonitrile:water mixtures displayed the same trend.’® In these cases, there was a
complex non-linear relationship between the thermodynamic transfer enthalpies and
entropies (6mH and &mS) with varying solvent composition, although the change in the
transfer Gibbs energy (6mG°) displayed a less complex change with solvent composition
due to the compensation effect between the changes in enthalpy and entropy.105
Moreno-Esparza studied the binding of iodide to aquacobalamin in methanol:water
mixtures. This system showed a parabolic change in the rate of substitution with varying
methanol concentrations, with a general decrease in rate with increasing methanol
concentration in water dominant systems. In methanol dominant systems, however, the
rate increased dramatically at very high methanol concentrations with the rate at 100%
methanol three times that at 0% methanol.?% In this case, unlike in Balt’s studies with
non-coordinating solvents such as acetonitrile and dioxane, methanol binds to
aquacobalamin when the concentration of methanol is much greater than that of water.
Moreno-Esparza noted that the presence of significant amounts of methanol-bound
cobalamin affected the mechanism of the reaction as there was evidence of an outer
sphere complex mechanism in methanol dominant systems, but not in water dominant
systems. In addition, in water dominant solvent systems, evidence of the reverse reaction
was found which was attributed to the ‘reversible solvent expulsion from the outer-

sphere complex’.%°

The rate of the substitution of water by cyanide on vitamin B1,, is dependent on solvent.
Marques and co-workers>’ and Reenstra and Jencks™ investigated the reaction between
cyanide and vitamin Biy,. The activation energies AH* and AS* of the coordination of

cyanide to vitamin By, in different solvent systems are given in Table 4.8.6.
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Table 4.8.6 Activation energies and kinetic data for the addition of cyanide to aquacobalamin
in different solvents

Solvent (p, M) AH (k)/mol)  AS* (kI/K.mol) Kk, (M™s™; 25°C)
Water (1.0)>>*’ 52+1 25+4 250
80:20 methanol:water (0.025%*) 82+5 96+ 19 2.98(9) x 10°

*This work - ionic strength was calculated from the concentration of the charged buffer species at
the experimental pH

The data in Table 4.8.6 is fairly surprising with respect to Balt and Moreno-Esparza’s
results. Similar to Moreno-Esparza’s reaction of iodide with aquacobalamin, the rate of
cyanide substitution is much higher in the methanol rich solvent system than in the
aqueous system. Unlike in the case of the iodide reaction where the rate at 80%
methanol in water as just over half that at 0% methanol,® the rate of the cyanide
reaction in 80% methanol is significantly faster at just under 12 times that of the reaction
in water. In addition to the differences in solvent composition, these reactions were
carried out at different ionic strengths. Balt found a marked decrease in the observed rate
constant as the ionic strength increased from 0 to 0.8 M NaClO,’* indicating that the low
ionic strength used in this investigation was likely to increase the reaction rate. The rate
of cyanide substitution is therefore greatly influenced by both the solvent composition

and the ionic strength.

Analysis of the activation energies reveals that the reaction in water is enthalpically
driven while that in 80% methanol is entropically driven. The significant change in
enthalpy of activation suggests a change in the position of the transition state along the
reaction coordinate. The large positive change in enthalpy of activation in the methanol
rich system is indicative of a late transition state in which the breaking of the cobalt-water
bond occurs before significant cobalt-cyanide bonding can occur whereas the smaller
change in enthalpy of activation in the aqueous system suggests an early transition state
where significant cyanide-cobalt bond formation occurs as the cobalt-water bond is
broken. The remarkable change in entropy of activation suggests that the system in
aqueous media is significantly more ordered than in more non-polar media. Balt noted

that the fraction of non-polar co-solvent broke down the ordered structure of bulk water
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and significantly changed the solvation of vitamin Bi,.'%® Reenstra® and Marques®’
suggested that unfavourable entropic contributions may be as a result of increased
nucleophilic participation by the incoming ligand, leading to a more ordered system and a
more concerted mechanism. A change in solvent structure may contribute to the
favourable increase in AS*. Nucleophilic participation may occur to a lesser extent in a

more non-polar environment, decreasing the ordered nature of the system.

Balt and co-workers, in a study on aquanitritocobaloxime and thiourea in water:dioxane
mixtures postulated that the reaction mechanism changed from I to Ip as the solvent
composition became more non-polar.*®® Moreno-Esparza also postulated a change in
mechanism with changing methanol concentration with a reversible aquation of the
cobalt at low methanol concentration and an outer sphere complex mechanism at high
methanol concentrations.?® Reenstra > and Marques57 suggested that differences in the
nucleophilic participation result in a more concerted mechanism and this nucleophilic
participation is likely to be affected by solvent composition. These findings suggest that
the large differences in the data in Table 4.8.6 may arise from differences in mechanism,
although insufficient data have been collected to determine if this is the case or not.
Analysis of the kinetics at varying methanol concentrations would be required to answer

this question more fully.
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4.8.6 The lability of cobalt in vitamin B;,, and a biomimetic model

The second order rate constants and parameters of activation for the coordination of
cyanide to cobalt in vitamin B>, and DPTC-Co are summarised in Table 4.8.7. Analysis of
the second order rate constants indicates that the reactions of vitamin By,, with cyanide
are similar to those of DPTC-Co at low temperatures and two to three times faster at
higher temperatures. Superficially, one might conclude that cobalt in the corrin ring of
vitamin By, is more labile than in the corrole ring of DPTC-Co. Analysis of the activation

parameters, however, reveals a different picture.

The effect of changes in the electronic nature of a system on the kinetics is evident in the
enthalpic contribution to the activation energy, and not the contribution of entropy of
activation. Environmental changes, such as the effect of solvent, manifest themselves in
both the enthalpic and entropic contributions to the activation barrier.*®* This suggests
that the rates of the reaction of cyanide with either DPTC-Co or vitamin Bi,, cannot be
compared as the systems’ interactions with the environment are different due to the
differences in the interaction between the macrocycle and the solvent as a result of
differences in the charges of vitamin B;,, and DPTC-Co. As such, comparison of the
enthalpies of activation may highlight the electronic differences between the two systems
and thus the electronic effect of a change in macrocycle on the coordinated cobalt metal

ion.

Equation 4.8.1 illustrates that an increase in enthalpy of activation decreases the rate of
the reaction while an increase in entropy of activation has the opposite effect. In the case
of the corrin ring, the reaction is entropy driven. On the other hand, the reaction with the

corrole ring is enthalpy driven.

319

References on page 325



Table 4.8.7 Second order rate constants and activation parameters for the coordination of
cyanide to cobalt in vitamin B, and the biomimetic model, DPTC-Co

Macrocycle Temperature (°C)  ky (M™s?) AHY (k)/mol)  AS* (kJ/K.mol)
Corrin 9.8 458 +11

15.1 794 + 31

19.8 1364 £ 47

25.2 2982 + 86 8215 96+ 19
Corrole 9.9 402 £ 40

15.1 610+ 101

19.7 728 +70

25.1 995 + 148 39+3 -58 +11

Changes in entropy of activation in these two systems are significantly different. The large
positive value in the case of vitamin By, indicates a favourable increase in the disorder of
the system upon coordination of cyanide. In the case of the corrole, the large negative
value indicates an ordering of the system. In both cases, anionic free cyanide ligand would
be solvated prior to coordination. While the numbers of degrees of freedom of the
cyanide would decrease upon coordination, the dispersion of the water molecules of

solvation around the cyanide into bulk solvent would be entropically favourable.

The differences between the two systems are in the charges of the metallated
macrocycles. Vitamin By,,, with an overall charge of 1+, would experience an ordered
array of solvent around the charged molecule. Coordination of an anionic ligand would
result in the charge neutralisation of the chromophore and the ordered network of
solvent molecules that surrounded vitamin B;,, would become less ordered. The
hydrogen bonding interactions between the solvent and the acetamide side chains would
remain unchanged. In a solvent system rich in methanol, the neutralisation of a charged
system would also be far more favourable than in an agueous system, as discussed in
Section 4.8.5. DPTC-Co, overall neutral, would not have the ordered network of solvent as
in the case of vitamin B1,,. Coordination of an anionic ligand, however, would result in an
overall charge of 1-. The formation of a charged species in a predominantly organic
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solvent system, as opposed to the neutralisation of charged species, as with vitamin By,
would be entropically unfavourable. More energy would be required to create an ordered
network of solvent molecules to separate the charged species in solution. In addition to
this, the presence of a five-coordinate species as well as a six-coordinate DPTC-Co in
solution in 80:20 methanol:water will affect the change in entropy of activation. In the
case of vitamin By, where we assume 100% six-coordinate species, the release of the
bound water into the bulk solvent during the coordination of the cyanide ligand is
entropically favourable. In the presence of a five-coordinate DPTC-Co species the cyanide
ligand can bind directly to the metal ion without the release of solvent into bulk solvent —
an entropically unfavourable event. It would be interesting to determine the effect that
the binding of a neutral ligand has on the change in entropy of the transition state. Would
the change in entropy of activation be more favourable with the formation of a neutral

product as opposed to a charged product?

Changes in enthalpy of activation also vary in these two systems. In the corrin system, the
change in enthalpy is large, positive and energetically unfavourable. In the corrole system,
however, the change in enthalpy of activation, while still positive, is much lower and thus
more favourable. In this way, cobalt in DPTC-Co might be envisaged to be more
electronically labile than in vitamin B1,,. While the changes in bonding are similar in both
systems with the breaking of an oxygen-cobalt bond and the formation of a carbon-cobalt
bond, the strength of these bonds as well as the time along the reaction coordinate at

which these events occur may vary.

The binding of cyanide to vitamin Bj,, is known to follow a dissociative interchange

mechanism, Ip.>>°7

A large positive change in enthalpy of activation, as in the case of the
vitamin By, system, is indicative of a late transition state, whereas a smaller enthalpy of
activation change, as seen in the reaction with the corrole suggests an early transition
state, as illustrated in Figure 4.8.10. In an early transition state, the coordination of
cyanide occurs as the weak cobalt-water bond breaks. This mechanism is less dissociative

in nature with the production of a species more seven coordinate in nature. During a late

transition state more energy is required to break the stronger cobalt-water bond before
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the cyanide ligand can bind to the cobalt ion. This results in a more dissociative
mechanism with a species more five-coordinate in nature forming as the breaking of the
water-cobalt bond occurs to a larger extent before cyanide coordination. This highlights
the lability of the cobalt ion in the biomimetic model as the coordination of cyanide
occurs at an earlier stage of the transition state than in the case of vitamin By, The
position of the transition state along the reaction coordinate also affects the entropy of
activation of the system. Early transition states, while enthalpically favourable, are
entropically unfavourable. The formation of a species with seven coordinate character
constrains both the entering and leaving ligands, thus decreasing the change in entropy of
activation. Conversely, as the change in enthalpy of activation increases in a late
transition state, the change in entropy of activation increases as the formation of a
species with five-coordinate character, as one ligand leaves and another enters, is less
restrictive and ordered, and thus more favourable. In this way, there exists a
compensation effect between the changes in entropy and enthalpy of activation'’® and

this system is no exception.

/OHZ
NC OH "NC /
\ / 2 \ /
“ / v/
Co Co
Early transition state Late transition state
CN™ binds as H,0 bond breaks CN™ binds after H,0 bond has

broken significantly

Figure 4.8.10 Early transition state typically has more seven coordinate character while a late transition
state has more five-coordinate character

As discussed in Section 4.8.3, a very fast initial process is observed at low temperature
and low ligand concentration. It was postulated that the observed decrease in absorbance
may indicate the formation of the five-coordinate species or significant weakening of the
cobalt-water bond prior to the coordination of cyanide. The formation of a five-
coordinate species would suggest a dissociative mechanism as opposed to a dissociative
interchange mechanism, while the significant weakening of the cobalt-water bond before
cyanide is able to bind suggests a late transition state. These theories contradict the

activation energy data determined from the Eyring plot indicating an early transition state
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mechanism. Without further evidence, it is not possible to determine the nature of the
species involved in the fast initial reaction. Acquisition of spectra from a diode array
detection system coupled with stopped flow techniques at low temperature (the use of a
methanol rich solvent system would facilitate the study of this system at temperatures
below zero) would allow for a better understanding of the nature of this species and the
mechanism involved. In this discussion, it is assumed that the mechanism involved in the

reaction with vitamin By, is the same as that with DPTC-Co and this may not be the case.
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4.8.7 Conclusions

The rate of cyanide coordination is dependent on the nature of the solvent system as well
as the nature of the electronic environment of the cobalt ion. The second order rate
constant for the binding of cyanide is higher in the vitamin B;, system than in the DPTC-
Co system. Although faster, the reaction between vitamin B1, and cyanide is entropically
driven, while that between DPTC-Co and cyanide is enthalpically driven and very
entropically unfavourable. When regarded in this light, it is clear that cobalt in DPTC-Co is

more electronically labile than in the corrin ring of vitamin B1ja.

During the coordination of cyanide to DPTC-Co at low temperature and low cyanide
concentration, evidence of an initial fast reaction was present. This fast reaction may
involve the formation of an outer sphere complex or the formation of a five-coordinate
system prior to the formation of the cobalt-cyanide bond. There was also evidence of a
reverse reaction, which occurred at all temperatures and ligand concentrations, which
was unexpected given the very high formation constant observed for the formation of the

cyanoDPTC-Co complex.

