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Abstract

Bitumen is a key Canadian petroleum resource making up 33% of the world’s
demand. Bitumen contains naphthenic acids, an undesired component, both
environmentally and industrially, due to their toxicity and acidity. Many methods have
been proposed for lowering the toxic effects of these acids, to reduce their harmful
environmental impacts and to increase the value of the bitumen. In this work,
esterification and metal coordination, to zinc and magnesium, were chosen to derivatize
several model naphthenic acid compounds, in an attempt to reduce toxicity, bitumen
viscosity and corrosion to metal infrastructure.

The RP-HPLC partition coefficient determination showed that esterification is a
better method for reducing the polarity of naphthenic acids compared to metal
coordination complexes. This is due to the metal complexes also coordinating to water,
which is confirmed by the crystal structure data. This water coordination raises the
water affinity and polarity of the metal complexes to a higher level than expected. Both
the esterification method and the metal coordination method demonstrate the ability to
reduce the polarity of model naphthenic acids.
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Chapter 1 - Introduction

1.1 Overview of Athabasca Bitumen

Bitumen is the product of sedimentary organic matter that has been buried and
decomposed over the course of millions of years. This breaks down cellular walls and
proteins into basic organic compounds. More than 1.2 trillion barrels of bitumen are
estimated to reside within the Earth' and this meets about 33% of the world’s oil
demands?. Bitumen is a class of heavy oil that is particularly viscous and contains toxic
compounds; these compounds result from the interactions between the decomposing
organic materials. Part of what makes bitumen toxic is the presence of naphthenic acids
that are produced during the formation of bitumen. In Canada, bitumen is primarily

extracted from northern Alberta, in the Athabasca and Cold Lake regions.

The presence of these acids within bitumen is a serious problem both
environmentally and industrially due to their chemical properties. Naphthenic acids are
naturally occurring carboxylic acids and have relatively high polarities compared to other
organic molecules. This polarity makes the acids soluble in aqueous systems, where
they lower the pH. As well, toxic organic molecules are introduced to the environment,
where the acids act as surfactants. This property of naphthenic acids is the initial reason

why oil spills are environmentally devastating.

Industrially, naphthenic acids are financially detrimental. Naphthenic acids cause
corrosion to metal infrastructure as it promotes oxidation on the metal surfaces. The
cost to maintain or replace infrastructure within the oil industry is expensive due to the

specialization of the equipment. The TAN of bitumen directly influences the price at



which a barrel of oil can be sold; a relatively high Total Acid Number can reduce the
price of a barrel of oil by up to 40%3. The presence of naphthenic acids directly
influences the Total Acid Number (TAN) of the bitumen and also creates a source of
hydrogen bonding within the bitumen. The TAN is defined as the amount of potassium
hydroxide (in milligrams) needed to neutralize one gram of oil. The TAN is an industrial
term to denote the amount of acidic material that is present within petroleum products. It
is these acids that also create a source of hydrogen bonding within bitumen as the
majority of bitumen is a collection of nonpolar hydrocarbons. The acidic protons of the
naphthenic acids are able to cross link with the polar heads of other naphthenic acids to
increase the intermolecular forces present within bitumen through this hydrogen

bonding.

The primary intermolecular forces that are present within bitumen are van der
Waal’s forces; bitumen has a high viscosity as a result. The presence of naphthenic
acids introduces a source of hydrogen bonding, which results in the formation of
intermolecular cross linking. This cross linking is able to act as a type of net and further
prevent movement of bitumen particles; this is another contributing factor to the high

viscosity of bitumen.

1.2 Overview of Naphthenic acid structure

Naphthenic acids are defined by the International Union of Pure and Applied
Chemistry as “acids, chiefly monocarboxylic, derived from naphthenes.” > Naphthenes

are “cyclo-alkanes especially cyclo-pentane, cyclo-hexane and their alkyl derivatives.”®



It is worth noting that both of the defined terms are antiquated and no longer used,
except within the petroleum and petrochemical industries. There is no single form of
naphthenic acid in bitumen, instead there is a mixture of hundreds of different cyclo-
pentyl and cyclo-hexyl carboxylic acids with molecular weights of 120 to well over
700 atomic mass units. The main fraction consists of carboxylic acids with a carbon
backbone of 9 to 20 carbon atoms. Molecular structures of naphthenic acids tend to
follow the general formula of CnH2n+z02. McKee et al. claim that "naphthenic acids are

primarily cyclo--aliphatic carboxylic acids with 10 to 16 carbons."’

OO
@mmm
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o 0
—6 Q o R OoH OH
[ ~oH ' '
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Figure 1: General molecular structures of naphthenic acids for the Z = 0, -2, -4 and —6 series
with both five and six carbon rings present and n 2 5 following the generalized formula of CnHzn+20,.8

The toxicity of the chemicals is dependent upon their physical and/or chemical
properties, but also upon the amount of exposure and the frequency of exposure®. In

Northeastern Alberta, oil sand mining involves the removal of water from the Athabasca



River basin. Water produced from the extraction of bitumen from oil sands is referred to
as oil sands process water (OSPW)!°. Naphthenic acids and other organic compounds

are dissolved and concentrated in oil sands process water*!.

Briefly, it is important to eliminate naphthenic acids due to the polar head group
(COOH) that they possess. This polar head group allows naphthenic acids to undergo
hydrogen bonding and to act as a surfactant within the bitumen. The elimination of the
polar head group will reduce the bitumen’s acidic nature, which is a disruption to
industry, and highly toxic to other organisms. As well, it will reduce the hydrogen

bonding forces within the bitumen, which will also reduce the overall viscosity.

1.3 Toxicity of Naphthenic acids

The naphthenic acids in bitumen are dangerous as they can disperse into the
environment through waterways. This is possible as they are soluble in the aqueous
phase and act as a surfactant to other harmful components of bitumen. A majority of
these naphthenic acids will dissociate and diffuse throughout the water column. They

can be easily distributed by bulk transportation or leaching processes??.

Aquatic organisms are more sensitive to naphthenic acids than mammals; the
lowest chronic (60-days) LCso for fish was 1.4 mg/L for juvenile chum salmon
(Oncorhynchus keta), while the lowest acute (96-hours) LCso was 20 mg/L for the same
species. Mammals required an oral LDso of 1.75-3.55 g/kg body weight'3. Both groups,

however, presented significant non-lethal effects from exposure to naphthenic acids,



ranging from glycogen accumulation in muscle tissue, to central nervous system

depression and convulsions.

1.4 Reduction of polarity in Naphthenic acids

There are various methods that can be used to neutralize the harmful effects of
naphthenic acids: (i) the addition of a base to neutralize the acid, (ii) esterification
through the use of an alcohol, an organic reaction to convert the acid to an aldehyde or
a primary alcohol, or (iii) coordination of the acid to a metal center via the activation of
the nucleophile!4. The coordination method was chosen to be the focus of this research
as it provides an inexpensive way to neutralize the naphthenic acids without highly

reactive or toxic additives.

All of these methods result in deprotonation of the naphthenic acids. This
deprotonation not only reduces the toxic impact of the molecules but also diminishes the
intermolecular forces present due to a reduction in the hydrogen bonding. The reduction
of these forces, in turn, diminishes the viscosity of the bitumen, as the molecules flow

past one another more easily.

Several factors were considered when selecting the method to be used, namely
the overall scale and the cost. In terms of scale, the chosen method had to be able to
eliminate the naphthenic acids at a high rate in order to meet a production speed of 3
million barrels of bitumen daily, a volume expected to increase to over 4 million barrels

a day in a decade in Canada alone. In terms of cost, the method had to be cost effective



and not produce harmful impurities that are either expensive to remove or damaging to

metal infrastructure.

1.4.1 Acid base neutralization

The addition of a base is the simplest method to neutralize an acid, but this
introduces the necessity of having to be exact. Otherwise, the toxic effects caused by
the acids will instead be replaced by the toxic effects caused by the base. A perfect 1:1
molar ratio will have to be obtained; otherwise excess acid or base will be present. This
amount of precision is unlikely to be achieved since over 100 naphthenic acids exist
within bitumen in varying concentrations; reaching an exact 1:1 molar ratio is unrealistic.
Another issue for this method is that acid-base reactions are reversible under aqueous
conditions. The deprotonation of an acid will proceed, but the resulting conjugate base
will be protonated in the presence of water which will reform the acid. This method does

not offer a permanent solution to the removal of naphthenic acids.

1.4.2 Esterification of carboxylic acids

A second possible method for the elimination of naphthenic acids is esterification;
this is done through the addition of simple alcohols using an acid catalyst. However, this
method gives rise to challenges in the esterification of bitumen. Fischer esterification is
the standard process for this type of reaction, but the addition of a strong acid, to act as

a catalyst, into bitumen pipelines is undesirable. Without an acid catalyst, a Fischer



reaction is unable to proceed in high enough vyield to be cost-manageable for oil

companies.

It is worth noting that the issue of an acid catalyst might potentially be over come
through the use of an ionic liquid medium instead of an acid catalyst'®>6, The ionic liquid
in this case would be the bitumen itself, since bitumen contains numerous inorganic and
organic compounds that interact together within an inherently acidic environment to
create ionic species. An issue in using the bitumen itself as a reaction medium is that it
will have a low conversion yield. By using the ionic properties of bitumen to catalyze
Fischer esterification of naphthenic acids, the reaction will proceed only until there are
not enough ions left to continue promoting the reaction. As naphthenic acids are weak

organic acids, there will be a significant percent of unreacted naphthenic acids

fo) Methanol o
1)
cat. HzSO4 H.C
3 \O
HO

remaining.

CCHA CCHA Methyl Ester
9 Methanol O
—_——
2) cat. H,SO, H3C\O
HO
CCPA CCPA Methyl Ester
(0]
Q Mel
—_—
3) K,CO, HsC
HO o
CCPA CCPA Methyl Ester

Scheme 1: Proposed syntheses of naphthenic acid esters through Fischer and methyl iodine
esterification. 1) CCHA Fischer esterification. 2) CCPA Fischer esterification. 3) CCPA methyl iodine
esterification.



1.4.3 Chemical reduction of carboxylic acids to aldehydes

In another method, carboxylic acids can be reduced to aldehydes or primary
alcohols; the primary alcohol is more desirable as it has a lower toxicity. This requires a
strong reducing agent, such as lithium aluminium hydride, which will induce the
conversion of the acid. An issue with this method is that the bitumen must then undergo
additional processing in order to remove the excess lithium aluminium hydride. Without
removal, the lithium aluminium hydride would be more harmful than the naphthenic
acids. There are issues with this method other than just the removal of excess material.
Lithium aluminium hydride is highly reactive, making it dangerous to work with. It is self-
igniting in the presence of oxygen and a self-igniting material it is undesirable at

bitumen extraction sites.