A large environmental dependence was observed for the reaction of vitamin By, with
cyanide. The rate of reaction was considerably faster in the methanol rich solvent system
of low ionic strength compared to the reaction in a purely agueous and highly ionic
medium. The differences in rate and activation energy parameters point to a potential

change in mechanism with difference in solvent system as well as ionic strength.

This kinetics study is far from complete and must be considered an initial study. In spite of
this, the effects of both the greater environment (solvent and ionic strength) and the
electronic environment of the coordinated metal in the different macrocycles are clear. It
appears that the increased electron donation from the corrole ring to the cobalt ion

affects the lability of the metal.
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5.1 Overview

The nature of the equatorial macrocyclic ligand of vitamin B;, affects the chemistry of the
normally inert d® cobalt(lll) metal ion. One consequence of this is that the ligand

substitution reactions of aquacobalamin (vitamin B1,,) are fast.

Evidence in favour of this hypothesis indicates that a decrease in the electron density of
the corrin ring through either the disruption of the corrin’s delocalised system™ or the
introduction of an electron withdrawing substituent on the corrin ring3 led to relative
deactivation of the metal centre towards substitution, with a decrease in the stability
constants of the binding of ligands and a decrease in the associated reaction rates
observed. On the other hand, an increase in the electron density on the macrocycle as a
result of the introduction of an electron donating substituent®™ resulted in the more
favourable binding of anionic ligands when compared to aquacobalamin, while the
binding of neutral N-donor ligands was less favourable. It is clear that perturbation of the
electron density of the corrin ring influences the ligand substitution reaction of the

coordinated cobalt ion.

In the present study the electron density of the macrocycle was increased further with
the use of a fully aromatic macrocycle, the corrole ring, in a system mimicking the

structure of vitamin By,.
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5.2 The synthesis of a biomimetic macrocycle

The feasibility of corrole synthesis was established with the synthesis of several corroles,
of both the A; and A,B type, using Gryko and Koszarna’s methanol:water method.® The
introduction of a bulky meso amide substituent was achieved with the synthesis of 10-[2-

(benzoylamino)phenyl]-5,15-diphenylcorrole with no effect on the stability of the system.

The design of the biomimetic model incorporated a substituent that might act as an axial
ligand (Figure 5.1.1) for the coordinated metal as well as water solubilising groups. The
axial ligand, or tail substituent was designed using molecular mechanics modelling with
the HyperChem suite of programs’ and a protected glucose based water solubilising

system8 was investigated.

Figure 5.1.1 A biomimetic model of vitamin By,: [10-(2-{[4-(1H-imidazol-1-ylmethyl)benzoyllamino}-
phenyl)-5,15-diphenylcorrolato]cobalt(lll), referred to as DPTC-Co in this work

Collman’s synthesis of an imidazole-containing acid chloride® was unsuccessful and led to
a revision of the proposed synthetic route for the tail substituent (Scheme 5.1.1).
Intermediates of this tail substituent as well as intermediates of the shorter tail corrole,
10-[2-(benzoylamino)phenyl]-5,15-diphenylcorrole, were found to be polymorphic.
Analysis of molecule---molecule interactions and quantification of the weak interactions in
the crystal lattice indicated that packing polymorphism arose primarily from differences

in the weak dispersion forces as opposed to differences in hydrogen bonding.
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Scheme 5.1.1 Synthesis of the tailed aldehyde. The pink pathway represents the use of Collman’s
synthesis of an imidazole containing acid chloride. This route was unsuccessful. The purple
pathway illustrates the alternative synthesis using 3-(chloromethyl)benzoyl chloride. i)
DMF, 8hrs; ii) HCI (32%), reflux, 2 hrs; iii) CH3CN (dry, degassed), oxalyl chloride refluxed, 1
hr; iv) CH,Cl, (dry), triethylamine, 0°C, 10 min, then room temperature, 2 hrs; v) CH,Cl,
(dry), triethylamine, 0°C, 10 min, then room temperature; vi) 2 hrs; DMF, 8hrs;vii) MnO,,
CHClI3, 20 hrs.

Two sugar-bearing corroles were successfully synthesised. Deprotection of the glucose
groups by removal of the acetyl protecting groups of 10-phenyl-5,15-(diphenyl-2,3,4,6-
tetra-O-acetyl-B-D-glucopyranoside)corrole, a corrole bearing two glucose substituents at
the 5 and 15 positions, yielded a water soluble corrole. Deprotection of the protected
glucose  groups in  10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyl]amino}phenyl)-5,15-
(diphenyl-2”,3”,4” 6”-tetra-O-acetyl-B-D-glucopyranoside)corrole, a more complex
structure with two glucose substituents at the 5 and 15 positions, and the biomimetic tail
at the 10 position, yielded a corrole soluble in agueous solution below pH 4 only. In light
of this significant limitation, the biomimetic model used throughout the rest of this work,
[10-(2-{[4-(1H-imidazol-1-yImethyl)benzoyl]amino}phenyl)-5,15-diphenylcorrolato]-

cobalt(lll), referred to as DPTC-Co, did not bear the glucose moieties.
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5.3 A comparison of the reactions of vitamin Bi, and the

biomimetic system

Reactions of vitamin B, and the biomimetic model were studied in 80:20

methanol:water due to the insolubility of the model in agueous solutions.

The pK, of vitamin By, was determined in both aqueous and 80:20 methanol:water
solvent systems at similarly low ionic strength. The value was found to be highly
dependent on the ionic strength of the medium (reported values vary from 7.6 (1 = 0.054
M) to 8.1 (u = 1.0 M)*) and less dependent on the identity of the solvent (aqueous -
7.462 + 0.007; methanol:water - 7.40 £ 0.02 (1 = 0.8 mM). The pK; for the aqua/hydroxo
equilibrium as well as an equilibrium attributed to the base-on/base-off equilibrium were

observed for DPTC-Co at 9.76 + 0.06 and 6.7 £ 0.2 (1 = 0.8 mM), respectively.

The stability constants for the binding of several ligands to Co(lll) in both vitamin B;,, and
DPTC-Co were determined. Vitamin By, formed more stable complexes with anionic
ligands than DPTC-Co, while the opposite was true for the binding of neutral ligands. An
increase in the electron density of the coordination environment thus affects the
chemistry of the cobalt metal. This suggests that cobalt in DPTC-Co is softer in character
than in vitamin By,,, favouring softer ligands over harder anionic ligands. Analysis of the
DPTC-Co system using Bader’s quantum theory of atoms in molecules, QTAIM, indicated
that the cobalt-ligand bond was more ionic in character in the case of anionic ligand
complexes and more covalent in character in the case of neutral ligand complexes. In
addition, an increase in cobalt ligand bond length was accompanied by a decrease in the
experimentally determined stability constant for the small sample of ligands used QTAIM

analysis.

The coordination of cyanide to vitamin Bi,, occurred at a faster rate than to DPTC-Co.
While the reaction with vitamin Bi,, is entropically driven, enthalpically it is unfavourable.

The reaction between DPTC-Co and cyanide, on the other hand is entropically favourable
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and enthalpically more favourable than in the case of vitamin B1,,. These findings suggest

that cobalt(lll) in DPTC-Co is electronically more labile than in vitamin B1j,.

These findings suggest that the coordination environment of vitamin By, does indeed
affect the chemistry of substitution reactions on cobalt. An increase in the electron
density of the coordinating macrocycle appears to result in a softer, more electron rich

metal which is enthalpically more labile than in vitamin Byy,.
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5.4 Future prospects

This study aimed to lay the foundation for an extensive study of corroles as biomimetic

models of vitamin B1,. As such, there are almost limitless future prospects for this work.

From a synthetic point of view, the incorporation of a water solubilising substituent is of
great importance. The solvent dependence of the thermodynamics and kinetics of the
substitution reactions of vitamin By, observed in this work is significant. The study of a
corrole biomimetic model in aqueous solution will allow for a more holistic comparison of

the chemistry of vitamin By, and the model.

The significantly high pK; of 6.7 £ 0.2, for what is thought to be the equilibrium between
the base-on and base-off DPTC-Co species, may indicate that the designed ‘tail’
substituent may not allow for optimal axial coordination to the cobalt ion. Determination
of the crystal structure of DPTC-Co may have given us insight into the geometry of this
coordination, but unfortunately, a crystal of diffraction quality could not be grown. This is
a matter which will require attention in the future, with the possible design and synthesis

of a different ‘tail’ substituent.

The thermodynamics of the substitution reactions of various ligands with DPTC-Co and
vitamin Bi,, was investigated. The use of a broad variety of ligands made it difficult to
correlate the determined stability constants with physical data of the ligands, such as pK;
or Hammett constants. This work would benefit from the use of a series of related
ligands, such as a range of pyridine or imidazole derivatives substituted with different
electron-withdrawing or -donating functional groups. In addition, the study of the
coordination of these ligands to DPTC-Co at various temperatures would allow for the
determination of thermodynamic parameters such as AH and AS which would allow for a
better understanding of the effect of the increased electron density of the cis macrocyclic
ligand. However, this presupposes the successful synthesis of a water-soluble corrole as

work with a predominantly methanol solution above 25°C is impractical.
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TD-DFT and QTAIM analysis of both the biomimetic model and vitamin B, would allow
for a comparison of these two systems. This may provide insights into the differences in
the electronics of the two systems. Calculation of the charge density on cobalt in these
two systems would also provide useful insight into the hypothesised cis-influence of the

macrocyclic ligand on the coordinated metal.

The study of the kinetics of the binding of cyanide to DPTC-Co indicated that the reaction
was entropically unfavourable. The effect on the activation parameters upon the binding
of a neutral ligand may reveal more clues as to the mechanism involved. As mentioned
earlier, the use of a purely aqueous solvent system may also affect the activation

parameters significantly.

The corrole macrocycle has proved to be a good system for the study of the effect of the
coordination environment on a coordinated cobalt ion. As Prof. Marques often reminds
me, this is only part one! There are many more avenues to explore in this work, of which

just a few have been mentioned.
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Al.1 Reagents used in Part 2

Reagents used in the syntheses described in Part 2 are listed in Table A1.1. Reagents were
used as received unless otherwise stated. Solvents and their purification methods are
listed in Table A1.2.

Table A1.1 Reagents used in Part 2

Reagent Grade Supplier

Fine Chemicals

Glacial Acetic Acid CP N.T. Laboratory suppliers
Acetic anhydride CP Merck
2-Aminobenzyl alcohol CP Aldrich
2-Aminophenol CP Merck
Benzaldehyde 99.5% Aldrich
Benzoyl chloride CP (redistilled) Sigma-Aldrich
Boron trifluoride diethyl etherate cp Sigma-Aldrich
1,1'-Carbonyldiimidazole (CDI) CcP Aldrich
3-(Chloromethyl)benzoyl chloride CcP Acros Organic
Dess-Martin periodinane (DMP) 97% Aldrich
2,3-Dichloro-5,6-dicyano-1,4- 98% Aldrich

benzoquinone (DDQ)

D-+-Glucose CpP Sigma

Imidazole cp Merck

Methyl 3-(bromomethyl)benzoate CpP Aldrich

4-Methyl imidazole 98% Aldrich

o-Nitro benzaldehyde 98% Aldrich

Oxalyl chloride cp Merck

p-Chloranil 99% Aldrich

p-Methoxy benzaldehyde cp Merck

p-Nitro benzaldehyde AR British Drug Houses
Pyridine 99.8% Aldrich
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Table Al1.1 continued

Pyridinium chlorochromate (PCC)
Pyrrole

Thionyl Chloride

Triethylamine
Triphenylphosphine
y-Butyrolactone

Phenol

Inorganic Chemicals

Ammonium Chloride
Ammonium hydroxide
Cobalt (1) acetate

Ferric chloride

33% Hydrobromic acid in glacial

acetic acid
Hydrochloric acid 32%
Magnesium turnings
Manganese (IV) oxide
Nitric acid 55%

Pd/C

Potassium Carbonate (anhydrous)

SnCl,.H,0

Sodium carbonate (anhydrous)
Sodium chloride

Sodium hydrogen carbonate
Sodium hydroxide

Sulphuric acid

Trifluoroacetic acid

Sodium Acetate

98%
98%

cp
UnivAR
98%
AR

AR

UnivAR
UnivAR
cp
UnivAR
cp

CpP

cp
85%
cp
Unknown % Pd
cp

cp
UnivAR
UnivAR
CP
UnivAR
95%
CpP

CpP

Aldrich

Aldrich

Merck

SAARCHEM

Merck

SMM Chemicals Pty Limited
Aldrich

SAARCHEM
SAARCHEM
Merck
SAARCHEM
Merck

ACE

Aldrich
Sigma-Aldrich
ACE

Glass World

AnalaR

Merck

Merck

Merck

Merck

Merck

Sigma-Aldrich

Associated Chemical Enterprises

CC.
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Table Al1.1 continued

Purification, drying and gases

Silica for Flash Chromatography
(silica gel 60)

Micro sieves

Sodium sulphate

Calcium Hydride

Sodium metal lumps

Celite 545

Amberlite IR-4B(OH) resin

Argon

Hydrogen

Nitrogen

230-400 mesh
ASTM

4 A

cp

95%

UnivAR

125.3 uym, 71%
AG

up

up

up

Fluka Analytical

Merck

ACE

Sigma-Aldrich

SAARCHEM

Aldrich

BDH Laboratory Reagents
Afrox

Afrox

Afrox
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Table Al1.2

Solvents used in this work

Solvent Grade Supplier
Acetone cp Promark Chemicals
Acetonitrile HPLC Merck
Chloroform Univ AR Merck
Chloroform -d 99.8 atom % D Sigma-Aldrich
Dimethyl Sulfoxide —-d6  99.5 atom % D Sigma-Aldrich
Methanol - d 99.8 atom % D Sigma-Aldrich
Dichloromethane CP Sigma-Aldrich
Dichloromethane HPLC Sigma-Aldrich
Diethyl ether CcpP Merck
Dimethyl formamide Univ AR SAARCHEM
Ethanol Absolute Sigma-Aldrich
Ethyl Acetate 98% UniLAB Merck
Hexane 99% Sigma-Aldrich
Hexane HPLC Sigma-Aldrich
Methanol CP Sigma-Aldrich
Methanol HPLC Sigma-Aldrich
1-Propanol 99% Pro Analysis
2-Propanol CP Merck
Tetrahydrofuran 98% Merck
Toluene 99% ACE
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Al.2 Reagents used in Part 4

Reagents used in the solution and inorganic chemistry described in Part 4 are listed in

Table A1.3 Reagents were used as received unless otherwise stated. The buffers used in

this work are listed in Table Al1.4

Table A1.3 Reagents used in Part 4

Reagent Grade Supplier
I-Ascorbic acid CP Sigma-Aldrich
Chlorohydrate dihydroxocobalamin CP Roussel Uclaf
|-Cysteine CP, 97% Aldrich
4-Dimethylaminopyridine Reagent plus Aldrich
Ethanolamine cp Aldrich
Hydroxocobalamin acetate cp Roussel Uclaf
Methanol HPLC Sigma-Aldrich
N-Methylimidazole cp Sigma-Aldrich
Orthophosphoric acid cp Aldrich
Pyridine 99.8% Aldrich

Sodium azide cp Riedel-De Haén
Sodium cyanide CP Merck

Sodium dithionite cp BDH Chemicals
Sodium hydroxide UnivAR Merck

Sodium iodide Unilab SAAR CHEM
Sodium nitrite UnivAR SAAR CHEM
Sodium thiocyanate CP Riedel-De Haén
Thiophene CP Fluka

Thiourea cp Merck
Trimethylphosphite cp Sigma-Aldrich
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Table Al1.4 Buffers used in this study

Suitable buffering
Buffer Supplier pK, (25°C)
range

CAPS Sigma 10.40 9.7-11.1
CHES Sigma 9.50 8.6-10.0
HEPES Sigma 7.48 6.8-8.2

MES Sigma 6.10 5.5-6.7
MOPS Sigma 7.14 6.5-7.9
Sodium Acetate Associated Chemical 4.76 3.6-5.6

Enterprises cc.
TRIS Merck 8.06 7.5-9.0
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A2.1 Selected NMR and FTIR spectra

Proton and carbon NMR spectra are given for the following compounds:

e 5,10,15-Tri(o-nitrophenyl)corrole

e N-[2-(Hydroxymethyl)phenyl]benzamide

® N-(2-Formylphenyl)benzamide

e 10-[2-(Benzoyl(amino)phenyl]-5,15-diphenylcorrole

e 3-(Chloromethyl)-N-[2-(hydroxymethyl)phenyl] benzamide

e N-[2-(Hydroxymethyl)phenyl]-3-(1H-imidazol-1-ylmethyl)benzamide

e N-(2-Formylphenyl)-3-(1H-imidazol-1-ylmethyl)benzamide

e 10-(2-{[4-(1H-Imidazol-1-yImethyl)benzoyl]amino}phenyl)-5,15-diphenylcorrole

e [10-(2-{[4-(1H-Imidazol-1-ylmethyl)benzoyllamino}phenyl)-5,15diphenyl-
corrolato]cobalt(lll)

® 4-Formylphenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside

e A-[Di(1H-pyrrol-2-yl)methyllphenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside

e 10-Phenyl-5,15-(diphenyl-2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside)corrole

e 10-(2-{[4-(1H-Imidazol-1-ylmethyl)- benzoyl]amino}phenyl)-5,15-(diphenyl-

2”,3”,4”,6"-tetra-0O-acetyl-B-D-glucopyranoside)corrole

FTIR spectra are given for the following compounds:

e 1,2,3,4,6-Penta-0O-acetyl-D-glucopyranose
e 2,3,4,6-Tetra-O-acetyl-a-D-glucopyranosyl bromide

e A-Formylphenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside
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5,10,15-Tri(o-nitrophenyl) corrole
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N-[2-(Hydroxymethyl)phenyllbenzamide
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N-[2-Formylphenyl]benzamide
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10-[2-(Benzoyl(amino)phenyl]-5,15-diphenylcorrole
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N-[2-(Hydroxymethyl)phenyl]-3-(1H-imidazol-1-ylmethyl)benzamide
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N-[2-Formylphenyl]-3-(1H-imidazol-1-ylmethyl)benzamide
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10-(2-{[4-(1H-Imidazol-1-ylmethyl)benzoyllamino}phenyl)-5,15-diphenylcorrole
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1,2,3,4,6-Penta-O-acetyl-D-glucopyranose
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2,3,4,6-Tetra-O-acetyl-a-D-glucopyranosyl bromide
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4-Formylphenyl 2,3,4,6-tetra-O- acetyl -B-D-glucopyranoside
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4-Formylphenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside
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4-[Di(1H-pyrrol-2-yl)methyllphenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside
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10-Phenyl-5,15-(diphenyl-2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside)corrole
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10-(2-{[4-(1H-Imidazol-1-ylmethyl)benzoyllamino}phenyl)-5,15-(diphenyl-2”,3”,4”,6”-tetra-0O-
acetyl-B-D-glucopyranoside)corrole
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A2.2 Crystallographic data

Ortep diagrams and tables of crystallographic data for the following crystal structures
discussed in Part 2 are given:

e 5,10,15-Triphenylcorrole hexane solvate

e 2-Aminobenzyl alcohol

e N-[2-(Hydroxymethyl)phenyl] benzamide (polymorphs 1 and 2)

® N-(2-Formylphenyl)benzamide (polymorphs 1 and 2)

e 2-(Benzamido)benzyl benzoate (polymorphs 1 and 2)

® 10-[2-(Benzoyl(amino)phenyl]-5,15-diphenylcorrole

e 1-(3-Carboxybenzyl)-1H-imidazol-3-ium hydrochloride

® 3-(Chloromethyl)-N-[2-(hydroxymethyl)-phenyl] benzamide

e 2-[3-(Chloromethyl)benzamido]benzyl 3-(chloromethyl)-benzoate

e N-[2-(hydroxymethyl)phenyl]-3-(1H-imidazol-1-ylmethyl)benzamide (polymorphs
1and2)

® N-(2-Formylphenyl)-3-(1H-imidazol-1-ylmethyl)benzamide (polymorphs 1 and 2)

e A-Formylphenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside

e A-(Dimethoxymethyl)phenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside

e 4-[Di(1H-pyrrol-2-yl)methyl]phenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside

Full crystallographic details including atomic coordinates, bond lengths and angles,

anisotropic displacement factors, hydrogen coordinates, torsion angles and hydrogen

bonding parameters for all of the above structures can be found in Digital Appendix 2.1
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Figure A2.1

Table A2.1

Ortep diagram (50% probability level) of 5,10,15-
triphenylcorrole hexane solvate
Crystallographic information for 5,10,15-
triphenylcorrole hexane solvate

Parameter

Ref code 9¢_czhmm9

Formula C39H34N,0,

Formula weight 590.70

Temperature (K) 173 (2)

Wavelength (A) 0.71073

Crystal system Monoclinic

Space group 2

a, b, c(A) 20.783(2), 19.4630(19), 15.9381(16)

a, 6/ 14 (dEg)

Cell volume (A%)
Pcalc (g cm-l)

V4
Data/parameters
Ri/WR,

GOF

90.00, 90.414(5), 90.00
6446.9(12)

1.217

8

11256/793
0.1275/0.3391

1.223

Figure A2.2

Table A2.2

Ortep diagram (50% probability level) of 2-aminobenzyl
alcohol
Crystallographic information for 2-aminobenzyl alcohol
Parameter
Ref code 10c_czhmm17
Formula C7HINO
Formula weight 123.15
Temperature (K) 173 (2)
Wavelength (A) 0.71073
Crystal system Orthorhombic
Space group Pna21
a, b, c(A) 22.583(6), 6.0505(14), 4.6832(12)

Cell volume (A%)
Pcalc (g cm-l)

YA
Data/parameters
Ri/WR,

GOF

90.00, 90.00, 90.00
639.9(3)

1.278

4

852/83
0.0829/0.1832
1.142
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Table A2.3

Figure A2.3 Ortep

diagram (50% probability level) of N-[2-

(hydroxymethyl)phenyl] benzamide (polymorph 1)

Crystallographic information for N-[2-
(hydroxymethyl)phenyl] benzamide (polymorph 1)

Parameter

Ref code 10c_czhmm4

Formula C14H13NO2

Formula weight 227.25

Temperature (K) 173 (2)

Wavelength (A) 0.71073

Crystal system Monoclinic

Space group P21/n

a, b, c (A) 12.5115(4), 7.3273(2), 12.6648(4)

Q, BI Y (dEg)

Cell volume (A%)
Pcalc (g Cm-l)

YA
Data/parameters
R.i/WR;

GOF

90.00, 100.052, 90.00
1143.23

1.320

4

2230/155
0.042/0.098

1.007

Table A2.4

Figure A2.4 Ortep

diagram  (50% probability level) of N-[2-

(hydroxymethyl)phenyl] benzamide (polymorph 2)

Crystallographic information for N-[2-
(hydroxymethyl)phenyl] benzamide (polymorph 2)

Parameter

Ref code 10c_czhmm11

Formula Cy4H13NO,

Formula weight 227.25

Temperature (K) 173 (2)

Wavelength (A) 0.71073

Crystal system Monoclinic

Space group P2./n

a, b, c(A)

a, 8,y (deg)

Cell volume (A%)
Pcalc (g Cm-l)

V4
Data/parameters
Ri/WR,

GOF

5.1936(6), 13.2328(14), 17.0316(17)
90.00, 90.125(4), 90.00

1170.5(2)

1.290

4

2296/155

0.056/0.119

1.053
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Ortep diagram (50% probability level) of N-(2-
formylphenyl)benzamide (polymorph 2)

Crystallographic information for N-(2-
formylphenyl)benzamide (polymorph 2)

a, 8,y (deg)

Figure A2.5 Ortep diagram (50% probability level) of N-(2-
formylphenyl)benzamide (polymorph 1)
Table A2.5 Crystallographic information for N-(2-
formylphenyl)benzamide (polymorph 1)
Parameter
Ref code 10c_czhmm9
Formula Cy4H11NO,
Formula weight 225.24
Temperature (K) 173 (2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2./n
a, b, c(A) 4.5532(1), 15.0996(4), 16.1510(5)

90.00, 969.515(2), 90.00

Cell volume (A%) 1103.23(5)
Peic (g cm™) 1.356

Z 4
Data/parameters 2650/158
Ry/WR, 0.042/0.104
GOF 1.030

Parameter

Ref code 11c_czhmm15

Formula Cy4H11NO,

Formula weight 225.24

Temperature (K) 173 (2)

Wavelength (A) 0.71073

Crystal system Monoclinic

Space group P2,/c

a, b, c(A) 3.8949(1), 25.1426(8), 16.8477(5)

a, 8,y (deg)

Cell volume (A%)
Pcalc (g Cm-l)

V4
Data/parameters
Ri/WR,

GOF

90.00, 95.522(2), 90.00
1642.20(8)

1.367

6

2575/145

0.040/0.070

0.870
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Figure A2.7 Ortep diagram (50% probability level) of 2-(benzamido)benzyl Figure A2.8 Ortep diagram (50% probability level) of 2-(benzamido)benzyl
benzoate (polymorph 1) benzoate (polymorph 2)

Table A2.7 Crystallographic information for 2-(benzamido)benzyl
benzoate (polymorph 1) Table A2.8 Crystallographic information for 2-(benzamido)benzyl

benzoate (polymorph 2)

Parameter

Ref code ¢10_czhmmp7
Formula Cy1H17NO3
Formula weight 331.36
Temperature (K) 173 (2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2,/c

a, b, c(A)

a, 8,y (deg)

Cell volume (A%)
Pcalc (g Cm-l)

V4
Data/parameters
Ri/WR,

GOF

5.9682(3), 12.0166(6), 22.9633(12)
90.00, 90.091(4), 90.00
1646.87(14)

1.336

4

2608/227

0.066/0.207

1.121

Parameter

Ref code ¢10_czhmmpb
Formula Cy1H17NO3
Formula weight 331.36
Temperature (K) 173 (2)
Wavelength (A) 0.71073
Crystal system Orthorhombic
Space group Pbca

a, b, c(A)

a, 8,y (deg)

Cell volume (A%)
Pcalc (g cm-l)

V4
Data/parameters
Ri/WR,

GOF

8.7529(4), 9.5545(4), 39.9926(17)
90.00, 90.00, 90.00

3377.6(3)

1.316

8

2867/229

0.035/0.092

1.066
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[vV3

a, b, c(A)

a, 8,y (deg)

Cell volume (A%)
Pcalc (g Cm—l)