The high reactivity of lithium aluminium hydride also makes it non-selective with
what it reacts with. In bitumen, only the naphthenic acids are the targets, anything else
that could react within bitumen has the potential to cause degradation within the final
petroleum product or create harmful compounds to the purification process. Finally,
lithium aluminium hydride is expensive and unreasonable to be of use on a large

enough scale to produce 3 million barrels of bitumen daily.

1.4.4 Synthesis of bis-carboxylate metal complexes as a method to lower
naphthenic acid polarity

The method chosen for this research is metal center coordination’1819 of the

naphthenic acids; it provides the least amount of risk in comparison to the previously



stated methods. Coordination of the acids to a metal center, such as zinc (Il) or
magnesium (I1), will eliminate two molecules of acid at once, while the added metal is
inherently non-toxic for its addition into bitumen. A 2:1 molar ratio of acid to metal is
necessary, meaning that less reactant will be required when compared to the other
methods discussed above. The coordination method also has the same benefits as the
Fischer esterification method. These include a reduction of the partition coefficient?®?! of
bitumen as it converts the polar acids into non-polar complexes. The partition coefficient
is the concentration measurement of a solute in a mixture of two immiscible solvents?2.
This is then able to determine the solubility difference of the compound across the two
phases?:. A reduction of the partition coefficient of naphthenic acids directly reduces
their solubility in water. Reducing naphthenic acid solubility in water will prevent them
from acting as surfactants for bitumen, further lessening toxic effects. A method to
measure the partition coefficient was adapted from the literature to compare a
complex’s partition coefficients to the respective unreacted naphthenic acid using

reverse phase high performance liquid chromatography. 24 25

This coordination to the metal center reduces the overall polarity of the complex
relative to the free acids. Decreasing the polarity of the naphthenic acids will reduce
their affinity for water. This will cause them to favour remaining within the non-polar
bitumen as well as reducing their ability to act as a surfactant. This synthesis will also
remove a source of hydrogen bonding within the bitumen, reducing its intermolecular
forces and its viscosity. A reduction in bitumen viscosity may not be viewed as
immediately important, but in doing so it will be providing a reduction to the amount of

bitumen diluent required to reduce the viscosity to meet the standard flow allowed within



10

an oil pipeline, ~350 cSt?5. A reduction in the amount of diluent, which is a mixture of
cyclo-hexane, toluene, and heptane?’, directly correlates to savings for companies as

these solvents are expensive and difficult to recover.

(€]

OH )

cyclohenaneacetic acid zinc 2-cyclohexylacetate Deprotonated cyclohenaneacetic acid

Positive Polarity Increase Negative Polarity Increase

No Polarity

Y

A

Scheme 2: Diagram of non-polarity within zinc 2-cyclohexylacetate complex compared to
respective naphthenic acid

Another benefit of this method, one that is not immediately visible, involves the oil
pipelines. The naphthenic acids, over time, will corrode the structural integrity of the
pipelines used to carry them. They react differently depending upon the transportation
method?® of the bitumen but overall they increase the risk of failure and an oil spill.
Though a risk is present, different transportation methods, such as Extra Heavy Crude
Oil Pipelines, lessen the risk of corrosion to pipelines to the point where the role of
naphthenic acids is almost negligible?®. Other methods, such as Steam Assisted Gravity
Drainage, suffer corrosion not only from the acids present but also from localized
corrosion, corrosion for flow-acceleration, and a few other sources®°. Though corrosion
through various means is present within pipelines, it must be noted that, when
compared to transportation by rail, pipelines are found to be over 4.5 times less likely to

experience a catastrophic occurrence3L. In the event of an occurrence, 70% of spills are
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of <1 m3. Of the occurrences, 17% are present within the actual pipeline; the remaining
83% happen at the facility with secondary containment measures®?. It is reported that
between the years of 2011-2014, about 1084 barrels of oil were spilt from Canadian

pipeliness3,

To prevent and reduce corrosion within the pipeline, we propose the use of the
metal coordination method (as described earlier) with the metal centers zinc and
magnesium being utilized. Zinc will interact with steel in the pipeline to undergo the
chemical process of galvanization, in which a protective coating of zinc is applied onto
the steel. This galvanization will strengthen the steel pipeline and even repair any pre-
existing naphthenic acid corrosion. The other metal, magnesium, can chemically
interact with steel to form an alloy that possesses better non-oxidizing properties when

compared to steel alone.

1.5 Objectives of this thesis

For this research, several issues involving the relationship between bitumen and
naphthenic acids have been identified. These can be related to the objectives of this

investigation:

1. How to easily prevent further corrosion within pipelines: The prevention of
pipeline corrosion can be accomplished through the elimination of the acidic
protons within the naphthenic acids. The coordination of the acid to the chosen
metal centers will do this. The interaction of the metal centre with steel will also

prevent corrosion of the pipelines.
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2. How to easily and cheaply reduce the viscosity of bitumen: The loss of the
naphthenic acid protons will reduce the internal forces acting within bitumen;
losing a source of hydrogen bonding will lessen the overall attraction forces and
reduce the viscosity of the bitumen.

3. How to reduce the toxicity of naphthenic acids: The coordination of naphthenic
acids to metal centers will reduce the molecules’ dipole moments via
coordination to an electrophile. This will also create symmetry in the complex
which will further reduce the polar aspects of the naphthenic acids. This will
reduce the acids’ solubility in aqueous systems, which will be measured through

the determination of the samples’ partition coefficients.

The metal coordinated acids will be compared to the respective esterified acid
counterparts in order to determine which of the previously described methods is more

effective at completing the goals of this experiment.
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Chapter 2 - Results and discussion

2.1 Zinc metal center complexes

2.1.1 Preparation of the zinc 2-cyclohexylacetate dihydrate complex

500 mg of the required naphthenic acid was weighed and dissolved in 10 mL of
methanol. 293 mg of zinc chloride was mixed into the solution with 10 mL methanol and
the solution heated to 80°C under reflux for 8 hours. After reaction, 20 mL 6M
ammonium hydroxide was added and the sample was stirred for 30 minutes. A white
precipitate formed in the flask. Spectroscopic analysis was performed on the sample,
including *HNMR, ¥CNMR, COSY, HSQC, and IR. The NMR sample was prepared
from 30 mg of the complex dissolved in DMSO-D6. A crystal was grown from the

sample via evaporation using methanol as the solvent.

1) Methanol/ water =2 OH,
100°C, 8 hours e
+ ZnCl, > \’Zn \
LA
2) NH4OH Wash H,O0 ==
CCPA zinc 2-cyclopentylacetate dihydrate

1) Methanol/ water = /O+H2

+ 100°C, 8 hours T
ZnCl, o O'»,/ \ \

T

2) NH,OH Wash

CCHA zinc 2-cyclohexylacetate dihydrate

Scheme 3: Synthesis methods for the CCPA (top) and CCHA (bottom) zinc complexes.
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2.1.2 Analysis of the zinc 2-cyclohexylacetate dihydrate complex

The sample CMJL027 Zn showed a disappearance of the acidic proton peak
(when compared to the spectrum of the starting material) in the 'H NMR spectrum,
indicating that the CCHA had been deprotonated. Upon review of the CMJL027 Zn 13C
{1H} (75 MHz, DMSO-D6, ppm) spectrum, it was found that the large carbonyl peak at
173.7 ppm (s, -COOH) had been replaced with a significantly smaller peak at 175.7
ppm (s, -COOZn). This shift up-field in the spectrum indicates that additional electron
density has been introduced to the complex to shield the carbon electrons. This is good
supporting evidence for the formation of a zinc complex, since zinc has a large electron

shell to create this shielding effect.

The carbonyl peak of the sample is significantly smaller in comparison to the
other detected carbon signals and with respect to those of the CCHA control. This may
be due to a sensitivity issue of the sample, or some unexpected product being formed to
eliminate the carbonyl group, such as would occur with carbon dioxide production. The
'H NMR of the sample also shows a broad peak located at 6.03 ppm that corresponds

to the presence of ammonium protons.

The elemental analyses (EA) confirms the presence of nitrogen within the bulk
samples, as can been seen for CMJL027 Zn in the experimental section. However,
nitrogen does not appear to be adversely interacting with the coordination of the
sample; it is instead a matter of purity. The metal coordinated sample was crystallized
from slow evaporation in methanol. The crystallization also developed an oily layer that
the crystals were resting within. Crystal structures of both samples were obtained using

XRD.
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2.1.3 Partition coefficient of the zinc 2-cyclohexylacetate dihydrate complex

When comparing the partition coefficient of the samples to CCHA, the acid
control was retained for 3.1 minutes, while CMJL027 Zn was retained for 3.8 minutes.
The increase of the retention time for CMJL027 Zn supports the hypothesis that metal
coordination is a viable method to reduce the polarity of the naphthenic acids. The
increase in retention time is not as significant when compared to the methyl ester trials;
this may be due to water coordination to the zinc metal center as observed within the
crystal structure. This coordination would increase the polarity and the affinity that the
complex has towards water, allowing it to be more soluble in the aqueous phase than

theorized.

2.1.4 Solid state crystal data of the Zinc metal center complexes

The selected naphthenic acid was reacted with 293 mg of zinc chloride in
methanol and heated to 80°C under reflux for 8 hours. After reaction, 20 mL 6M
ammonium hydroxide was added and the sample was stirred for 30 minutes. A white
precipitate formed within the flask. Crystals were grown from the samples through slow
evaporation using methanol as the solvent. X-ray crystallographic analyses were

performed by Dr. Katherine Robertson.

The structures of the zinc crystals demonstrate two initially unpredicted

phenomena. The first is the bidentate (dual) coordination to the oxygen atoms of the
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naphthenic acid. It was initially theorized that the zinc complex would coordinate to a
single oxygen atom from each acid molecule and retain a double bond on the other
oxygen of the carboxyl group. It seems instead, that the oxygen is undergoing
resonance to dissociate the double bond across both atoms, forming a carboxylate salt.
This is most likely due to the abundance of electrons that zinc has in its valence shell
and the electron negativity of oxygen. The second unpredicted result is that the zinc
center is also coordinating with water to form an octahedral structure. This structure
allows for more stabilization of the metal atoms compared to the tetrahedral complex.
This coordination of water also represents an increase in polarity over what was
previously theorized. This increase is likely responsible for the lower than expected

results of the partition coefficient comparison.