V4
Data/parameters
Ri/WR,

GOF

Figure A2.9 Ortep diagram (50% probability level) of 10-[2-
(benzoyl(amino)phenyl]-5,15-diphenylcorrole
Table A2.9 Crystallographic information for 10-[2-
(benzoyl(amino)phenyl]-5,15-diphenylcorrole
Parameter
Ref code ¢10_czhmmpl
Formula CasH33ClLN;O
Formula weight 730.66
Temperature (K) 173 (2)
Wavelength (A) 1.54178
Crystal system Triclinic
Space group P

9.9324(4), 13.7366(5), 14.1249(5)
102.0290(10), 104.1360(10), 100.5080(10)
1771.62(11)

1.370

2

5920/478

0.0674/0.1745

1.059

a, 8,y (deg)

Cell volume (A%)
Pcalc (g Cm-l)

V4
Data/parameters
Ri/WR,

GOF

Figure A2.10 Ortep diagram (50% probability level) of 1-(3-carboxybenzyl)-
1H-imidazol-3-ium hydrochloride
Table A2.10 Crystallographic information for 1-(3-carboxybenzyl)-1H-
imidazol-3-ium hydrochloride
Parameter
Ref code 10c_czhmm15
Formula Cy1H11CIN,0,
Formula weight 238.67
Temperature (K) 173 (2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2,/c
a, b, c(A) 12.0140(8), 7.6651(4), 12.4002(8)

90.00, 100.412(4), 90.00
1123.11(12)

1.411

4

2575/145
0.0395/0.0696

0.865
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a, 8,y (deg)

90.00, 90.01, 90.00

a, 8,y (deg)

Figure A2.11 Ortep diagram (50% probability level) of 3-(chloromethyl)-N-
[2-(hydroxymethyl)-phenyl] benzamide Figure A2.12 Ortep diagram (50% probability level) of 2-[3-
(chloromethyl)benzamido]benzyl 3-(chloromethyl)-benzoate
Table A2.11 Crystallographic information for'3-(chloromethyl)-N-[2— Table A2.12 Crystallographic information for 2-[3-(chloromethyl)
(hydroxymethyl)-phenyl] benzamide benzamido]benzyl 3-(chloromethyl)-benzoate
Parameter Parameter
Ref code 11c_czhmm18 Ref code 11c_czhmm25
Formula ' Cy5H10CINO, Formula C,3Hy5Cl,NOS
Formula weight 271.69 Formula weight 427.28
Temperature SK) 173 (2) Temperature (K) 173 (2)
Wavelength (A) 0.71073 Wavelength (A) 0.71073
Crystal system Monoclinic Crystal system Orthorhombic
Space group P2:/n Space group Fdd2
a, b, c(A) 4.1899(4), 26.023(3), 12.1764(14) o b, (A) 38.968(4), 46.919(5), 4.3266(3)

90.00, 90.00, 90.00

23
Cell volume (A7) 1327.6(2) Cell volume (A®) 7910.6(13)
pcalc (g cm ) 1359 pcalc (g cm-l) 1435
Z 4 7 16
Data/parameters 3190/173 Data/parameters 4217/262
Ry/WR, 0.0393/0.0895 Ry/WR, 0.0550/0687
GOF 1.027 GOF 0.729
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a, b, c(A)
a, 8, y (deg)

Figure A2.13 Ortep diagram (50% probability level) of N-[2-
(hydroxymethyl)phenyl]-3-(1H-imidazol-1-
ylmethyl)benzamide (polymorph 1)

Table A2.13 Crystallographic information for N-[2-(hydroxymethyl)-
phenyl]-3-(1H-imidazol-1-ylmethyl)benzamide
(polymorph 1)

Parameter

Ref code 11c_czhmm?20
Formula CygH17N30,
Formula weight 307.35
Temperature (K) 173 (2)
Wavelength (A) 0.71073
Crystal system Orthorhombic
Space group P2,2,2,

4.2509(7), 11.363(3), 31.115(6)
90.00, 90.00, 90.00

Cell volume (A%) 1502.9(5)
Peatc (8 cm™) 1.358

V4 4
Data/parameters 2769/209
R.i/WR, 0.050/0.127
GOF 1.009

a, 8,y (deg)

Cell volume (A%)
Pcalc (g cm-l)

V4
Data/parameters
Ri/WR,

GOF

Figure A2.14 Ortep diagram (50% probability level) of N-[2-(hydroxymethyl-
Jphenyl]-3-(1H-imidazol-1-yImethyl)benzamide (polymorph 2)
Table A2.14 Crystallographic information for N-[2-(hydroxymethyl)-
phenyl]-3-(1H-imidazol-1-ylmethyl)benzamide
(polymorph 2)
Parameter
Ref code 11c_czhmm?27
Formula CygH17N30,
Formula weight 307.35
Temperature (K) 173 (2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2./n
a, b, c(A) 13.4793(8), 6.6293(4), 18.5481(12)

90.00, 108.540(2), 90.00
1571.41(17)

1.299

4

3786/216

0.044/0.113

1.060
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Figure A2.15 Ortep diagram (50% probability level) of N-(2-formylphenyl)-
3-(1H-imidazol-1-ylmethyl)benzamide (polymorph 1)
Figure A2.16 Ortep diagram (50% probability level) of N-(2-formylphenyl)-
3-(1H-imidazol-1-ylmethyl)benzamide (polymorph 2)
Table A2.15 Crystallographic information for N-(2-formylphenyl)-3-
(1H-imidazol-1-ylmethyl)benzamide (polymorph 1)

Table A2.16 Crystallographic information for N-(2-formylphenyl)-3-

(1H-imidazol-1-ylmethyl)benzamide (polymorph 2)

Parameter
Ref code 11c_czhmm?24
Formula CyH15N30, Parameter
Formula weight 305.33 Ref code 11c_czhmm?23
Temperature (K) 173 (2) Formula CygH15N30,
Wavelength (A) 0.71073 Formula weight 305.33
Crystal system Monoclinic Temperature (K) 173 (2)
Space group P2./n Wavelength (A) 0.71073
a, b, c(A) 8.2469(2), 8.2333(2), 22.0039(5) Crystal system Monoclinic
a, 8,y (deg) 90.00, 95.544(2), 90.00 Space group C2/c
Cell volume (A%) 1487.06(6) a, b, c(A) 30.2956(11), 8.2672(3), 26.5597(9)
Peac (g cm™) 1.364 a, 8, y (deg) 90.00, 117.346(2), 90.00
Z 4 Cell volume (A%) 5908.8(4)
Data/parameters 3585/212 Peatc (8 cmM™) 1.373
Ri/WR, 0.0409/0.102 V4 16
GOF 1.012 Data/parameters 6444/423
Ry/WR, 0.052/0.122
GOF 1.011
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Figure A2.18 Ortep  diagram  (50%  probability level) of 4-

a, 8,y (deg)

102.172(7), 94.084(8), 101.852(7)

a, 8,y (deg)

Figure A2.17 Ortep diagram (50% probability level) of 4-formylphenyl (dimethoxymethyl)phenyl  2,3,4,6-tetra-O-acetyl-B-D-gluco-
2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside pyranoside
Table A2.18 Crystallographic information for 4-
Table A2.17  Crystallographic information for 4-formylphenyl 2,3,4,6- (dimethoxymethyl)phenyl  2,3,4,6-tetra-O-acetyl-B-D-
tetra-O-acetyl-B-D-glucopyranoside glucopyranoside
Parameter Parameter
Ref code 11c_czhmm10 Ref code 11c czhmm8
Formula Ca1H2301 Formula ngggoolz
Formula weight 451.39 Formula weight 498.47
Temperature (K) 173 (2) Temperature (K) 173 (2)
Wavelength (A) 0.71073 Wavelength (A) 0.71073
Crystal system Triclinic Crystal system Orthorhombic
Space group P1 Space group P2:2,2,
a, b, c(A) 5.8522(18), 8.948(3), 11.414(3) a, b, c (A) 7.9004(2), 10.9961(3), 29.2289(8)

90.00, 90.00, 90.00

23
Cell volume (A") 567.7(3) Cell volume (A®) 2539.22(12)
Peaic (g cm™) 1.320 Peatc (g cm™) 1.304
V4 1 V4 4
Data/parameters 2333/293 Data/parameters 3493/322
Ri/wWR, 0.0750/0.1946 R./WR, 0.0424/0.0948
GOF 1.108 GOF 0.966

376



Figure A2.19 Ortep diagram (50% probability level) of 4-[di(1H-pyrrol-2-
yl)methyl]phenyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside

Table A2.19 Crystallographic information for 4-[di(1H-pyrrol-2-

yl)methyl]phenyl 2,3,4,6-tetra-O-acetyl-B-D-gluco-
pyranoside

Parameter

Ref code c11l_czhmmpl

Formula CygH3,N,040

Formula weight 568.57

Temperature (K) 173 (2)

Wavelength (A) 0.71073

Crystal system Monoclinic

Space group P2,

a, b, c(A)
a, 8,y (deg)

12.652(5), 7.069(5), 16.465(5)
90.00, 93.741(5), 90.00

Cell volume (A%) 14.69.4(13)
Pcalc (g Cm-l) 1.285

Z 2
Data/parameters 3147/374
R.i/WR, 0.0404/0.0952
GOF 1.066
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A2.3 New AMBER atom types

The parameters for the AMBER atom types defined in this work are reported in Table A2.20.

Table A2.20 Summary of the newly defined atom types and their associated parameters
Atom Types

Atom type Mass (g mol™) Comment

co3 58.93 Cobalt 3+

ncl 14.01 Corrole N

nc2 14.01 Corrole N

nc3 14.01 Corrole N

nc4 14.01 Corrole N

cam 12.01 meso position carbon in corrole

cap 12.01 pyrrole carbon in corrole
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Table A2.20 continued

Parameters for bond stretching

Atom type 1 Atom type 2 Force constant Equilibrium
(kcal mol*A?)  bond length (A)

co3 ncl 300.0 1.87
co3 nc2 300.0 1.87
co3 nc3 300.0 1.89
co3 nc4 300.0 1.89
ncl cap 470.0 1.38
nc2 cap 470.0 1.38
nc3 cap 470.0 1.38
nc4 cap 470.0 1.38
cap cap 478.0 1.41
cap cam 478.0 1.40
cam ca 478.0 1.49
cap ha 344.3 1.087
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Table A2.20 continued

Parameters for angle bending

Atom type 1 Atom type 2 Atom type 3 Force constant Equilibrium Comment
(kcal mol™ radian®) angle (radians)

ncl cap cap 70.2 108.00

nc2 cap cap 70.2 108.00

nc3 cap cap 70.2 108.00

nc4 cap cap 70.2 108.00

ncl cap cam 70.2 119.00

nc2 cap cam 70.2 119.00

nc3 cap cam 70.2 119.00

nc4 cap cam 70.2 119.00

cap ncl cap 67.1 108.00

cap nc2 cap 67.1 108.00

cap nc3 cap 67.1 108.00

cap ncd cap 67.1 108.00

co3 ncl cap 31.5 126.00 half c3-na-ca
co3 nc2 cap 31.5 126.00 half c3-na-ca
co3 nc3 cap 31.5 126.00 half c3-na-ca
co3 nc4 cap 31.5 126.00 half c3-na-ca
cap cap cap 67.2 108.00

cap cap cap 67.2 108.00
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Table A2.20 continued

cap cap ha 48.5 120.01

cap cap cam 34.0 129.00 half ca-ca-ca

cap cam cap 67.2 123.0

cap cam ca 67.2 118.0

cam ca ca 67.2 121.0

ncl co3 nc2 30.0 81.0

ncl co3 nc3 30.0 90.0

ncl co3 nc4 30.0 171.0

nc3 co3 nc4 30.0 95.0

nc3 co3 nc2 30.0 185.0

nc4 co3 nc2 30.0 91.0

Parameters for torsion angle rotation

Atom type 1 Atom type 2 Atom type 3 Atom type 4 % Vn Y N Comment

co3 ncl cap cap 4 1.2 180 based on **-ca-na-**
co3 nc2 cap cap 4 1.2 180 based on **-ca-na-**
co3 nc3 cap cap 4 1.2 180 based on **-ca-na-**
co3 nc4 cap cap 4 1.2 180 based on **-ca-na-**
co3 ncl cap cam 4 1.2 180 based on **-ca-na-**
co3 nc2 cap cam 4 1.2 180 based on **-ca-na-**
co3 nc3 cap cam 4 1.2 180 based on **-ca-na-**
co3 nc4 cap cam 4 1.2 180 based on **-ca-na-**
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Table A2.20 continued

k%

ncl
nc2
nc3
nc4
ncl
ncl
nc2
nc3
nc4
ncl
nc2
nc3
nc4
ncl
nc2
nc3
nc4
cap
cap

cap

co3

cap
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap
cap

cap

* %

cap
cap
cap
cap
cap
cap
cap
cap
cap
cam
cam
cam
cam
cam
cam
cam
cam
cap
cap

cam

* %

cap
cap
cap
cap
nc2
ha
ha
ha
ha
cap
cap
cap
cap
ca
ca
ca
ca
cap
cam

cap

L~ L T - T R R T~ S~ R~ N ~ S~ R S T T~ S Y

14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5
14.5

180

180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180

all torsions about metal set to

zero
based on **-ca-ca-**

based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**
based on **-ca-ca-**

based on **-ca-ca-**
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Table A2.20 continued

cap ncl cap cap 4 1.2 180 based on **-ca-na-**
cap nc2 cap cap 4 1.2 180 based on **-ca-na-**
cap nc3 cap cap 4 1.2 180 based on **-ca-na-**
cap nc4 cap cap 4 1.2 180 based on **-ca-na-**
cap ncl cap cam 4 1.2 180 based on **-ca-na-**
cap nc2 cap cam 4 1.2 180 based on **-ca-na-**
cap nc3 cap cam 4 1.2 180 based on **-ca-na-**
cap nc4 cap cam 4 1.2 180 based on **-ca-na-**
cap cap cap ha 4 14.5 180 based on **-ca-ca-**
cap cap cam ca 4 14.5 180 based on **-ca-ca-**
cap cam ca ca 4 7.0 180 based on **-ca-ca-** %