Figure 2: Solid state crystal structure of the CCPA zinc complex. Thermal ellipsoids are drawn at
the 50% probability level. (Synthesis performed by Dr. Bitu Hurisso)
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Figure 3: Packing diagram of theCCPA zinc complex viewed down the Y-axis. (Synthesis
performed by Dr. Bitu Hurisso)

Figure 4: Solid state crystal structure of the CCHA zinc complex. Thermal ellipsoids are drawn at
the 50% probability level.
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Figure 5: Packing diagram of the CCHA zinc complex viewed down the Y-axis.

2.2 Magnesium metal center complexes
2.2.1 Preparation of the magnesium 2-cyclohexylacetate tetrahydrate complex

500 mg of the required naphthenic acid was weighed and dissolved in 10 mL of
methanol. 403 mg of magnesium chloride was mixed into the solution with 10 mL
methanol and the solution heated at 80°C under reflux for 8 hours. After reaction, 20 mL
of 6M ammonium hydroxide was added and the sample was stirred for 30 minutes. A
white precipitate formed within the flask. Spectroscopic analysis was performed on the
sample, including *HNMR, *CNMR, COSY, HSQC, and IR. The NMR sample was
made from 30 mg of the complex dissolved in DMSO-D6. A crystal was grown from the

sample with slow evaporation using methanol as the solvent.
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Scheme 4: Synthesis methods of the CCPA and CCHA magnesium complexes,

2.2.2 Analysis of the magnesium 2-cyclohexylacetate tetrahydrate complex

CMJL027 Mg showed a disappearance of the acidic proton peak in the *H NMR
spectrum, indicating that the CCHA had been deprotonated. Upon review of the
CMJL027 Mg 3C{1H} (75 MHz, DMSO-D6, ppm) spectrum, two peaks are present,
173.6 (s, -COOH) and 176.1 (s, -COOMg) compared to the CCHA control, which has a
large carbonyl peak at 173.7 (s, -COOH). The peak at 173.6 for CMJL027 Mg is
presumed to be uncoordinated acid present within the sample. This shift down-field in
the spectrum indicates that electron density has been taken from the carbonyl carbon to
cause its deshielding. This is good supporting evidence for the formation of a
magnesium complex, which does not have a large electron shell. The Mg?* ion would
want to pull electron density away from the acid when it reacts, causing a reduction of

electron density in the oxygen atoms and thus a deshielding effect on the carbon.
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The carbonyl peaks in the sample are significantly smaller in comparison to the
other detected carbons within the sample and with respect to the CCHA control. This
may be due to a sensitivity issue of the sample, or some unexpected product being
formed to eliminate the carbonyl, such as could occur with carbon dioxide production.
The 'H NMR spectra of both of these samples show a broad peak located at 6.03 ppm

that corresponds to ammonium protons.

The EA of the samples confirms the presence of nitrogen within them, as can
been seen for CMJL027 Mg in the experimental section. However, nitrogen does not
appear to be adversely interacting during the coordination of the sample; it is instead a
matter of purity. The metal coordinated sample was crystallized from slow evaporation
in methanol. The crystallization also developed an oily layer that the crystals were

resting within. Crystal structures of both samples were obtained from XRD.

2.2.3 Partition coefficient comparison of the magnesium 2-cyclohexylacetate
tetrahydrate complex

When comparing the partition coefficient of the samples to CCHA, the acid
control was retained for 3.1 minutes, and the CMJL027 Mg peak was not observed
down field of the unretained peaks at 247 nm. A small spike occurred at 0.7 minutes
when compared to the blank, but as this is directly in the middle of the HPLC grade
methanol unretained peaks, it is difficult to assign this to the sample instead of the

solvent.

This decrease of retention time for CMJL027 Mg does not support the hypothesis

that metal coordination is a viable method to reduce polarity of the naphthenic acids.
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This decrease, however, may be due to water coordination to the magnesium metal
center, as observed within the crystal structure. This coordination would increase the
polarity and the affinity that the complex has towards water, allowing it to be more
soluble than theorized. This idea would explain why CMJL027 Mg is less retained than
the control acid. The crystal data shows that twice as much water is coordinated in the
magnesium complexes compared to the zinc complexes, which would further increase
the water solubility of the latter. In case the magnesium complex is not absorbing at the
chosen wavelength, the experiment should be redone at a different wavelength where

CMJL027 Mg absorbs better.

2.2.4 Solid state crystal data of the Magnesium metal center complexes

The selected naphthenic acid was reacted with 403 mg of magnesium chloride in
methanol and heated at 80°C under reflux for 8 hours. After reaction, 20 mL of 6M
ammonium hydroxide was added and the sample was stirred for 30 minutes. A white
precipitate formed within the flask. Crystals were grown from the samples through slow
evaporation using methanol as the solvent. X-ray crystallographic analyses was

performed by Dr. Katherine Robertson.

The structures of the magnesium crystals demonstrate an initially unpredicted
phenomenon. The unpredicted result is that the magnesium complex is also
coordinating with water to form an octahedral structure. This structure allows for more
stabilization of the metal atoms compared to the tetrahedral complex. This coordination

of water also represents an increase in polarity over what had been previously
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theorized. This increase is likely responsible for the lower than expected results of the

partition coefficient comparison.

It is also interesting to note that the magnesium structure does not form a
bidentate carboxylate structure, where the magnesium is coordinated to both oxygen
atoms in the naphthenic acid ligands like the zinc structure does. Instead, each acid
molecule coordinates to the magnesium metal center in a monodentate fashion. This
may be due to magnesium not having a large valence electron shell thusly preventing
the oxygens from withdrawing them. It is unlikely that the size of the atomic radius is
influencing the coordination of the complexes with water as magnesium has a larger

atomic radius, 145 pm, than zinc, 142 pm.

S 7%’& \/K’*“
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Figure 6: Solid state crystal structure of the CCPA magnesium complex. Thermal ellipsoids are
drawn at the 50% probability level. (Synthesis performed by Dr. Bitu Hurisso)



23

Figure 7: Packing diagram of the CCPA magnesium complex viewed down the Z-axis. (Synthesis
performed by Dr. Bitu Hurisso)

Figure 8: Solid state crystal structure of the CCHA magnesium complex. Thermal ellipsoids are
drawn at the 50% probability level.
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Figure 9: Packing diagram of the CCHA magnesium complex viewed down the X-axis.

2.3 Ammonium hydroxide free metal center complexes

2.3.1 Na2COs as a base for LoM complex formation, L= naphthenic acid, M=metal
center.

Elemental analyses detected the presence of nitrogen within the previous
samples, so the synthesis of the metal coordination complexes was changed from
ammonium hydroxide base promoted to sodium carbonate base mediated; further
details of the method can be viewed in experimental section. The new coordination
method was tested with zinc and CCHA to compare against the pre-existing samples for
the viability of the coordination. The new sample did not show the ammonium peak
present within the *H NMR spectrum that was present within the CMJL027 Zn and Mg

samples.
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When compared to the spectroscopic data of CMJL027 Zn, the peaks present
matched almost exactly. EA was used to confirm that nitrogen was not present within
the sample either. The presence of nitrogen was a concern, firstly as a purity issue, and
secondly because of the crystal quality being obtained. It was not clear whether the
ammonium ions interacted during the crystal growth process, but the crystals that were
produced were very hydroscopic, difficult to mount, dissolved in ionic liquids, and

became a brown colour when exposed to air for an extended period of time (1-2 weeks).

With this data, the new method was approved for synthesis of other naphthenic
acid complexes. CMJL035 was crystallized through slow evaporation in methanol, but

crystals of suitable quality were not obtained.

2.3.2 Synthesis of an Na2COs base mediated LM complex

CMJL036 was the first sample obtained after the new method was tried on the
selection of naphthenic acids available; it came from the reaction with 1-naphthoic acid
to zinc chloride. The product of the reaction showed a disappearance of the acidic
proton peak in the *H NMR spectrum, indicating that the 1-naphthoic acid had been
deprotonated. Upon review of the CMJL036 °C{1H} (75 MHz, DMSO-D6, ppm)
spectrum, the large carbonyl peak at 168.7 (s, -COOH) has been replaced with a
significantly smaller peak at 172.4 (s, -COOZn). This shift up-field in the spectrum
indicates that additional electron density has been introduced to the complex to shield
the carbon electrons. This is good supporting evidence for the formation of a zinc

complex, which has a large electron shell to create this shielding effect.
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It is also worth noting that all of the aryl signals in the zinc coordinated 1-
naphthoic acid have become less resolved. Doublet and triplets have appeared within
the spectrum that were not present in that of the control acid. Some of the peaks have
also shifted within the field by up to £0.55 ppm with respect to the acid control. These
chemical shifts may be due to the reaction forming undesired side products instead of

the intended naphthenic acid zinc complex.

° S
e \Zn“\\ N
Methanol/ water

0,
+ 200, 8°C, 24 hours .~ C

bis-1-Naphthoic carboxylate zinc

(0]

1-Naphthoic Acid

Scheme 5: Synthesis of the zinc coordinated 1-naphthoic acid complex.

2.3.3 Analysis of the Na2COs base mediated L2M complex

The sample was sent for EA which confirmed that nitrogen was not present
within the sample, as can be seen for CMJLO36 in the experimental section. The risk of
crystal damage by ammonium was thus minimal. The sample was crystallized via slow
evaporation in methanol using an anti-solvent system of ACN and Et2O. The slow
evaporation method did not yield any useful crystals, as instead a highly oily layer

remained, but the anti-solvent crystallization produced small needle crystals.
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The samples were given the Dr. Robertson for analysis. The XRD spectrum of
the 1-naphthoic acid sample was totally unexpected. The structure was helical in shape,
wth 1-naphthoic acid ligands spiralling on the outside of the structure with internal cross-
linking metal centers forming the backbone of the structure. These metal centers were

not the expected zinc atoms, but instead sodium atoms from the sodium carbonate.

This is an interesting result as it emphasizes the coordination diversity of the
ligands. It was not expected that sodium would coordinate to the acid, but it shows that
the ligand can coordinate to both electron-rich and electron-deficient metal centers. The
precise metal center is not fully relevant for the purpose of this experiment. The metals
zinc and magnesium were chosen for their availability and the anti-corrosion chemical
reactions that they undergo with steel. Sodium does not have this property, but
coordination with sodium still allows the sample to reduce the viscosity of bitumen and

to lessen the toxic effects of the acid.