%Vn to prevent phenyl

distortions
ha cap cap ha 4 14.5 180 based on **-ca-ca-**
cam cap cap ha 4 14.5 180 based on **-ca-ca-**
cam ca ca ha 4 14.5 180 based on **-ca-ca-**
cam ca ca ca 4 14.5 180 based on **-ca-ca-**
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Table A2.20 continued

Out-of-plane bending parameters for sp” hybridised atoms

Atom type 1 Atom type 2 Atom type 3 Atom type 4 % Vn Y N

*k *x ca ha 1.10 180.00 2.00
*k cam ca *x 1.10 180.00 2.00
cap ca cam cap 1.10 180.00 2.00
ha cap cap cap 1.10 180.00 2.00
cap ncl cap cap 1.10 180.00 2.00
cap nc2 cap cap 1.10 180.00 2.00
cap ncl cap cam 1.10 180.00 2.00
cap nc2 cap cam 1.10 180.00 2.00
cap nc3 cap cam 1.10 180.00 2.00
cap ncd cap cam 1.10 180.00 2.00

Parameters for nonbonded interactions between pairs of atoms

Atom %(min energy nuclear Well depth Comments
separation) (A) (kcal mol™)
co3 2.000 0.0440 Co(lll) preliminary values - CSD vdW radius
ncl 1.824 0.1700 Corrole N
nc2 1.824 0.1700 Corrole N
nc3 1.824 0.1700 Corrole N
nc4 1.824 0.1700 Corrole N
cam 1.908 0.0860 meso carbon in corrole
cap 1.908 0.0860 pyrrole carbon in corrole
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A2.4 Publications

The structure report, (2-Aminophenyl)methanol, that follows discusses the hydrogen
bonding in the crystal lattice resulting in hydrogen bonded layers of molecules. Crystal
structure determination was carried out by the author. The paper was written with the
assistance of Dr M. A. Fernandes. The report was submitted on 11 November 2011 and
published in Acta Crystallographica Section E in January 2012. The supplementary

materials for this report can be found in Digital Appendix 2.2.1
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The crystal strucure of the title compound, C;HgNO, displays
N—H---O hydrogen bonds which link molecules related by
translation along the b axis, and O—H---N and further N—
H- - -O hydrogen bonds which link molecules related by the 2,
screw axis along the ¢ axis. The resulting combination is a
hydrogen-bonded layer of molecules parallel to (011).

Related literature

For the use of amines in the pharmaceutical industry, see:
Morissette er al. (2004). For the use of amines in crystal
engineering, see: Bernstein et al. (1999). For hydrogen-bond
motifs, see: Bernstein er al. (1995); Etter et al. (1990).

OH

NH,
Experimental
Crystal data
C;HyNO V =645.19 (4) A®
M, =123.15 Z=4
Orthorhombic, .’;’naZJ Mo Ko radiation
a=226222(9) A =009 mm '
b = 60675 (2) A T=173K

¢ =4.7005 (2) A 046 x 020 x 0.07 mm

Data collection

Bruker APEXII CCD
diffractometer

715 independent reflections
681 reflections with [ > 2a(I)

4682 measured reflections Riy = 0.078
Refinement
R[F? > 2a(F%)] = 0.030 1 restraint

wR(F?) = 0.075
§=1.09

H-atom parameters constrained
ApPmax = 0.12 ¢ A2

715 reflections Appmin=—013 ¢ A2

82 parameters

Table 1

Hydrogen-bond geometry (A, ).

D—H---A D—H H---A D..-A D—H---A
O1—H1---NI' 0.85 1.94 2,791 (2) 172
N1—HI1B-..01 0.91 2.28 3135 (2) 156
N1—H14---01" 0.87 2.19 3.0585 (17) 175

Symmetry codes: (i) —x + 1, —y + 1,2 — 5 (i) v,y — 1, 2.

Data collection: APEX2 (Bruker, 2005); cell refinement: SAINT
(Bruker, 2005); data reduction: SAINT; program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine
structure:  SHELXL97 (Sheldrick, 2008); molecular graphics:
ORTEP-3 for Windows (Farrugia, 1997) and SCHAKAL99 (Keller,
1999); software used to prepare material for publication: WinGX
(Farrugia, 1999) and PLATON (Spek, 2009).

This work was supported by the National Research Foun-
dation, Pretoria (NRF, GUN 2053652 & 77122), the South
African Research Chairs Initiative and the University of the
Witwatersrand.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: FJ2480).
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The  structure report,  4-(Dimethoxymethyl)phenyl  2,3,4,6-tetra-O-acetyl-6-D-
glucopyranoside, that follows reports on the solid state structure and intermolecular
interactions of the enantiomerically pure compound. Crystal structure determination was
carried out by the author. The paper was written with the assistance of Dr M. A.
Fernandes. The report was submitted on 22 February 2012 and published in Acta
Crystallographica Section E in March 2012. The supplementary materials for this report

can be found in Digital Appendix 2.2.2
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The enantiomerically pure title compound, C;3H3,0;,, crystal-
lizes in the chiral space group P2,2,2,. The O-acetylated-
glucopyranoside moiety adopts a chair conformation.
Numerous C—H---O interactions as well as a C—H..-w
interaction are present in the crystal structure.

Related literature

For similar compounds, see: Bin er al. (2008); Ansari et al.
(2006). For the use of sugars as water-solubilizing agents in
macrocycle chemistry, see: Sol et al. (1997); Maillard er al.
(1993); Oulmi ez al. (1995). For the role of sugars in biological
systems, especially proteins, see: Floyd et al. (2009).

H OAc
H/O
AcQ
AcO 0,
H OAc
H H
o\
O\
Experimental

Crystal data

Co3H30010 V =2539.22 (12) A®
M, = 498.47 Z=4
Orthorhombic, P2,2,2, Mo Ko radiation
a=7.9004 (2) A =011 mm™'

b =10.9961 (3) A T=173K

¢ =29.2280 (8) A 0.45 x 0.32 x 0.10 mm

Data collection

Bruker APEXII CCD
diffractometer
13406 measured reflections

Refinement

R[F? = 2a(F%)] = 0.042
wR(F?) = 0.102
§=097

3493 reflections

Table 1 .
Hydrogen-bond geometry (A, °).

Cg is the centroid of the C7-C12 ring.

3493 independent reflections
2644 reflections with 1 > 20(/)
R = 0.053

322 parameters

H-atom parameters constrained
AP = 025 A2

Apin = —020e A7?

D—H---A D—H H---A D---A D—H--.A
C2—H2.--011 1.00 244 3347 (3) 151
C12—H12.--04" 095 245 3321 (3) 152
C19—H19A- - -03" 098 2,54 3510 (3) 171
C19—HI9C- - -08" 098 249 3414 (3) 157
C21—H21C---010" 0.98 2.29 3.252 (4) 168
C23-H23C---Cg" 098 271 3615 (4) 153

Symmetry codes: (i) —x,yv+1 —z+% (i) x— Ly z (i) v+5 —y+L -z (iv)
+h-y+i-nWrny+lz

Data collection: APEX2 (Bruker, 2005); cell refinement: SAINT
(Bruker, 2005); data reduction: SAINT; program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine
structure: SHELXL97 (Sheldrick, 2008); molecular graphics:
ORTEP-3 for Windows (Farrugia, 1997) and SCHAKAL99 (Keller,
1999); software used to prepare material for publication: WinGX
(Farrugia, 1999) and PLATON (Spek, 2009).

This work was supported by the National Research Foun-
dation, Pretoria (NRF, GUN 2053652), the South African
Research Chairs Initiative and the University of the Witwa-
tersrand.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: MW2057).
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A3.1 Supplementary information for paper 1

Supplementary information for:

Polymorphs of N-[2-(hydroxymethyl)phenyllbenzamide: structural characterization and
analysis of molecule::‘molecule interactions by means of atom-atom potentials and DFT

Caitlin. F. Zipp, Manuel. A. Fernandes’, Helder M. Marques, Joseph. P. Michael and

Christopher B. Perry

a b
Figure S1. Microscope photographs of (a) block-like crystals of the more stable polymorph

I, and (b) the needle-like crystals of the meta-stable polymorph II.

" Corresponding author. Telephone: +27-11-7176723. Fax: +27-11-7176749. E-mail:
manuel.fernandes @wits.ac.za
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Single crystal experimental, solution and refinement procedure:

Intensity data were collected on a Bruker APEX |l CCD area detector diffractometer with
graphite monochromated Mo K|, radiation (50kV, 30mA) using the APEX 2 (Bruker, 2005a)
data collection software. The collection method involved ®-scans of width 0.5° and
512x512 bit data frames. Data reduction was carried out using the program SAINT+
(Bruker, 2005b) and face indexed absorption corrections were made using XPREP (Bruker,
2005b).

The crystal structure was solved by direct methods using SHELXTL (Bruker, 1999). Non-
hydrogen atoms were first refined isotropically followed by anisotropic refinement by full
matrix least-squares calculations based on F* using SHELXTL. Hydrogen atoms were first
located in the difference map then positioned geometrically and allowed to ride on their
respective parent atoms. ORTEP diagrams for the two polymorphs are given in Figure S2.
Selected bond lengths and angles are given in Table S1.

Figure S2. ORTEP Diagrams (50% probability level) for polymorphs (a) I and (b) II.
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Table S1. Selected bond lengths (A) and torsion angles (°) for polymorphs I and II.

C(1)-0(1) 14337(17) | 1.429(3)
C(H-C2) 1.5039(18) | 1.515(3)
C(2)-C(7) 1.4075(18) | 1.392(3)
C(7)-N(1) 1.4175(16) | 1.413(3)
C(8)-N(1) 13522(16) | 1.351(3)
C(8)-0(2) 1.2371(15) | 1.226(3)
C(8)-C(9) 1.4951(18) | 1.499(3)
O(1)-C(1)-C(2)-C(3) | -125.23(13) | -134.2(2)
O(1)-C(1)-C(2)-C(7) | 55.83(16) | 48.6(3)
C(5)-C(6)-C(7)-N(1) | -179.31(12) | 179.2(2)
C(3)-CQ)-C(7)-N(1) | 177.87(12) | -178.6(2)
C(H)-CQ)-C(T)-N(1) |-3.16(18) | -1.5(4)
0(2)-C(8)-C(9)-C(10) | -149.19(13) | -158.2(3)
N(1)-C(8)-C(9)-C(10) | 32.11(18) | 20.6(4)
0(2)-C(8)-C(9)-C(14) | 31.93(18) | 21.1(4)
N(1)-C(8)-C(9)-C(14) | -146.77(12) | -160.1(2)
0(2)-C(8)-N()-C(7) | -1.2(2) 1.8(4)
C(9)-C®)-N(1)-C(7) | 177.42(12) | -177.0Q2)
C(6)-C(7)-N(1)-C(8) | -24.8(2) -20.1(4)
C(2)-C(7)-N(1)-C(8) | 157.25(13) | 160.9(3)
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Figure  S3. Packing  diagrams for the two  polymorphs of  N-[2-
(hydroxymethyl)phenyl]benzamide: views down the a axis for polymorphs | (a) and 1l (c);
views down the b axis for polymorphs | (b) and Il (d).
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Figure S4. Solid-state IR spectra for the two polymorphs: polymorph | (upper plot) in red;
polymorph Il (lower plot) in blue. Selected band assignments are as follows: (a) N-H

stretch, (b) O-H stretch and (c) C=0 stretch.
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Intensity (arb. units)

Powder diffraction patterns:

2 e

210000
180000 =
150000 =

120000 =

90000 - /\
[ J\f

%

60000 = -
30000 = N ! ! \ -
D 1 L L L l 1 L 1 L 1 L 1 L l L L 1 1 I L L L L I L 1 L 1 l 1 1 1 L l L 1 L 1 l L L L 1
0 20 24 28 32 36 40
20 (™

Figure S5. Powder patterns for the two polymorphs. Lower diffractograms: measured
data for polymorph Il at 30°C (blue) with calculated pattern (using -100°C coordinates) of
polymorph Il (red) overlayed. Upper diffractograms: measured data for polymorph | at
88°C (post phase transition; green) with calculated pattern (using -100°C coordinates) of
polymorph | (pink) overlayed.
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DSC data:

Aexo

30 40 50 60 70 80 90 100 °C
Lab: METTLER STAR® SW 8.10

Aexo

25 30 35 40 45 50 55 60 65 70 75 80 85 90 85 °C
Lab: METTLER STAR® SW 8.10

b
Figure S6. DSC scans for polymorphs I (a) and Il (b).
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X-ray rotation snapshots:

Figure S7. X-ray CCD snapshots taken on a Bruker Proteum X8 diffractometer with Cu
anode by rotating a crystal 360° around the phi axis, just before the phase transition
(around 80 °C) where it diffracts as a single crystal, and after the phase transition (around
90 °C) where the crystal has broken down into small crystallites and hence diffracts as a
powder. X-ray snapshots taken between these temperatures have elements of both
pictures. This is consistent with the broad phase transition peak that can be seen on the
DSC in Figure S6 above.
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A3.2 Supplementary information for paper 2

Supplementary information for:

Polymorphic diversity: N-phenylbenzamide as a moiety which may
encourage polymorphism

Caitlin F. Zipp, Heinrich W. Dirr, Manuel A. Fernandes,” Helder M. Marques and Joseph P.
Michael

1a 1b

Figure S1. Orientations with highest interaction energies in the polymorphs of 1. 1a (i)
1.5-x, -0.5+y, 1.5-z; -62.8 kJ mol™ (ii) 2-x, -y, 1-z; -23.5 kJ mol™; 1b (i) 1.5-x, 0.5+y, 0.5-z; -
37.8 ki mol™ (i) 1+x, y, z; -27.8 kI mol™.