A number of naphthenic acids were reacted using this method and had crystals
grown. Upon examination of the crystal structures, it was determined that most were
small inorganic salts of NaCl, MgClx, ZnClx and NH4Cl. Only 1-naphthoic and 9-
anthracenecarboxylic acid coordinated to form sodium centered complexes. It is
presumed that this is because these naphthenic acids are flat and aromatic, which allow
for crystal packing in this specific way; the other acids studied would have steric effects

causing interference.
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2.3.4 Partition coefficient of the Na2COs base mediated L2M complex

The comparison of the retention times in the RP-HPLC for CMJL036 compared
to the 1-naphthoic acid control is not as straightforward as the previous samples. These
samples were more concentrated compared to CMJL027 Zn and Mg samples. This
higher concentration is further intensified by the high absorbance the complexes have
for light at wavelength 247 nm. This causes a dramatic increase in signal intensity
compared to the previous samples, which is unfavourable. This increased signal
intensity makes it difficult to determine the exact retention time of the samples as the
peaks are broader, and could be shifted due to overloading the column. Regardless, the
control 1-naphthoic acid had a retention time of 3.0 minutes at its peak, spread out over

about 1.0 minute.

CMJL036 does not have as well defined a peak as the control, instead multiple
peaks are present and these fall within the area of the methanol blank. These peaks are
significantly larger than those of the blank, so it is thought that the sample eluted in this
area and thusly dramatically increased peak height. The next issue is the presence of
multiple peaks within the sample, all at the same retention time. This could be
contributed to by contamination within the sample caused by the reaction forming

undesired side products instead of the intended naphthenic acid zinc complex.

If these peaks do include those of the sample, then CJL036 elutes at its slowest
point at 1.0 minute. This implies that the sample is more hydroscopic than the
respective acid control. This affinity for water may be due to a resonance structure of
the sample creating a dipole moment. This dipole moment could allow for the sample to

be more readily soluble in water than previous samples and result in it being more polar
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than expected. A polar structure would explain the rapid elution within the polar mobile
phase. Alternately, if these peaks are not the sample, then the experiment would have
to be run longer to test for longer retention times, as no other peaks were eluted within

the 20 minutes the experiment was run for.

2.3.5 Solid state crystal data of Na2COs base mediated LM complexes

The selected naphthenic acid was reacted with 231 mg of zinc chloride and 1 eq
of sodium carbonate in methanol and heated at 80°C under reflux for 24 hours. The
sample was evaporated and crystals were grown from the samples through anti-solvent
crystallization using ACN and Et20 as solvents. X-ray crystallographic analyses were

performed by Dr. Katherine Robertson.

The structures of the sodium=containing crystals are the product of an initially
unpredicted phenomenon. It was thought that this synthesis method would cause
coordination with the desired metal centers (Zn or Mg), but instead a cross reaction
happened with the sodium carbonate. It is not expected that sodium would coordinate to

multiple atoms like this due to its small electron shell.

In the 1l-naphthoic acid structure, the sodium atoms form a polymeric helical
backbone, with the 1-naphthoic acid coordinating to the outside of the structure. The
sodium atom is coordinated to multiple atoms; this must be to increase its stability.
Acetonitrile is present within the crystal coordinated to sodium atoms. The presence of
acetonitrile acts as a void filler for the sodium complex as it is small enough to fit within

the voids that are present in the crystal structure. Each unit cell of the crystal structure is
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composed of a 1l-naphthoic acid molecule, three sodium atoms, and an acetonitrile

molecule.

In the 9-anthracenecarboxylic acid structure, the sodium atoms form a polymeric
helical backbone, with the 9-anthracenecarboxylic acid ligands coordinating to the
outside of the structure. This is similar to the 1-naphthoic acid structure, but instead the
sodium atoms are coordinating to water molecules to form the helical backbone while 9-
anthracenecarboxylic acids are hydrogen bonding to the water on the outside of the
structure. This may be due to 9-anthracenecarboxylic acid being bulkier than the 1-
naphthoic acid, causing an increase of steric effects and thus preventing direct bonding
to the metal centers. Each unit cell of the crystal structure is composed of a 9-

anthracenecarboxylic acid molecule, three sodium atoms, and six water molecules.

Figure 10: Solid state crystal structure of the 1-naphthoic acid sodium complex. Thermal
ellipsoids are drawn at the 50% probability level.(Acetonitrile is present in the crystal acting as a void filler
and providing extra stabilization).
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Figure 11: Solid state crystal structure of the 1-naphthoic acid sodium complex packing system.
Thermal ellipsoids are drawn at the 50% probability level. (Acetonitrile is present in the crystal acting as a
void filler and providing extra stabilization).

Figure 12: Packing diagram of thel-naphthoic acid sodium complex viewed down the Y-axis.
(Acetonitrile is present in the crystal acting as a void filler and providing extra stabilization).
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Figure 13: Packing diagram of the 9-anthracenecarboxylic acid sodium complex. Thermal
ellipsoids are drawn at the 50% probability level. Gray atoms are carbon, red atoms are oxygen, purple
atoms are sodium, Hydrogens have been omitted for clarity

Figure 14: Packing diagram of the 9-anthracenecarboxylic acid sodium complex viewed down the Y-axis.



33
2.4 Naphthenic acid methyl ester comparison

2.4.1 Naphthenic acid methyl ester preparation

Three methyl esters were chosen from a previous experiment to use as a
comparison for the metal coordinated samples. CCPA and CCHA methyl esters were
synthesized through Fischer esterification with methanol and catalytic sulfuric acid. The
third, a CCPA methyl ester, was synthesized with 1.2 eq methyl iodide in methanol. All
three reactions produced liquid esters that smelt strongly of bubble gum and bananas.
Spectroscopic analyses were performed on the samples, including HNMR, CNMR,
COSY, HSQC, and IR. NMR samples were made from 30 mg of the complexes
dissolved in CD2Cl2. Crystals were grown from the samples via the slow evaporation

method using methanol as the solvent.
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Scheme 6: Proposed syntheses of naphthenic acid esters through Fischer and methyl iodine
esterification. 1) CCHA Fischer esterification. 2) CCPA Fischer esterification. 3) CCPA methyl iodine
esterification.
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2.4.2 Analysis of naphthenic acid methyl esters

The ester formed through methyl iodide esterification does not show full
conversion, as judged from the NMR spectra. The *H NMR spectrum of the methyl
iodide ester shows that the acidic proton in not present when compared to the spectrum
of the CCPA control. The 13C NMR spectrum, however, shows more carbonyl peaks
than one would expect from an ester, which indicates that another form of carbonyl has
been synthesized. For this reason, the methyl iodide esterification sample was not used

in the comparison of the methods due to the uncertainty of the sample’s purity.

In the CCPA methyl ester sample, the 'H (300 MHz, CD2Cl2, ppm) spectrum
shows that the acidic proton has disappeared compared to the CCPA control. The
13C{1H} (75 MHz, CD2Cl2, ppm) spectrum also helps to confirm esterification, as two
carbonyl peaks are present: 174.1 (s, -COOCHs), and 178.1 (s, -COOCHs3), in

comparison to the CCPA single carbonyl peak of 180.2 ppm (s, -COOH).

In the CCHA methyl ester sample, the *H (300 MHz, CD2Cl2, ppm) spectrum
shows that the acidic proton present has disappeared compared to the CCHA control.
The 3C{1H} (75 MHz, DMSO-D6, ppm) also helps to confirm esterification as two
carbonyl peaks are present: 173.8 (s, -COOCH3s), and 178.8 (s, -COOCH:s3), in

comparison to the CCHA single carbonyl peak of 173.7 ppm (s, -COOH).

The esters did not crystallize so their physical structures could not be confirmed.
This inability to crystallize is important data to note, as this confirms that the samples
were too oily to be able to crystallize. The solid pure naphthenic acids, upon undergoing

esterification, became oily liquid esters which supports the loss of polarity of the



35

samples. This loss of polarity is highly desired as it reduces hydrogen bonding and

lowers the water solubility of the complexes.

2.4.3 Partition coefficient comparison of the naphthenic acid methyl esters

A method was adapted from the literature in order to compare a sample’s
partition coefficients to their respective unreacted naphthenic acids, see CMJL056 as
described in the experimental section. For the CCPA acid and ester, the compounds
were retained for 2.2 min and 8.7 min, respectively. This shows a significant increase in
the hydrophobicity of the sample. For the CCHA acid and ester, the compounds were
retained for 3.1 min and 11.2 min, respectively. This once again shows the increase of

hydrophobicity between the ester and its respective acid.

This increase in hydrophobicity is presumed to be due to the loss of the hydrogen
bonding proton and a loss of polarity in the compounds. These esters, therefore, show
initial positive results in reduction of the toxicity of the naphthenic acids. Being less
water soluble limits potential marine toxicity while also causing them to favour remaining

within the bitumen phase when exposed to water.
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2.5 Results and discussion afterword

2.5.1 Notes regarding results and discussion

A large volume of naphthenic acid simulants were selected in order to test the
viability of metal coordination across many realistic ligands that would be present in the
naphthenic acids within bitumen. Of these, CMJL027-CMJL53 as described in the
experimental section, THNMR, ¥CNMR, COSY, HSQC, and IR spectra appear to

collaborate of the presence of the formed coordinated compounds.

With that being said, only a handful of samples were able to provide useable
results for X-ray crystallography. Crystals had formed for all compounds, but most were
determined to be small inorganic salts of NaCl, ZnClx, MgClx, and NH4Cl, which
demonstrates an issue in the purity of the compounds after synthesis. Due to this
problem, only samples that provided useful XRD crystallography data were focused on
within this section (reactions CMJL027 Zn, CMJL027 Mg and CMJL036); the other
reactions are reported on in the experimental section, but were discounted from the

discussion in regards to the focus of this thesis.