Figure S2. Orientations with highest interaction energies in the polymorphs of 2. 2a (i)
1+x,y, z; -31.2 k mol™ (i) -0.5-x, 0.5+y, 1.5-z; -19.0 kJ mol™; 2b (i) 1+x,y, z; -28.7 kI mol™*
(ii) -x, 1-y, -z; -17.9 kJ mol™.
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3a 3b

Figure S3. Orientations with highest interaction energies in the polymorphs of 3. 3a (i)
0.5-x, 0.5+y, 0.5-z; -67.8 kJ mol-1 (ii) 1-x, -y, 1-z; -48.8 kJ mol-1; 3b (i) 1-x, 0.5+y, 1.5-z; -
73.7 k) mol-1 (ii) 1+x, y, z; -39.6 k] mol-1.

4a 4b

Figure S4. Orientations with highest interaction energies in the polymorphs of 4. 4a (i) —x,
-y, -Z; -36.7 kI mol™ (ii) 1-x, -y, -z; -36.6 kJ mol'%; (ii) 1-x, 1-y, -z; -32.9 k) mol™; 4b (i) 1-x, 1-
y, 1-z (m1_m2); -49.0 kJ mol™; (ii) 1-x, -y, 1-z (m2_m2); -32.9 k) mol™.
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5a 5b

Figure S5. Orientations with highest interaction energies in the polymorphs of 5. 5a (i)
1+, v, z; -50.4 kJ mol™ (i) 2-x, 1-y, 2-z; -38.9 kJ mol%; (iii) 2-x, 0.5+y, 1.5-z; -34.0 k) mol™;
5b (i) 0.5-x, 0.5+y, z; -71.0 kJ mol™® (ii) 0.5+x, 1.5-y, 1-z; -21.1 kJ mol%; (iii) -x, 2-y, 1-z; -18.1
kJ mol™.

Table S1. O-H...O and C-H...O interaction geometries for polymorphs of 1-5 (4, °).

D-H..A D-H H-A D-A D-H--A
Polymorph 1a°

N1-H1N..01 0.88 2.13  2.822(1) 135
01-H10...02" 0.84 1.96 2.791(1) 168
C6-H6...02 0.95 237 2901(2) 115
C14-H14...02" 095 2.58 3.435(2) 150
Polymorph 1b°

N1-H1N..01 0.88 2.03 2.752(3) 138
01..H10...02" 0.84 1.94 2.763(3) 166
C6-H6...02 0.95 234 2.899(3) 117
C3-H3..02"™ 095 2.62 3.529(3) 160
Polymorph 2a

N1-H1N..01 092 2.48 3.407(2) 166
C3-H3..02Y 0.95 228 2.890(2) 121
Polymorph 2b

N1A-H1NA..O1A 0.88 1.98 2.707(2) 139
N1B-H1NB...01B 0.88 1.96 2.681(4) 139
C1A-H1A...01B™ 095 2.60 3.506(3) 161
C5B-H2B...02A™" 0.95 2.43  3.143(1) 132
Polymorph 3a

N1-H1N..O1 0.87 2.02 2.707(2) 135
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01-H10...N3"
C15-H15A...02""
C15-H15B..01"
C17-H17..02%
Polymorph 3b
N1-H1N..01
01-H10...N3%
C15-H15B...02%
Polymorph 4a
N1-H1N...01
C3-H3..N3"
C15-H15A...02%"
C15-H15B...01*"
C16-H16...N3"
Polymorph 4b
N1A-H1C..O1A
N1B-H1D...01B
C1A-H1A...02A™
C1B-H1B...028""
C10A-H10A...01A™"
C15B-H15C...N3A
C16A-H16A..01A™
Polymorph 5a
N1-H1..03
C3-H3...03""
Polymorph 5b
N1-H1..02%
C3-H3...03"

0.95
0.99
0.99
0.95

0.88
0.84
0.99

0.91
0.95
0.99
0.99
0.95

0.88
0.88
0.95
0.95
0.95
0.99
0.99

0.88
0.95

0.89
0.95

1.75
2.49
2.34
2.44

1.98
1.93
241

1.92
2.57
2.52
2.59
2.59

1.96
1.94
243
2.46
2.50
2.49
2.49

2.05
2.50

2.00
2.51

2.691(2)
3.379(2)
3.250(2)
3.260(2)

2.692(3)
2.756(3)
3.339(3)

2.682(2)
3.385(2)
3.089(2)
3.514(2)
3.538(2)

2.680(2)
2.671(2)
3.334(3)
3.373(3)
3.402(2)
3.428(3)
3.331(3)

2.845(4)
3.327(5)

2.869(2)
3.313(2)

169
149
152
145

138
168
157

140
144
117
156
173

138
139
159
161
159
158
147

150
142

162
142

a - extracted from reference 7 (i) (*/r=x, %+y, */:=2); (i) (1=x, =y,1-2); (iii) (*/2=x, %+y, %=2); (iV) /=X, Ys+y,

%h=12); (v) (=V6—x, Yoty, 3/2—2); (vi) (=, 1=y, 1=2); (vii) (x, 3/2—y, Yat+z); (viii) (1=x, 2—y, 1-2); (ix) (1—x, 1y, 1-z); (x)

(1-x, Y4y, */=2); (Xi) (2—x, <+, */=2); (xii) (=1+x, y, 2); (xiii) (—x, =y, =2); (xiv) (*/2*x, %=y, %+2); (xv) (%=X,

=Vaty, =Va=z); (xvi) (x, 1+y, z); (xvii) (x,=1+y, z); (xviii) (Ya—x, Ya+y, 2); (xix) (Ya—x, —Ya+y, 2).
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Table S2. C-H...wr and C=0...1 interaction geometries for polymorphs of 1-5, where applicable (4, °).

D-H...A H..CgorX.Cg C--Cg C-H...Cg or C-X---Cg
Polymorph 2a

€8=02...cg" 3.971(1) 3.572(2) 62.35(7)
Polymorph 3a

C3-H3...cg™ 2.90 3.640(2) 136
C5-H5...cg'™ 2.75 3.585(2) 147
C18-H18...cg™ 2.98 3.927(2) 176
Polymorph 4b

C1A=01A...cg" 3.787(2) 3.546(2) 69.35(1)
C4B-H4B...cg" 2.92 3.690(3) 139
C13B-H13B..Cg"  2.96 3.814(5) 150
Polymorph 5a

C19-H19...cg™™ 2.88 3.731(5) 150
Polymorph 5b

C14-H14...cg™ 2.89 3.690(2) 143

(i) Cg= C9-C10-C11-C12-C13-C14, (-1+x, y, 2); (ii) Cg = N2-C16-N3-C17-C18, (-%s+X, */»-y, %+2); (i) Cg=C2-C3-
CA4-C5-C6-C7, (¥%-X, -Ya+y, */»-2); (iv) Cg = C9-C10-C11-C12-C13-C14, (1-x, 2-y, 1-z); (v) Cg = C9A-C10A-C11A-
C12A-C13A-C14A, (%4-x, Ja+y, %-2); (vi) Cg = N2A-C16A-N3A-C17A-C18A, (1-x, 1-y, 1-z); (vii) Cg = N2B-C16B-
C17B-N3B-C18B, (x, 1+y, z); (viii) Cg = C2-C3-C4-C5-C6-C7, (2-x, 1-y, 2-2); (ix) Cg = C2-C3-C4-C5-C6-C7, (%X, -

Yy, z).
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Reactions of a corrole-based biomimetic model
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A4.1 Derivation of equations for the determination of stability

constants

The binding isotherm of a system with log K< 4

An equilibrium exists between the chromophore (M) and free ligand in solution:
M+ L & ML
The equilibrium constant can be defined as:

[ML]
[M][L]

From Beer’s Law (where b is the path length of the cell) the initial and final absorbances
can be defined:
Ay = eyb[M],
Ay = &y b[ML]y
At any point during the titration:
A = eyb[M] + &y b[ML]
[M]o = [M] + [ML]
[ML]; = [M]o = [M] + [ML]
~ A= egyb([M]y— [ML]) + ey b[ML]
A =¢gyb[M]y, — eyb[ML] + &y b[ML]
A — eyb[M]y = [ML](eyb + eyb)

A— gyb|M
. (ML) = A= P Mly
eyLb — eyb
A— A
[ML] = -

empb — eub
Equation A4.1
Similarly:
A = gyb[M] + &y b[ML]
A = eyb[M] + &y b([ML], — [M])
A = eyb[M] + &y b[ML]; — £y b[M]
A — eyb[M]; = [M](eyb — &y.D)
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A — eyb[M],
 ewb— fwh
A— A
emb — emb
Equation A4.2

Considering the equilibrium constant:
[ML]

SR TVITTA

Substituting in equations A4.1 and 4.12:
A— A 1 eyb— &b

KzeMLb—eMb'Z' A— A
K = A— A leMLb—eMb
eytb—eyb L A —A
A— A4, 1
)
K[L]:A_AO
A —A
Ag— A
K[L]=A_A1
Assuming that [L]o = [L] and K'is small:
K[L]:AO_A
A— Ay

Ao —A= K[L](A— Ay)
A, — A= K[L]JA - K[L]A,
K[L]IA+ A = K[L]A; + 4,
A(K[L] + 1) = K[L]A; + 4,
At A{K[L]
1+ KJ[L]
Equation A4.3
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The binding isotherm of a system with log K > 4

If Kis large, [L] free # [L]7. An expression for [L] 7. can be derived.
[L]free = [L]r — [ML]
[ML] = [M]r — [M]
[M]r = [ML] + [M]
From the equilibrium constant:
[ML]
K[L]free

[M]r = [ML] +

)
K[L]free

1+ K[L]free>
K[L]free

_ [M]TK[L]free

B 1+ K[L]free

[M]TK[L]free
1+ K[L]free

[M]r = [ML] (1 +
[M]r = [ML]<

- [ML]

[L]free = [L]T -

g [L]free(1 + K[L]free) = [L]T(1 + K[L]free) - [M]TK[L]free
[L]free + K[L]free2 = [L]T + K[L]T[L]free - [M]TK[L]free
K[L]freez + 1+ [M]-K — [L]TK)[L]free — [Llr= 0

This has the form:
a; [L]freez + a; [L]free +a3;=0
wherea; = K;a, =1+ [M]rK — [L]rK and a3 = —[L]r

—a, +a,%? —4a,a;

[L]free =

2a4
[L]free >0
—a, ++/a;? — 4a,a3
[L]free =

2a4
Substituted into equation A4.3:

_ AO + AlK[L]free
1+ K[L]free
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Ay +A1K<

L+ K (—az +./a,? — 4a1a3>

_az + azz - 4a1a3
2a4

A=

2a4

A0+A1K< 57

—(1 + [M]K = [L17K) + /(A + [M]K — [L]7K)? + 4K[L]T>

- K(—(1+ [M]7K — [L17K) + /(1 + [M]7K — [L]7K)? +4K[L]T>
2K

Ao+ A5 (= + [MIgK — [L1K) + T+ [MIrK — [L1;K)? + 4K [LIy)

1 +%(—(1 + [M]7K — [L]7K) + /(1 + [M]+K — [L]rK)? + 4K[L]7)

Equation A4.4
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A4.2 Derivation of equations for the correction of K taking free

ligand and metal into account

An equilibrium exists between the chromophore (M) and free ligand in solution:
M+ Ly & ML
The equilibrium constant can be defined as:

[ML]

K= i

An equilibrium also exists for the ligand:
LH=L+HY K,

Assume L and not LH binds to M

_ [L[H)
KaL - [LH]
[Lr] = [L] + [LH]
oy [0
[Lr] =[L]+ K.

_ [H*]
[Lr] = L] <1+ m)
= e

1+ K_aL
[Lr]
[L] = m

Equation A4.5

Thus the fraction of available ligand is given by:
1
1+ 10PKa—PH
In addition to the equilibrium between protonated and deprotonated ligand, there exists
an equilibrium between the aqua and hydroxo form of the metal as follows:
M-H,0 = M-OH+ H*
The equilibrium constant can be defined as:
_ [M-OH][H"]
T M-H,0]

M-H,0 and not M-OH is able to undergo ligand substitution reactions as follows:
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M-H,0 + L = M-L + H,0

ML
~ [M-H,O][L]
Thus:
ML
~ [M7][L]
[M;] = [M-H,0] + [M-OH]
K, [M-H,0
[M7] = [M-H,0] + %
_ KaM
[M,] = [M-H,0] (1 + [H+])
[M-H,0] = [M—IT(lM
1+ ﬁ
» [M-H,0] = [Mr]

1 + 10PH-PKam
Equation A4.6
Thus the fraction of available chromophore is given by:

1
1 + 10PH- PKam

From the equilibrium between the chromophore and ligand we have:

M+L; =ML

Taking the free ligand (Equation A4.5) and free chromophore (Equation A4.6) into

account:
ML)
ML
= [ML] a~— - aM
K= T (1 + 10PKa=PHY(1 4 10PH~ PKan)
Thus:

K= K,,s(1+ 10pKa_pH)(1 + 10PH- pKaM)
Equation A4.7
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A4.3 Derivation of equations for the determination of pH-

independent k values

The reaction between the metal and an incoming ligand has an associated rate constant

as follows:
Kops
N—Co—OH, + L — N—-Co—-L + H,0
where
d[N — Co — L] I
T = kij[N = Co — OH,][L]

where k!l . is the observed second order rate constant. Under pseudo first order

conditions, where [L]>>[N — Co — L], such that:
d[N—Co-L]
Ao = el ys[N = Co— OH,] and  klps = klhglL]
k!,s changes with increasing ligand concentration in a linear fashion and from the
gradient of this plot, ké’bs is determined. If the intercept does not pass through the origin,
the value of the intercept corresponds to the first order rate constant of the reverse

reaction, the hydrolysis of [N — Co — L] by water.

kM o will vary with pH for two reasons. Firstly, there exists an equilibrium for the
incoming ligand:

LH=L+H* K,
where only L, and not LH*, will react with cobalt(lll). Secondly, an equilibrium exists
between the aqua and hydroxo form of the metal as follows:

M-H,0 = M-OH + H*

where the hydroxo complex is inert to substitution.

As in Appendix 4.2, Equations A4.5 and A4.6, expressions for the free ligand and aqua
form of the metal are taken into account:
k' = kI (14 10PKar=PHY) (1 4 10PH-PKanm)
Equation A4.8
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A4.4 Wavelength dependence of pK;, values

The spectroscopic changes of DPTC-Co and vitamin By, in a buffered 80:20
methanol:water solvent system associated with the increase in pH are illustrated in
Figures A4.1 and A4.3 respectively. The raw absorbance data for these two titrations can
be found in Digital Appendix 4.1. The transposed data used for the determination of the
stability constant can be found in Tables A4.1 and A4.2 and the binding isotherms are
illustrated in Figure A4.2 and A4.4. pK, values were calculated by non-linear least squares

methods by fitting the data to Equation 4.4.1 (Section 4.4)

Absorbance (A. U.)

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure A4.1 Spectroscopic changes of DPTC-Co in aqueous 80:20 methanol:buffer solution with
varying pH
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Table A4.1

Transposed data for the determination of the pK,s of DPTC-Co at specific wavelengths and the weighted overall pK,s and associated

errors

pH Absorption at wavelength (nm)
300 400 425 452 579 621 696

3.545 0.334 0.664 0.927 0.680 0.061 0.059 0.081
3.73 0.343 0.669 0.937 0.686 0.061 0.058 0.082
4.187 0.351 0.669 0.934 0.686 0.062 0.058 0.082
4.632 0.354 0.667 0.928 0.686 0.062 0.058 0.080
5.14 0.356 0.662 0.922 0.682 0.062 0.058 0.078
5.625 0.357 0.658 0.916 0.678 0.061 0.057 0.078
6.255 0.359 0.647 0.901 0.669 0.060 0.056 0.077
6.939 0.363 0.629 0.882 0.657 0.056 0.055 0.078
7.451 0.366 0.621 0.874 0.656 0.056 0.056 0.080
7.835 0.367 0.607 0.862 0.654 0.055 0.060 0.079
8.187 0.370 0.597 0.853 0.658 0.056 0.068 0.078
8.636 0.370 0.588 0.844 0.658 0.057 0.074 0.076
8.881 0.375 0.566 0.821 0.673 0.061 0.099 0.071
9.001 0.378 0.562 0.814 0.676 0.064 0.109 0.071
9.272 0.386 0.547 0.796 0.695 0.071 0.134 0.066
9.47 0.392 0.531 0.777 0.708 0.077 0.155 0.061
9.753 0.404 0.512 0.753 0.729 0.085 0.190 0.053
9.913 0.410 0.498 0.735 0.742 0.090 0.211 0.047
10.121 0.437 0.456 0.680 0.788 0.109 0.284 0.030
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TableA4.1 continued

10.241
10.452
10.753
11.158
11.475
11.707

K1
err

1/Rel % Error

Sum (1/Rel % Error)
Weighted K; fraction

Weighted error fraction

Weighted K;
Weighted err

pK1

o

K>
err

1/Rel % Error

0.475
0.474
0.457
0.460
0.463
0.471

No fit

8.358 x 10

2.101x 107
1.029 x 107

6.68
0.17

1.619x 10
3.377x 10"
4.795 x 102

0.436
0.416
0.409
0.406
0.400
0.401

1.072 x 10”7
3.768 x 10°®
2.844 x 10™

3.647 x 10°®
1.282 x 10°®

1.596 x 10°™%°
1.785x 10
8.941 x 102

0.655
0.632
0.625
0.621
0.612
0.611

2.787 x 107
1.121 x 107
2.486 x 107

8.289 x 10®
3.334x10°®

1.584 x 107
1.640x 10"
9.660 x 10

0.803
0.816
0.814
0.815
0.814
0.815

3.740 x 10~
2.251x107
1.662 x 10

7.436 x 10
4.476 x 10°®

1.918 x 10™%°
2.509 x 10
7.645 x 102

0.117
0.122
0.121
0.122
0.123
0.126

9.997 x 10®
7.320x 10°®
1.366 x 10

1.634x 10°®
1.196 x 10°®

1.763 x 107
2.242 x 10
7.863 x 10~

0.314
0.337
0.340
0.343
0.347
0.352

No fit

1.163 x 10™%°
1.737x 10"
6.693 x 102

0.023
0.018
0.015
0.015
0.014
0.016

No fit

1.456 x 107
1.670x 10"
8.720x 10
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TableA4.1 continued

Sum (1/Rel % Error) 0.543 2.627x10™  2.818x10™ 2.699x 10" 2.552x10"  1.433x10™ 2.338x10"
Weighted K, fraction 1.430x10™  2.938x10™ 2.917x10% 3.531x10™ 3.246x10™ 2.140x10** 2.681x10™
Weighted error fraction 2.981x10™"

Weighted K, 1.590 x 10™°

Weighted err 2.043x10™

pK; 9.80

(o] 0.05
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Absorbance at 621 nm

Figure A4.2
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Absorbance changes of DPTC-Co in 80:20 methanol:buffer solution with varying pH
between 6.9 and 11.7 at 621 nm. Solid circles indicate the experimentally determined
absorbances. Solid line indicates the best fit curve for pK, = 9.76 + 0.06 in Equation 4.4.1
(Section 4.4)

300

Figure A4.3

350 400 450 500 550 600 650 700
Wavelength (nm)

Spectroscopic changes of vitamin Bj,, in aqueous 80:20 methanol:buffer solution with
varying pH
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Table A4.2

Transposed data for the determination of the pK, of vitamin B,,, at specific wavelengths and the weighted overall pK, and associated

errors

pH Absorption at wavelength (nm)
310 350 425 480 530 550

4.138 0.304 1.215 0.102 0.310 0.375 0.187
4.559 0.310 1.218 0.102 0.311 0.378 0.190
5.036 0.313 1.222 0.103 0.311 0.379 0.193
5.837 0.322 1.210 0.105 0.310 0.382 0.197
6.429 0.338 1.193 0.111 0.307 0.387 0.207
6.651 0.350 1.179 0.114 0.304 0.392 0.215
7.079 0.387 1.132 0.126 0.297 0.404 0.237
7.198 0.401 1.117 0.131 0.294 0.408 0.245
7.344 0.419 1.092 0.137 0.290 0.415 0.256
7.730 0.467 1.028 0.153 0.281 0.431 0.285
7.970 0.493 0.999 0.162 0.276 0.440 0.301
8.119 0.506 0.983 0.165 0.274 0.444 0.309
8.233 0.513 0.975 0.166 0.272 0.446 0.314
8.361 0.520 0.971 0.168 0.272 0.449 0.319
8.522 0.529 0.961 0.170 0.271 0.452 0.324
8.725 0.536 0.958 0.172 0.270 0.454 0.328
9.133 0.550 0.952 0.174 0.270 0.457 0.334
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Table A4.2 continued

Ka

Err

Rel % Error

1/Rel % Error

Sum (1/Rel % Error)
Weighted K, fraction
Weighted error fraction
Weighted K,

Weighted err

pK,

3.774x 10
1.822x10°
4.828
0.207
1.675
4.667 x 107
2.25x10™
4.014x10°®
1.427 x 10°

7.40
0.02

3.952x10°®
1.307 x 10°
3.306
0.302

7.137 x 10°
2.360 x 10

4.118x 107
8.685x 10
2.109
0.474

1.166 x 10°®
2.459 x 10™°

4.381x10°
1.648 x 10°
3.761
0.266

6.957 x 10°
2.616x 10

3.928x 10
1.962 x 10°
4.995
0.200

4.696 x 10°
2.346 x 10

3.740x 107
1.663 x 10°
4.446
0.225

5.023 x 10°
2.233x 10
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Figure A4.4 Absorbance changes of vitamin Bi,, in 80:20 methanol:buffer solution with varying pH at
350 nm. Solid circles indicate the experimentally determined absorbances. Solid line
indicates the best fit curve for pK, = 7.40 £+ 0.02 from Equation 4.4.1 (Section 4.4)
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A4.5 Beer’s Law

The data pertaining to the determination of the extinction coefficient of DPTC-Co (as in

Figure 4.5.2, Section 4.5.3) is presented in Table A4.3.

Table A4.3 The increase in absorbance with increasing DPTC-Co concentration at specific
wavelengths

DPTC-Co concentration Absorbance (A. U.) at wavelength (nm)
(Mx10%) 388 437 610

0 -0.013 -0.011 -0.006
0.0782 0.013 0.014 -0.001
0.156 0.040 0.040 0.006
0.313 0.094 0.093 0.022
0.469 0.151 0.151 0.034
0.702 0.231 0.232 0.053
0.935 0.313 0.313 0.074
1.167 0.379 0.382 0.088
1.399 0.463 0.467 0.109
1.630 0.546 0.552 0.128
1.938 0.663 0.665 0.157
2.321 0.811 0.806 0.194
2.702 0.958 0.946 0.229
3.082 1.108 1.089 0.267
3.460 1.257 1.229 0.300
3.837 1.410 1.372 0.335
4.213 1.559 1.511 0.375
4.587 1.711 1.649 0.409
4.959 1.862 1.788 0.448
5.330 2.017 1.927 0.483
5.700 2.164 2.062 0.521

The regression statistics and ANOVA tests for the fit of the data to the linear best-fit line
are summarised in Table A4.4
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Table Ad4.4 Statistical analysis of the linear relationship between increase in absorbance and concentration of DPTC-Co at specific wavelengths

Data from wavelength (nm)

388 Regression Statistics
Multiple R 0.999463503
R Square 0.998927294
Adjusted R Square  0.998870836
Standard Error 0.02405253
Observations 21
ANOVA
Significance
df SS MS F F
Regression 1 10.2359542  10.2359542  17693.21627 1.11334E-29
Residual 19 0.01099196 0.00057852
Total 20 10.2469461
Standard Lower Upper
Coefficients Error t Stat P-value Lower 95%  Upper 95% 95.0% 95.0%
Intercept -0.0449737  0.00850066 -5.29061327  4.17129E-05 -0.06276579 -0.0271816 -0.06276579 -0.02718161
X Variable 1 38136.2730  286.704728 133.0158497 1.11334E-29 37536.19315 38736.352 37536.1931 38736.3529
437 Regression Statistics
Multiple R 0.999878434
R Square 0.999756883
Adjusted R Square  0.999744087
Standard Error 0.010948913
Observations 21
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Table A4.4 continued

610

ANOVA
Significance
df SS MS F F
Regression 1 9.366431377 9.366431377 78132.575  8.3589E-36
Residual 19 0.002277695 0.000119879
Total 20 9.368709073
Upper Lower Upper
Coefficients  Standard Error t Stat P-value Lower 95% 95% 95.0% 95.0%
Intercept -0.0281717  0.003869572  -7.280315528  6.600E-07 -0.0362708 -0.020072 -0.0362708 -0.0200725
X Variable 1 36480.531 130.5103901 279.5220492  8.358E-36  36207.3702 36753.69 36207.370 36753.693
Regression Statistics
Multiple R 0.999423459
R Square 0.998847251
Adjusted R Square  0.998786579
Standard Error 0.006019241
Observations 21
ANOVA
Significance
df SS MS F F
2.20577E-
Regression 1 0.596487352 0.596487352 16463.33226 29
Residual 19 0.000688394 3.62313E-05
Total 20 0.597175746
Lower Upper
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 95.0% 95.0%
Intercept -0.0136525 0.002127324  -6.417705541 3.74112E-06  -0.018105 -0.009199  -0.018105 -0.009199
X Variable 1 9206.0790 71.74899619 128.3095174 2.20577E-29  9055.9067 9356.2514 9055.9067 9356.2514
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A4.6 Wavelength dependence of stability constants