2.5.2 Crystal structures of larger inorganic salts caused by impurities

This inorganic salt from the impurities of the synthesis of zinc 2-
cyclohexylacetate dehydrate. The crystals were grown from the sample (CMJL027 Zn)
through slow evaporation using acetonitrile as the solvent. X-ray crystallographic

analysis was performed by Dr. Katherine Robertson.
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The inorganic salt that is shown is zinc tetrachloride with hydronium cations
(ZnCl4[H30O"]) as stabilizers. Further inorganic salt contaminations were also isolated
from other crystal samples, zinc hexahydrate dinitrate, ( Zn(H20)s(NOs)2 ). These

contaminates were present for all failed crystallization attempts.
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Figure 15: Solid state crystal of one of the larger inorganic salts caused by impurities. Thermal
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Figure 16: Packing diagram of one of the larger inorganic salts caused by impurities viewed down
the Z-axis.
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Chapter 3 — Summary and Conclusions
3.1 L2M complexes conclusions

The metal coordinated complexes, zinc 2-cyclopentylacetate dehydrate, zinc 2-
cyclohexylacetate dehydrate, magnesium 2-cyclopentylacetate tetrahydrate, and
magnesium 2-cyclohexylacetate tetrahydrate, have been prepared and characterized.
These complexes have been shown to be more polar than initially theorized due to the
coordination of water to the metal centers which in the process forms octahedral
complexes. This coordination of water causes the complexes to be more of a surfactant

than desired.

The coordination does convert the polar head group of the acid to a non-polar
coordination site. The polarity that is present within the final molecule seems to only be
due to the water that is coordinating in the complex. This can be shown with the elution
times between zinc 2-cyclohexylacetate dihydrate and magnesium 2-cyclohexylacetate
tetrahydrate in the RP-HPLC partition coefficient comparison. These complexes do
eliminate the acidic proton from the naphthenic acids which will decrease their toxicity,
as well as eliminate a source of hydrogen bonding. This causes an overall drop in the

intermolecular forces within bitumen, which allows for a decrease in its viscosity.

3.2 Naphthenic acid methyl ester conclusions

The CCPA and CCHA methyl esters have been shown to eliminate the acidic

proton from their respective naphthenic acids. The esters are not symmetrical and
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therefore will still possess some polarity, but from the RP-HPLC partition coefficient
comparison they show an exceedingly high hydrophobicity. This hydrophobicity causes
the esters to have a lower affinity for water when compared to their respective
naphthenic acids, causing them to be bad surfactants. This will reduce the toxic effects
if acids are spilled in aqueous systems, but also prevent other toxic chemicals in the

bitumen from leeching into the environment.
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Chapter 4 - Future work

Future work of this research entails purification of the naphthenic acid — metal
complexes described in this thesis. This is a priority as the elemental analysis of the
compounds synthesized with ammonium hydroxide show nitrogen within the samples,
despite previous purification attempts. It has also been noticed that crystal growth of the
compounds often yields unusable inorganic salts, in the form of NaCl or NH4Cl, instead
of the crystals of the desired product; A method of purification would help eliminate the

time wasted waiting for the growth of crystals.

Time will be devoted to replicating the experiments with the use of purer
solvents. It is suspected that the solvents used may have been contaminated with
unknown materials, causing unforeseen problems with the syntheses. Replication is
also important, not only to try and increase purity but to also reproduce the XRD
crystallographic data. Since many model naphthenic acids did not appear to be
adequate ligands for coordination to the chosen metal centers, it is important to

demonstrate that these complexes can (or cannot) be remade.

Furthermore, more experiments will have to be undertaken in order to more
precisely determine the complexes’ interactions for the determination of the partition
coefficient through RP-HPLC. Samples will all be dissolved to the same concentration
and then each one will be checked for its precise absorbance range using UV-Vis
spectroscopy. A set of standards of known partition coefficients will be prepared to the
same concentration as the samples. All samples will be spiked with a substance having

an unretainable peak, to, in order to properly calibrate the retention times of peaks within
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the mobile phase; thiourea or formamide will be used to generate the unretainable peak.
Once all samples have been measured, the standards will be used to construct a
calibration curve and then the equation of that line will be used to calculate the log of
the partition coefficient, logkow, of the desired methyl ester and metal coordinated

samples.
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Chapter 5 - Experimental

CMJL027 Zn: Synthesis of the Zinc coordinated complex of cyclo-hexaneacetic
acid (method 1)
H

Ny
© +
1) Methanol/ water "‘"% /OH2
+ 100°C, 8 hours L2 g
ZnCl, - 01\ )
2) NH4OH Wash H,O 5=
CCHA zinc 2-cyclohexylacetate dihydrate

499.47 mg of cyclo-hexaneacetic acid was weighed into a 100 mL round bottom flask
and dissolved in 10 mL of methanol. Zinc chloride was measured out in a 2:1, acid:
metal salt molar ratio. 293 mg of the salt was transferred to the flask with a wash of 10
mL of methanol. The sample was placed in a heating mantle and heated at 80°C under
reflux for 8 hours. After the 8 hours, the sample had 20 mL of ammonium hydroxide
added and was stirred for 30 minutes. A white precipitate formed within the flask. The
precipitate was vacuum filtered and was dried in a desiccator. The filtrate was dried
through rotary evaporation and transferred to a 20 mL vial. *HNMR, **CNMR, COSY,
HSQC, IR, and crystallography were run on the products. Crystals were grown via slow
evaporation using methanol as a solvent. *H NMR (300 MHz, DMSO-D6, ppm): 1.98 (d,
2H, 3JcH = 6.80 Hz, cyhex-CH2CO2H), 1.65 (m, 6H, 3Jch = 33.46 Hz, -cyhex), 1.14 (m,
3H, 3JcH = 55.49 Hz, -cyhex), 0.85 (m, 2H, 3JcH = 34.27 Hz, -cyhex). 3C{1H} NMR (75
MHz, DMSO-D6, ppm): 25.64 (d, 3JcH = 11.41 Hz, -cyhex), 30.59 (s, -cyhex), 32.58 (s, -
cyhex), 34.60 (s, -cyhex), 43.38 (s, cyhex-CH2CO2H), 175.71 (s, cyhex-CH2CO2H). IR

(ATR, cm-1): 3186 (w, br), 3043 (w, br), 2919 (m), 2849 (m), 1627 (m), 1555 (m), 1535
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(s), 1439 (s), 1402 (s, br), 1326 (w), 1246 (w), 1199 (w). EA calculated. [%)]: C, 55.24; H,

7.54; N, 0.00; found [%]: C, 34.69; H, 7.44; N, 8.52.

CMJL027 Mg: Synthesis of the Magnesium coordination complex of cyclo-
hexaneacetic acid (method 1)

H

R /
’ o o
1) Methanol/water O\)‘i@ WO
100°C, 8 hours i, b o
T - o’f\m
(o)

2) NH,OH Wash OH,

CCHA magnesium 2-cyclohexylacetate tetrahydrate

544.05 mg of cyclo-hexaneacetic acid was weighed into a 20 mL vial. The vial of acid
was transferred into a 100 mL round bottom flask and dissolved in 10 mL of methanol.
Magnesium chloride, was measured out in a 2:1, acid: metal salt molar ratio. 403 mg of
the salt was transferred to the flask with a wash of 10 mL of methanol. The sample was
placed in a heating mantle and heated at 80°C under reflux for 8 hours. After the 8
hours, the sample had 20 mL of ammonium hydroxide added and was stirred for 30
minutes. A white precipitate formed within the flask. The precipitate was vacuum filtered
and was dried in a desiccator. The filtrate was dried through rotary evaporation and
transferred to a 20 mL vial. tTHNMR, ¥3CNMR, COSY, HSQC, IR, and crystallography
were run on the sample. Crystals were grown via slow evaporation using methanol as
the solvent. *H NMR (300 MHz, DMSO-D6, ppm): 1.95 (d, 2H, 3JcH = 6.77 Hz, cyhex-
CH2CO2H), 1.61 (m, 6H, 3Jcu = 34.48 Hz, -cyhex), 1.17 (m, 3H, 3Jcn = 57.17 Hz, -
cyhex), 0.88 (m, 2H, 3JcH = 33.24 Hz, -cyhex). 3C{1H} (75 MHz, DMSO-D6, ppm):
25.82 (d, 3JcH = 11.81 Hz, -cyhex), 30.61 (s, -cyhex), 32.59 (s, -cyhex), 34.53 (s, -

cyhex), 43.5 (s, cyhex-CH2CO2H), 176.18(s, cyhex-CH2CO2H). IR (ATR, cm-1): 3117
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(m, br), 3025 (m, br), 2919 (vs), 2849 (s), 2803 (m), 1749 (w, br), 1689 (w), 1623 (m),
1586 (s), 1547 (m), 1443 (s), 1392 (vs, br), 1361 (m), 1196 (m), 1123 (w). EA calculated.

[%0]: C, 62.71; H, 8.56; N, 0.00; found [%]: C, 33.17; H, 7.41; N, 9.03.

CMJLO035: Synthesis of the Zinc coordination complex of cyclo-hexaneacetic acid
(method 2)

o
o/ o -
Methanol/water =z /OHz
80°C, 24 hours A
+ zncl, > 0’/\ |
+, )
N32CO3 HO o=
CCHA zinc 2-cyclohexylacetate dihydrate

501.0 mg of cyclo-hexaneacetic acid was weighed into a 100 mL round bottom flask.
375 mg of sodium carbonate was added to the flask. 228 mg of zinc chloride was
dissolved in a 15 mL solution of 2:1 methanol : ultrapure water and transferred into the
flask. The salt solution was washed with another 10 mL of methanol to ensure complete
transfer of the solution. The sample was placed under reflux for 24 hours at 80°C. After
reacting, the sample was dried through rotary evaporation and transferred to a 20 mL
vial. tHNMR, 13CNMR, COSY, HSQC, IR, and crystallography were run for each of the
samples. Attempts were made to grow crystals via slow evaporation using methanol as
the solvent. 'H NMR (300 MHz, DMSO-D6, ppm): 1.80 (d, 2H, 3JcH = 6.87 Hz, cyhex-
CH2CO2H), 1.65 (m, 6H, 3JCH = 36.98 Hz, -cyhex), 1.16 (m, 3H, 3Jcu = 55.76 Hz, -
cyhex), 0.80 (m, 2H, 3Jcn = 37.43 Hz, -cyhex). 13C{1H} NMR (75 MHz, DMSO-D6, ppm):
26.15 (d, 3Jcn = 13.15 Hz, -cyhex), 33.21 (s, -cyhex), 35.31 (s, -cyhex), 46.38 (s, cyhex-

CH2CO2H), 176.85 (s, cyhex-CH2CO2H). IR (ATR, cm-1): 2920 (s), 2850 (m), 1578 (vs),
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1441 (m), 1418 (s), 1262 (w), 1141 (w), 1119 (w). EA calculated [%]: C, 55.24; H, 7.54; N,

0.00; found [%]: C, 42.50; H, 5.72; N, 0.04.