The spectroscopic changes associated with the coordination of DMAP to DPTC-Co are
illustrated in Figure A4.5 and to vitamin By, in Figure A4.7. The raw absorbance data and
data corrected for dilution for these two titrations can be found in Digital Appendix 4.2.
The transposed data used for the determination of the stability constant can be found in
Tables A4.5 and A4.6 and the binding isotherms are illustrated in Figure A4.6 and A4.8.
The final stability constants were determined from the sum of the weighted K,,s values
obtained for each wavelength at which there was a large spectral change. pH-
independent stability constants, K, were determined using Equation A4.7. Stability
constants were determined using Equation A4.3. In the case of K>4 (as in this case)
stability constants were determined using Equation A4.4. The error was calculated from
the sum of weighted relative percentage error reciprocals using Microsoft Excel. These
are examples of the determination of the stability constants for the binding of DMAP to
DPTC-Co and to vitamin Bq,,. The transposed data and binding isotherms for the binding

of other ligands can be found in Digital Appendix 4.3.

o
o

Absorbance (A. U.)
© o o o
N w H (0,

.
[y

o

300 400 500 600 700 800
Wavelength (nm)

Figure A4.5 Spectroscopic changes associated with the binding of DMAP to DPTC-Co
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Table A4.5

Transposed data for the determination of the stability constant for the binding of

DMAP to DPTC-Co at specific wavelengths and the weighted overall stability
constant and associated errors

DMAP concentration (M x 10”)

Absorption at wavelength (nm)

385 437 450 617
0.000 0.650 0.669 0.517 0.150
0.146 0.635 0.687 0.538 0.163
0.509 0.593 0.716 0.573 0.180
1.088 0.544 0.757 0.624 0.209
2.163 0.475 0.800 0.675 0.236
3.576 0.426 0.833 0.717 0.262
5.656 0.390 0.862 0.750 0.280
9.016 0.353 0.877 0.768 0.287
12.251 0.337 0.888 0.781 0.296
16.582 0.327 0.897 0.791 0.301
22.400 0.316 0.904 0.798 0.306
27.824 0.310 0.909 0.803 0.309
K 55165.215 67366.170 71190.250 69850.143
err 1301.937 2878.137 2483.448 3795.229
[Metal] (M x 10°®) 9.710 4.630 7.270 8.130
Err (x 10°°) 1.920 2.180 1.970 3.500
Relative % Error 2.360 4.272 3.488 5.433
1/Rel % Error 0.424 0.234 0.287 0.184
Sum (1/Rel % Error) 1.128
Weighted K fraction 20713.102 13972.581 18083.832 11392.028
Weighted error fraction 488.843 596.961 630.848 618.973
Weighted K 64161.543
Weighted err 2335.626
Corrected weighted K 210196.294
Corrected weighted error 7651.624
Log K 5.32
c 0.02
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Figure A4.6 Change in absorbance at 385 nm with increasing concentration of DMAP during the

coordination of DMAP to DPTC-Co. Solid circles indicate the experimentally determined
absorbances. Solid line indicates the best fit curve from Equation A4.4
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Figure A4.7 Spectroscopic changes associated with the binding of DMAP to vitamin By,
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Table A4.6 Transposed data for the determination of the stability constant for the binding of
DMAP to vitamin Bi,, at specific wavelengths and the weighted overall stability
constant and associated errors

DMAP concentration (M x 10) Absorption at wavelength (nm)

357 370 411 520
0.000 2.063 0.963 0.433 0.985
0.027 2.065 0.963 0.434 0.986
0.162 2.077 0.968 0.433 0.987
0.430 2.081 0.971 0.433 0.987
0.960 2.101 0.983 0.439 0.987
1.481 2.120 0.996 0.436 0.984
1.995 2.133 1.008 0.437 0.983
2.500 2.158 1.018 0.437 0.983
2.998 2.162 1.031 0.438 0.979
4.210 2.194 1.052 0.439 0.978
5.377 2.224 1.076 0.446 0.975
6.502 2.247 1.090 0.443 0.972
7.587 2.281 1.107 0.444 0.972
8.634 2.292 1.124 0.446 0.964
10.623 2.323 1.145 0.447 0.962
12.481 2.351 1.169 0.451 0.957
14.223 2.376 1.186 0.451 0.952
15.857 2.395 1.206 0.455 0.949
18.844 2.418 1.221 0.454 0.946
21.504 2.441 1.244 0.460 0.937
K 57.573 45.038 19.687 No fit
err 2.715 1.805 12.008
Relative % Error 4.716 4.008 60.992
1/Rel % Error 0.212 0.249 0.016
Sum (1/Rel % Error) 0.478
Weighted K fraction 25.545 23.510 0.675
Weighted error fraction 1.205 0.942 0.412
Weighted K 49.730
Weighted err 2.559
Corrected weighted K 9758.509
Corrected weighted error 502.110
Log K 3.99
c 0.02
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Figure A4.8 Change in absorbance at 385 nm with increasing concentration of DMAP during the

coordination of DMAP to vitamin Bi,,. Solid circles indicate the experimentally
determined absorbances. Solid line indicates the best fit curve from Equation A4.4
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A4.7 Kinetic data

Examples of the raw data collected for the determination of the rate of cyanide
coordination to both DPTC-Co and vitamin Biy, can be found in Digital Appendix 4.4
together with the data corresponding to the calculated best fit curve. An example of the
change in absorbance at 434 nm with time for the coordination of cyanide to DPTC-Co is
given in Figure A4.9. This is followed by a summary of the results and regression analysis
of the standard non-linear least squares curve fitting data. Similarly, an example of the
change in absorbance at 361 nm with time for the coordination of cyanide to vitamin By,
is given in Figure A4.10, followed by a summary of the results and regression analysis of

the standard non-linear least squares curve fitting data.
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Figure A4.9 The change in absorbance at 434 nm with time for the coordination of cyanide to DPTC-Co
in the 80:20 methanol:water solvent system at 15.0°C and ligand concentration of 1.454 x
10° M. Black circles indicate the experimentally determined absorbances. Red line
indicates the best fit curve for k; = 0.60 * 0.08 from Equation 4.2.4 (Section 4.2)
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NonLinear Regression - Global Curve Fitting
Data Source: Data 3 in 15C.JNB
Equation: User-Defined, FirstOrder Kinetics

f = (A1-Ainf)*exp(-k*x) + Ainf

Data Set Specifications:

Data Set Independent Variable Dependent Variable
1 Column 1 Column 2
2 Column 1 Column 3
3 Column 1 Column 4
4 Column 1 Column 5
5 Column 1 Column 6
6 Column 1 Column 7
7 Column1 Column 8
8 Column 1 Column 9

Global Parameters:

A Global Parameter is shared across all data sets.

Global Goodness of Fit:

R Rsqr Adj Rsqr Standard Error of Estimate

0.98943327 0.97897820 0.97895072

Analysis of Variance:

Analysis of Variance:

DF SS
Regression 24 1.80024893
Residual 17592 0.00433465
Total 17616 1.80458358

0.00049639

MS
0.07501037
0.00000025
0.00010244
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Corrected for the mean of the observations:

DF SS MS F P
Regression 23  0.20186314 0.0087766635619.72749789<0.00000001
Residual 17592  0.00433465 0.00000025
Total 17615  0.20619779 0.00001171

Statistical Tests:

Normality Test (Kolmogorov-Smirnov) Failed (P =<0.00000001)
K-S Statistic = 0.02963206  Significance Level = 0.05000000

Constant Variance Test Failed (P =<0.00000001)

Data Set 1:
Number of Observations = 2202
Rsqr =0.98186976
Residual Sum of Squares = 0.00034859
Parameter Estimates:
CoefficientStd. Error t P
Al -0.01279099 0.00003179-402.37808466<0.00000001
Ainf -0.00392938 0.00002203-178.38014045<0.00000001
k 0.32109269 0.0032853597.73465344 <0.00000001

Data Set 2:
Number of Observations = 2202
Rsqr =0.95536714
Residual Sum of Squares = 0.00076841
Parameter Estimates:
CoefficientStd. Error t P
Al -0.01562762 0.00002915-536.14650268<0.00000001
Ainf -0.00745889 0.00002410-309.54186915<0.00000001
k 0.26730948 0.0029931989.30592388 <0.00000001
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Data Set 3:
Number of Observations = 2202
Rsqr = 0.96870461
Residual Sum of Squares = 0.00061069
Parameter Estimates:
CoefficientStd. Error t P
Al -0.01449059 0.00003258-444.79672667<0.00000001
Ainf -0.00557982 0.00002157-258.73677722<0.00000001
k 0.33699067 0.0034294698.26348514 <0.00000001

Data Set 4:
Number of Observations = 2202
Rsqr =0.97628653
Residual Sum of Squares = 0.00049467
Parameter Estimates:
CoefficientStd. Error t P
Al -0.01612161 0.00002920-552.14341504<0.00000001
Ainf -0.00703041 0.00002405-292.35988785<0.00000001
k 0.26834084 0.0026989199.42555201 <0.00000001

Data Set 5:
Number of Observations = 2202
Rsqr =0.98368814
Residual Sum of Squares = 0.00035820
Parameter Estimates:
CoefficientStd. Error t P
Al -0.01700430 0.00003413-498.19216354<0.00000001
Ainf -0.00737700 0.00002079-354.77717693<0.00000001
k 0.36803328 0.00347575105.88606132<0.00000001
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Data Set 6:
Number of Observations = 2202
Rsqr =0.97541776
Residual Sum of Squares = 0.00053970
Parameter Estimates:
CoefficientStd. Error t P
Al -0.01674328 0.00003110-538.40151235<0.00000001
Ainf -0.00734194 0.00002248-326.57810541<0.00000001
k 0.30712213 0.00296419103.61085827<0.00000001

Data Set 7:
Number of Observations = 2202
Rsqr =0.97118899
Residual Sum of Squares = 0.00058477
Parameter Estimates:
CoefficientStd. Error t P
Al -0.01296525 0.00003478-372.82044067<0.00000001
Ainf -0.00372517 0.00002052-181.56991226<0.00000001
k 0.38080141 0.00375382101.44369644<0.00000001

Data Set 8:
Number of Observations = 2202
Rsqr = 0.96747578
Residual Sum of Squares = 0.00062961
Parameter Estimates:
CoefficientStd. Error t P
Al -0.01350197 0.00003059-441.31329530<0.00000001
Ainf -0.00473295 0.00002285-207.17049557<0.00000001
k 0.29689951 0.0030756596.53220545 <0.00000001
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Figure A4.10 The change in absorbance at 361 nm with time for the coordination of cyanide to vitamin
By, in the 80:20 methanol:water solvent system at 15.0°C and ligand concentration of
5.238 x 10> M. Black circles indicate the experimentally determined absorbances. Red line
indicates the best fit curve for k; = 0.60 * 0.08 from Equation 4.2.4 (Section 4.2)

NonLinear Regression - Global Curve Fitting
Data Source: Data 3 in 15C.JNB
Equation: User-Defined, FirstOrder Kinetics

f = (A1-Ainf)*exp(-k*x) + Ainf

Data Set Specifications:

Data Set Independent Variable Dependent Variable
1 Column1 Column 2
2 Column 1 Column 3
3 Column 1 Column 4
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Global Parameters:

A Global Parameter is shared across all data sets.

Global Goodness of Fit:

R Rsqr Adj Rsqr Standard Error of Estimate
0.99957028 0.99914074 0.99914002 0.00131562

Analysis of Variance:

Analysis of Variance:

DF SS MS
Regression 9 32.95097370 3.66121930
Residual 9543 0.01651761 0.00000173
Total 9552 32.96749132 0.00345137

Corrected for the mean of the observations:
DF SS MS F P
Regression 8 19.20656131 2.400820161387066.29798840 <0.00000001
Residual 9543 0.01651761 0.00000173
Total 9551 19.22307893 0.00201268
Statistical Tests:
Normality Test (Kolmogorov-Smirnov) Failed (P =<0.00000001)
K-S Statistic = 0.08845325  Significance Level = 0.05000000
Constant Variance Test Failed (P =<0.00000001)

Data Set 1:
Number of Observations = 3184
Rsqr =0.99915235
Residual Sum of Squares = 0.00582444
Parameter Estimates:
CoefficientStd. Error t P
Al -0.00173579 0.00003413-50.85521176 <0.00000001
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Ainf 0.16125699 0.00017260934.28321100<0.00000001
k 0.01218945 0.00002679454.92277753<0.00000001

Data Set 2:

Number of Observations = 3184

Rsqr =0.99911739

Residual Sum of Squares = 0.00545796

Parameter Estimates:

CoefficientStd. Error t P
Al 0.00226126 0.0000341866.16469476 <0.00000001
Ainf 0.15591067 0.00016880923.63790016<0.00000001
k 0.01238420 0.00002845435.32063170<0.00000001

Data Set 3:
Number of Observations = 3184
Rsqr =0.99915021
Residual Sum of Squares = 0.00523521
Parameter Estimates:
CoefficientStd. Error t P
Al 0.00114349 0.0000341133.51909357 <0.00000001
Ainf 0.15586504 0.00017413895.08939764<0.00000001
k 0.01211337 0.00002822429.26470308<0.00000001
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