CMJL036: Synthesis of the Zinc coordination complex of 1-Naphthoic acid
(method 2)

OO Methanol/water
(o]
+ ZnCl, 80°C, 24 hours _

N82003

o

1-naphthoic acid

zinc 2-(naphthalen-1-yl)acetate

552.3 mg of 1-naphthoic acid was weighed into a 100 mL round bottom flask. 342 mg of
sodium carbonate was added to the flask. 231 mg of zinc chloride was dissolved in a 15
mL solution of 2:1 methanol : ultrapure water and transferred into the flask. The salt
solution was washed with another 10 mL of methanol to ensure complete transfer of the
solution. The sample was placed under reflux for 24 hours at 80°C. After reacting, the
sample was dried through rotary evaporation and transferred to a 20 mL vial. *HNMR,
1I3CNMR, COSY, HSQC, IR, and crystallography sample was run for each of the
sample. The crystals was attempted to be formed from slow evaporation using methanol
as a solvent. 1H (300 MHz, DMSO-D6, ppm): 9.00 (m, 1H, 3Jch = 16.38 Hz, Ar), 7.82
(m, 3H, 3Jcn = 23.83 Hz, Ar), 7.41 (m, 3H, 3Jcu = 19.16 Hz, Ar). 3C{1H} (75 MHz,
DMSO-D6, ppm): 124.93 (d, 3JCH = 2.16 Hz, Ar), 125.05 (s, Ar), 126.12 (s, Ar), 127.69

(t, 3JCH = 16.80 Hz, Ar), 130.97 (s, Ar), 133.30 (s, Ar), 139.66 (s, Ar), 172.41 (s, Ar-
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CO2H). IR (ATR, cm-1): 3048 (w), 1598 (m), 1550 (s, br), 1507 (m), 1411 (s), 1374 (s),
1338 (m), 1255 (m), 1214 (w), 1150 (w), 870 (m), 776 (vs). EA calculated [%)]: C, 64.79;

H, 3.46; N, 0.00; found [%]: C, 46.84; H, 2.48; N, 0.02.

CMJLO037: Synthesis of the Zinc coordination complex of 3-methyl-octahydro-
pentalene-1-carboxylic acid (method 2)

O

o—" Methanol/water

(o]
+  zncy, 89°C.24hours

N32CO3

3-methyl-octahydro-pentalene-1-carboxylic acid

zinc 2-(3-methyloctahydropentalen-1-yl)acetate

200.8 mg of 3-methyl-octahydro-pentalene-1-carboxylic acid was weighed into a 100
mL round bottom flask. 131 mg of sodium carbonate was added to the flask. 85 mg of
zinc chloride was dissolved in a 15 mL solution of 2:1 methanol : ultrapure water and
transferred into the flask. The salt solution was washed with another 10 mL of methanol
to ensure complete transfer of the solution. The sample was placed under reflux for 24
hours at 80°C. After reacting, the sample was dried through rotary evaporation and
transferred to a 20 mL vial. *HNMR, *CNMR, COSY, HSQC, IR, and crystallography
sample was run for each of the sample. The crystals was attempted to be formed from
slow evaporation using methanol as a solvent. 1H (300 MHz, DMSO-D6, ppm): 0.93 (d,
3H, 3Jch = 6.22 Hz, CHCH3), 1.22 (q, 2H, 3Jcn = 34.79 Hz, -ohpn), 1.41 (m, 6H, 3JCH =
55.40 Hz, -ohpn), 1.85 (m, 3H, 3JcH = 78.49 Hz, -ohpn), 2.55 (q, 1H, 3JCH = 23.47 Hz, -

ohpn). 13C{1H} (75 MHz, DMSO-D6, ppm): 19.52 (s, -ohpn), 24.58 (s, -ohpn), 31.62 (s, -
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ohpn), 33.06 (s, -ohpn), 41.34 (s, -ohpn), 41.63(s, -ohpn), 47.75 (s, -ohpn), 51.32 (s, -
ohpn), 55.52 (s, -ohpn), 179.84 (s, ohpn-CO2H). IR (ATR, cm-1): processing error,

peak wave numbers could not be obtained.

CMJLO038: Synthesis of the Zinc coordination complex of 2-cyclo-pentylhexanoic
acid (method 2)

o
Methanol/water
0, Zn
+  zncl, 80°C, 24 hours . AN
Na,COs \Y%

2-cyclopentylhexanoic acid

zinc 2-cyclopentylhexanoate

112.6 mg of 2-cyclo-pentylhexanoic acid was weighed into a 100 mL round bottom
flask. 72 mg of sodium carbonate was added to the flask. 44 mg of zinc chloride was
dissolved in a 15 mL solution of 2:1 methanol : ultrapure water and transferred into the
flask. The salt solution was washed with another 10 mL of methanol to ensure complete
transfer of the solution. The sample was placed under reflux for 24 hours at 80°C. After
reacting, the sample was dried through rotary evaporation and transferred to a 20 mL
vial. 'THNMR, ¥CNMR, COSY, HSQC, IR, and crystallography sample was run for each
of the sample. The crystals was attempted to be formed from slow evaporation using
methanol as a solvent. 1H (300 MHz, DMSO-D6, ppm): 0.82 (t, 3H, 3Jcn = 13.25 Hz, -

CHCOzH), 1.23 (m, 6H, 3Jcn = 86.13 Hz, cypen), 1.43 (m, 8H, 3Jcn = 106.98 Hz,
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CHsCH2CH2CH2.CH(cypen)CO2H), 1.78 (t 8H, 3JCH = 16.61 Hz,
CH3CH2CH2CH2CH(cypen)COzH). 8C{1H} (75 MHz, DMSO-D6, ppm): 14.09 (s,
CH3CH2CH2CH2CH(cypen)CO2H), 22.59 (s, CH3CH2CH2CH2CH(cypen)CO2H), 24.70
(d, 3JCH = 22.61 Hz cypen), 30.16 (d, %JCH = 11.08 Hz, cypen), 30.90 (s,
CH3CH2CH2CH2CH(cypen)CO2H), 31.92 (s, CHsCH2CH2CH2CH(cypen)CO2H), 43.23
(s, CH3CH2CH2CH2CH(cypen)CO2H), 54.43 (s, CH3CH2CH2CH2CH(CHC4Hs)CO2H),
179.80 (s, CHaCH2CH2CH2CH(cypen)COzH). IR (ATR, cml): 2922 (s), 2852 (m), 1683

(m, br), 1557 (vs), 1447 (m), 1409 (s), 1324 (m), 1298 (m), 1194 (w), 1117 (w).

CMJLO040: Synthesis of the Zinc coordination complex of anthracene-9-carboxylic
acid (method 2)

OOO Methanol/water
(o]
+ ZnCl, 80°C, 24 hours

N82003

0.

~

I

(0]

9-anthracenecarboxylic acid

zinc 2-(anthracen-9-yl)acetate

539.0 mg of Anthracene-9-carboxylic acid was weighed into a 100 mL round bottom
flask. 300 mg of sodium carbonate was added to the flask. 203 mg of zinc chloride was
dissolved in a 15 mL solution of 2:1 methanol : ultrapure water and transferred into the
flask. The salt solution was washed with another 10 mL of methanol to ensure complete
transfer of the solution. The sample was placed under reflux for 24 hours at 80°C. After

reacting, the sample was dried through rotary evaporation and transferred to a 20 mL
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vial. 'THNMR, BCNMR, COSY, HSQC, IR, and crystallography sample was run for each
of the sample. The crystals was attempted to be formed from slow evaporation using
methanol as a solvent. 1H (300 MHz, DMSO-D6, ppm): 7.39 (m, 4H, 3Jch = 30.11 Hz,
Ar), 8.07 (m, 4H, 3Jcu = 72.50 Hz, Ar), 8.29 (s, 1H, Ar). 3C{1H} (75 MHz, DMSO-DS,
ppm): 122.63 (s, Ar), 123.96 (s, Ar), 124.91 (s, Ar), 125.84 (s, Ar), 127.70 (s, Ar), 127.95
(s, Ar), 131.17 (s, Ar), 172.05 (s, Ar-COz2H). IR (ATR, cm-1): 3046 (w), 3034 (w), 1556
(vs), 1486 (w), 1434 (s), 1392 (s), 1319 (s), 1274 (m), 1155 (w), 1013 (w), 958 (w), 731

(vs).

CMJL041: Synthesis of the Zinc coordination complex of 3-methyl-1,1-cyclo-
pentanediacetic acid (method 2)
(0]

HO

Methanol/water

(o]
+ ZnCl, 80°C, 24 hours .

) N32CO3

0 o)
2N\ /N
3 Zn DT
\/ \/

o

@)

HO

zinc bis-4-methyl-1,1-cyclohexanediacetate

267.7 mg of 3-methyl-1,1-cyclo-pentanediacetic acid was weighed into a 100 mL round
bottom flask. 206 mg of sodium carbonate was added to the flask. 222 mg of zinc
chloride was dissolved in a 15 mL solution of 2:1 methanol : ultrapure water and
transferred into the flask. The salt solution was washed with another 10 mL of methanol

to ensure complete transfer of the solution. The sample was placed under reflux for 24
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hours at 80°C. After reacting, the sample was dried through rotary evaporation and
transferred to a 20 mL vial. *HNMR, ¥CNMR, COSY, HSQC, IR, and crystallography
sample was run for each of the sample. The crystals was attempted to be formed from

slow evaporation using methanol as a solvent.

CMJLO042: Synthesis of the Magnesium coordination complex of 1-Naphthoic acid
(method 2)

Methanol/water
+ MgCl, 80°C, 24 hourSAV O

N82003

0
magnesium 2-(naphthalen-1-yl)acetate

1-naphthoic acid

548.7 mg of 1-naphthoic acid was weighed into a 100 mL round bottom flask. 353 mg of
sodium carbonate was added to the flask. 339 mg of magnesium chloride hexahydrate
was dissolved in a 15 mL solution of 2:1 methanol : ultrapure water and transferred into
the flask. The salt solution was washed with another 10 mL of methanol to ensure
complete transfer of the solution. The sample was placed under reflux for 24 hours at
80°C. After reacting, the sample was dried through rotary evaporation and transferred to
a 20 mL vial. tHNMR, ¥CNMR, COSY, HSQC, IR, and crystallography sample was run
for each of the sample. The crystals was attempted to be formed from slow evaporation
using methanol as a solvent. 1H (300 MHz, DMSO-D6, ppm): 9.00 (d, 1H, 3Jcx = 9.02
Hz, Ar), 7.91 (d, 1H, 3Jcn = 8.03 Hz, Ar), 7.85 (m, 2H, 3Jcn = 13.58 Hz, Ar), 7.42 (m, 2H,

3Jcu = 15.44 Hz, Ar). 3C{1H} (75 MHz, DMSO-D6, ppm): 124.90 (d, 3JCH = 17.51 Hz,
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Ar), 125.37 (s, Ar), 127.72 (t, 3Jc1 = 122.54 Hz, Ar), 131.04(s, Ar), 133.34 (s, Ar), 173.17
(s, Ar-COzH). IR (ATR, cm-1): 3047 (w), 2358 (w), 1598 (m), 1542 (s), 1508 (m), 1412

(s), 1375 (s), 1257 (m), 1214 (w), 1151 (w), 869 (W), 776 (vS).

CMJLO043: Synthesis of the Magnesium coordination complex of 3-methyl-
octahydro-pentalene-1-carboxylic acid (method 2)

H

o—" Methanol/water o o
(o]
+ MgCl, 80°C, 24 hoursA'
Mg
N32003 o/ \O

magnesium 2-(3-methyloctahydropentalen-1-yl)acetate
3-methyl-octahydro-pentalene-1-carboxylic acid

214.6 mg of 3-methyl-octahydro-pentalene-1-carboxylic acid was weighed into a 100
mL round bottom flask. 150 mg of sodium carbonate was added to the flask. 140 mg of
magnesium chloride hexahydrate was dissolved in a 15 mL solution of 2:1 methanol :
ultrapure water and transferred into the flask. The salt solution was washed with another
10 mL of methanol to ensure complete transfer of the solution. The sample was placed
under reflux for 24 hours at 80°C. After reacting, the sample was dried through rotary
evaporation and transferred to a 20 mL vial. HNMR, 13CNMR, COSY, HSQC, IR, and
crystallography sample was run for each of the sample. The crystals was attempted to
be formed from slow evaporation using methanol as a solvent. 1H (300 MHz, DMSO-
D6, ppm): 0.93 (d, 3H, 3JcH = 6.19 Hz, CHCH3), 1.22 (g, 2H, 3JcH = 34.37 Hz, -ohpn),
1.39 (m, 6H, 3Jch = 50.63 Hz, -ohpn), 1.82 (m, 3H, 3JcH = 79.09 Hz, -ohpn), 2.54 (g, 1H,
3Jch = 22.92 Hz, -ohpn). 13C{1H} (75 MHz, DMSO-D6, ppm): 19.53 (s, -ohpn), 24.60 (s,
-ohpn), 31.63 (s, -ohpn), 33.06 (s, -ohpn), 41.31 (s, -ohpn), 41.64 (s, -ohpn), 47.75 (s, -

ohpn), 51.33 (s, -ohpn), 55.41 (s, -ohpn), 180.00 (s, ohpn-CO2H). IR (ATR, cm-1): 2944
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(m), 2929 (m), 2860 (M), 2361 (w), 1711 (W), 1559 (vs), 1415 (vs), 1314 (m), 1272 (w),

1229 (w), 790 (m), 692 (w).

CMJLO044: Synthesis of the Magnesium coordination complex of 2-cyclo-
pentylhexanoic acid (method 2)

H

-

(0]

Methanol/water o o
+ MgCl, 80°C, 24 hours

—3

N32003

2-cyclopentylhexanoic acid
magnesium 2-cyclopentylhexanoate

141.9 mg of 2-cyclo-pentylhexanoic acid was weighed into a 100 mL round bottom
flask. 92 mg of sodium carbonate was added to the flask. 78 mg of magnesium chloride
hexahydrate was dissolved in a 15 mL solution of 2:1 methanol : ultrapure water and
transferred into the flask. The salt solution was washed with another 10 mL of methanol
to ensure complete transfer of the solution. The sample was placed under reflux for 24
hours at 80°C. After reacting, the sample was dried through rotary evaporation and
transferred to a 20 mL vial. tTHNMR, ¥3CNMR, COSY, HSQC, IR, and crystallography
sample was run for each of the sample. The crystals was attempted to be formed from
slow evaporation using methanol as a solvent. 1H (300 MHz, DMSO-D6, ppm): 0.82 (t,
3H, 3JcH = 13.08 Hz, -CHCO2H), 1.24 (m, 6H, 3Jcn = 84.53 Hz, cypen), 1.43 (m, 8H,
3Jen = 112.95 Hz, CH3CH2CH2CH2CH(cypen)COzH), 1.78 (t, 8H, 3Jcu = 15.30 Hz,
CH3CH2CH2CH2CH(cypen)COzH). B8C{1H} (75 MHz, DMSO-D6, ppm): 14.12 (s,
CH3CH2CH2CH2CH(cypen)CO2zH), 22.62 (s, CHsCH2CH2CH2CH(cypen)CO2zH), 24.73

(d, %JCH = 18.26 Hz cypen), 30.18 (d, 3JCH = 10.61 Hz, cypen), 30.92 (s,
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CHsCH2CH2CH2CH(cypen)CO2H), 31.94 (s, CH3CH2CH2CH2CH(cypen)CO:zH), 43.24
(s, CH3CH2CH2CH2CH(cypen)CO2H), 54.43 (s, CH3CH2CH2CH2CH(CHC4Hs)CO2H),
179.92 (s, CH3CH2CH2CH2CH(cypen)CO:zH). IR (ATR, cm™): 2952 (m), 2928 (m), 2859

(M), 2360 (W), 1554 (vs), 1443 (m), 1410 (s), 1312 (w), 1198 (w), 1114 (w).

CMJLO045: Synthesis of the Magnesium coordination complex of anthracene-9-
carboxylic acid (method 2)

OOO Methanol/water
+ MgCl, 80°C, 24 hours

N32C03

O

~

H

[¢]

magnesium 2-(anthracen-9-yl)acetate

9-anthracenecarboxylic acid

709.5 mg of Anthracene-9-carboxylic acid was weighed into a 100 mL round bottom
flask. 379 mg of sodium carbonate was added to the flask. 355 mg of magnesium
chloride hexahydrate was dissolved in a 15 mL solution of 2:1 methanol : ultrapure
water and transferred into the flask. The salt solution was washed with another 10 mL of
methanol to ensure complete transfer of the solution. The sample was placed under
reflux for 24 hours at 80°C. After reacting, the sample was dried through rotary
evaporation and transferred to a 20 mL vial. *HNMR, *CNMR, COSY, HSQC, IR, and
crystallography sample was run for each of the sample. The crystals was attempted to

be formed from slow evaporation using methanol as a solvent.
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CMJL046: Synthesis of the Zinc coordination complex of 1-naphthoic acid
(method 1)

OO Methanol/water
(o]
+ ZnCl, 80°C, 24 hours

NGQCO::,

(0]

1-naphthoic acid

zinc 2-(naphthalen-1-yl)acetate

583.22 mg of 1-naphthoic acid was weighed into a 100 mL round bottom flask. 323 mg
of zinc chloride was dissolved in a 15 mL solution of 2:1 methanol : ultrapure water and
transferred into the flask. The salt solution was washed with another 10 mL of methanol
to ensure complete transfer of the solution. The sample was left to reflux for 6 hours at
100°C. Once the reaction was complete, 40 mL of ammonium hydroxide was added to
the flask and the sample was allowed to stir for 30 minutes. No precipitate formed like in
CMJL027. The filtrate sample was dried through rotary evaporation and transferred to a
20 mL vial. THNMR, ¥CNMR, COSY, HSQC, IR, and crystallography sample was run
for each of the sample. The crystals was attempted to be formed from slow evaporation
using methanol as a solvent. 1H (300 MHz, DMSO-D6, ppm): 9.00 (t, 1H, 3Jch = 9.77
Hz, Ar), 7.88 (m, 3H, 3Jcn = 11.32 Hz, Ar), 7.47 (m, 3H, 3Jck = 21.32 Hz, Ar). 13C{1H}
(75 MHz, DMSO-D6, ppm): 124.95 (s, Ar), 125.36 (s, Ar), 125.79 (s, Ar), 127.01 (d,
3JCH = 14.80 Hz Ar), 127.91 (s, Ar), 129.13 (s, Ar), 130.81 (s, Ar), 133.38 (s, Ar),
136.59 (s, Ar), 171.79 (s, Ar-CO2H). IR (ATR, cm-1): 3130 (m, br), 3041 (m, br), 2804
(m, br), 1599 (m), 1542 (m, br), 1508 (m), 1400 (s), 1354 (s), 1253 (m), 1205 (m), 1146

(m), 870 (w), 778 (vs).
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CMJL047: Synthesis of the Zinc coordination complex of 3-methyl-octahydro-
pentalene-1-carboxylic acid (method 1)

o—" Methanol/water

o
+ ZnCl, 80°C, 24 hoursA’

N32CO3

3-methyl-octahydro-pentalene-1-carboxylic acid

zinc 2-(3-methyloctahydropentalen-1-yl)acetate

237.50 mg of 3-methyl-octahydro-pentalene-1-carboxylic acid was weighed into a 100
mL round bottom flask. 151 mg of zinc chloride was dissolved in a 15 mL solution of 2:1
methanol : ultrapure water and transferred into the flask. The salt solution was washed
with another 10 mL of methanol to ensure complete transfer of the solution. The sample
was left to reflux for 6 hours at 100°C. Once the reaction was complete, 40 mL of
ammonium hydroxide was added to the flask and the sample was allowed to stir for 30
minutes. No precipitate formed like in CMJL027. The sample was dried through rotary
evaporation and transferred to a 20 mL vial. *HNMR, *CNMR, COSY, HSQC, IR, and
crystallography sample was run for each of the sample. The crystals was attempted to
be formed from slow evaporation using methanol as a solvent. 1H (300 MHz, DMSO-
D6, ppm): 0.95 (d, 3H, 3Jch = 6.06 Hz, CHCH3), 1.26 (g, 2H, 3JcH = 36.14 Hz, -ohpn),
1.44 (m, 6H, 3JcH = 52.66 Hz, -ohpn), 1.84 (m, 2H, 3JcH = 40.27 Hz, -ohpn), 2.09 (m,
1H, 3JcH = 26.85 Hz, -ohpn), 2.58 (q, 1H, 3Jch = 18.83 Hz, -ohpn). 3C{1H} (75 MHz,
DMSO-D6, ppm): 19.24 (s, -ohpn), 24.51 (s, -ohpn), 31.40 (s, -ohpn), 32.84 (s, -ohpn),
41.38 (s, -ohpn), 47.59 (s, -ohpn), 51.19 (s, -ohpn), 52.77 (s, -ohpn), 179.30 (s, ohpn-
CO2H). IR (ATR, cm-1): 3161 (w, br), 2946 (s, br), 2863 (s, br), 2361 (w), 1703 (m),

1621 (s), 1536 (vs), 1429 (vs), 1315 (m), 1270 (m), 1139 (w), 787 (m).
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CMJLO048: Synthesis of the Zinc coordination complex of 2-cyclo-pentylhexanoic
acid (method 1)

o
Methanol/water
[o} Zn
+ ZnCl, 80°C, 24 hours% PN
NGQCO3 %

2-cyclopentylhexanoic acid

zinc 2-cyclopentylhexanoate

156.4 mg of 2-cyclo-pentylhexanoic acid was weighed into a 100 mL round bottom
flask. 110 mg of zinc chloride was dissolved in a 15 mL solution of 2:1 methanol :
ultrapure water and transferred into the flask. The salt solution was washed with another
10 mL of methanol to ensure complete transfer of the solution. The sample was left to
reflux for 6 hours at 100°C. Once the reaction was complete, 40 mL of ammonium
hydroxide was added to the flask and the sample was allowed to stir for 30 minutes. No
precipitate formed like in CMJL027. The sample was dried through rotary evaporation
and transferred to a 20 mL vial. 'HNMR, 3CNMR, COSY, HSQC, IR, and
crystallography sample was run for each of the sample. The crystals was attempted to
be formed from slow evaporation using methanol as a solvent. 1H (300 MHz, DMSO-
D6, ppm): 0.83 (t, 3H, 3JcH = 13.83 Hz, -CHCO2H), 1.21 (m, 6H, 3Jcn = 84.80 Hz,
cypen), 1.42 (m, 8H, 3Jcn = 128.12 Hz, CH3CH2CH2CH2CH(cypen)CO2zH), 1.84 (m, 2H,
3JcH = 50.70 Hz, CH3CH2CH2CH2CH(cypen)CO2H). ¥ C{1H} (75 MHz, DMSO-D6, ppm):

13.92 (s, CHaCH2CH2CH2CH(cypen)COzH), 22.29 (s,



58

CH3CH2CH2CH2CH(cypen)CO2H), 24.71 (d, 3Jcn = 9.55 Hz cypen), 29.62 (s,
CH3CH2CH2CH2CH(cypen)CO2H), 30.18 (d, 3Jcn = 31.98 Hz, cypen), 31.22 (s,
CH3CH2CH2CH2CH(cypen)CO2zH), 42.69 (s, CH3CH2CH2CH2CH(cypen)CO2zH), 52.07
(s, CH3CH2CH2CH2CH(CHC4Hs)CO2H), 178.69 (s, CH3CH2CH2CH2CH(cypen)COzH).
IR (ATR, cm): 3131 (w, br), 3034 (w, br), 2952 (m), 2859 (m), 2359 (w), 1599 (vs),
1546 (m), 1445 (s), 1423 (vs), 1316 (m), 1118 (w), 941 (w), 897 (w), 734 (W), 691 (w),

524 (s).

CMJLO049: Synthesis of the Zinc coordination complex of 1-naphthoic acid using
diisopropylethylamine

OO Methanol/ water
+ 80°C, 6 hours

ZnCl, .

o

. Diisopropylethylanime

1-naphthoic acid

zinc 2-(naphthalen-1-yl)acetate

621.00 mg of 1-naphthoic acid was weighed into a 100 mL round bottom flask. 466 mg
of diisopropylethylamine was added to the flask. 308 mg of zinc chloride was dissolved
in 15 mL anhydrous methanol and transferred into the flask. The salt solution was
washed with another 10 mL of methanol to ensure complete transfer of the solution. The
sample was left to reflux for 6 hours at 100°C. After reacting, the sample was dried
through rotary evaporation and transferred to a 20 mL vial. *HNMR, *CNMR, COSY,
HSQC, IR, and crystallography sample was run for each of the sample. The crystals

was attempted to be formed from slow evaporation using methanol as a solvent. 1H
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(300 MHz, DMSO-D6, ppm): 8.98 (t, 1H, 3Jcn = 9.38 Hz, Ar), 7.95 (m, 3H, 3JcH = 28.72
Hz, Ar), 7.51 (m, 3H, 3Jch = 26.65 Hz, Ar). 33C{1H} (75 MHz, DMSO-D6, ppm): 124.85
(s, Ar), 125.53 (s, Ar), 126.21 (s, Ar), 126.81 (s, Ar), 128.04 (s, Ar), 130.20 (s, Ar),
130.84 (s, Ar), 133.37 (s, Ar), 170.98 (s, Ar-C0Oz2). IR (ATR, cm-1): 2988 (m, br), 2814
(w, br), 2706 (w, br), 2495 (w, br), 1600 (s), 1567 (s), 1507 (m), 1460 (s), 1403 (s), 1357

(vs), 1257 (m), 1131 (s), 788 (vs).

CMJLO050: Synthesis of the Magnesium coordination complex of 1-naphthoic acid
using diisopropylethylamine

OO Methanol/ water o o
+  MgCl, 80°C, 6 hours s
/Mg\

>

Diisopropylethylanime o o}
O\H

[¢]
magnesium 2-(naphthalen-1-yl)acetate

1-naphthoic acid

555.50 mg of 1-naphthoic acid was weighed into a 100 mL round bottom flask. 417 mg
of diisopropylethylamine was added to the flask. 410 mg of magnesium chloride was
dissolved in 15 mL anhydrous methanol and transferred into the flask. The salt solution
was washed with another 10 mL of methanol to ensure complete transfer of the
solution. The sample was left to reflux for 6 hours at 100°C. After reacting, the sample
was dried through rotary evaporation and transferred to a 20 mL vial. tHNMR, 3CNMR,
COSY, HSQC, IR, and crystallography sample was run for each of the sample. The
crystals was attempted to be formed from slow evaporation using methanol as a
solvent. 1H (300 MHz, DMSO-D6, ppm): 9.05 (g, 1H, 3JcH = 9.80 Hz, Ar), 8.05 (g, 2H,

3Jcn = 38.97 Hz, Ar), 7.94 (g, 1H, 3Jc1 = 9.56 Hz, Ar) 7.50 (m, 3H, 3Jcu = 20.32 Hz, Ar).
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13C{1H} (75 MHz, DMSO-D6, ppm): 124.86 (s, Ar), 125.64 (s, Ar), 126.30 (s, Ar), 126.81
(s, Ar), 128.12 (s, Ar), 128.49 (s, Ar), 130.89 (s, Ar), 133.38 (s, Ar), [(s, Ar-CO2) not
present]. IR (ATR, cm-1): 2984 (m, br), 2802 (w, br), 2666 (w, br), 2493 (w, br), 1626

(m), 1606 (s), 1572 (s), 1508 (m), 1416 (s), 1378 (vs), 1258 (w), 1132 (m), 788 (vs).

CMJLO51: Solubility tests of specific samples for purification

~25 mg of each sample was placed into a 1 dram vial. About 2 mL of the respective
solvent was added to each vial. The samples were mixed using a vortex mixer for one
minute each. Initial observations of solubility are recorded in the following table. The
samples were left to sit sealed on the bench top undisturbed for a week. After a week,
observations of solubility were updated in the table. This test was to determine which
solvents would be appropriate to further purify the samples of their respective
contaminations, NH4Cl and NaCl, which regularly crystallized instead of the desired
product. This solubility test was also to determine the appropriate mobile phase for the

RP-HPLC partition coefficient experiments.

Solution CMJLO027 Zn CMJL027 Mg CMJLO36 CMJLO042
Acetone Not Soluble * Not Soluble Not Soluble Partly Soluble
Ultrapure water Not Soluble Soluble Soluble Soluble
Toluene Not Soluble ** Not Soluble Not Soluble Not Soluble
Cyclo-hexane Not Soluble Not Soluble Not Soluble Not Soluble
Acetonitrile Not Soluble * Not Soluble * Not Soluble ¢ Not Soluble **
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Chloroform Not Soluble * Not Soluble * Slightly Soluble Slightly Soluble

Dichloromethene | Partly Soluble * Slightly Soluble * Slightly Soluble Not Soluble

Hexanes Not Soluble Not Soluble Not Soluble Not Soluble

Tetrahydrofuran Not Soluble * Not Soluble * Partly Soluble * Partly Soluble *

* Sample dissolved fully into solution when left undisturbed for one week
** Sample partially dissolved when left undisturbed for one week

¢ Sample formed needle crystals when left undisturbed for one week

CMJLO052: Zinc coordination complex of 1-naphthoic under anhydrous conditions
(method 2)

1) Methanol
+  Zncl 80°C, 6 hours

>

'~ 2) NH4OH Wash

0o

1-naphthoic acid

zinc 2-(naphthalen-1-yl)acetate

887.1 mg of 1-naphthoic acid was weighed into a 100 mL round bottom flask. 363 mg of
zinc chloride was dissolved in a 10 mL solution of anhydrous methanol and transferred
into the flask. The salt solution was washed with another 10 mL of methanol to ensure
complete transfer of the solution. The sample was left to reflux for 6 hours at 100°C.
Once the reaction was complete, 40 mL of ammonium hydroxide was added to the flask
and the sample was allowed to stir for 30 minutes. No precipitate formed like in
CMJLO027. The sample was dried through rotary evaporation and transferred to a 20 mL

vial. 1, 3CNMR, COSY, HSQC, IR, and crystallography sample was run for each of the
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sample. The crystals was attempted to be formed from slow evaporation using methanol
as a solvent. 1H (300 MHz, DMSO-D6, ppm): 8.95 (t, 1H, 3Jcn = 10.01 Hz, Ar), 7.89 (t,
3H, 3Jcn = 12.39 Hz, Ar), 7.47 (m, 3H, 3Jck = 20.26 Hz, Ar). 13C{1H} (75 MHz, DMSO-
D6, ppm): 124.92 (s, Ar), 125.39 (s, Ar), 125.87 (s, Ar), 127.33 (d, 3JCH = 15.45 Hz Ar),
127.94 (s, Ar), 129.39 (s, Ar), 130.85 (s, Ar), 133.38 (s, Ar), 171.66 (s, Ar-CO2H),
206.53 (s, aldehyde formation?) . IR (ATR, cm-1): 3326 (w, br), 3130 (m, br), 3044 (m,
br), 2805 (m), 1549 (s, br), 1401 (s), 1355 (s), 1255 (m), 1213 (m), 1149 (m), 871 (w),

778 (vs).

CMJLO053: Diethyl Zinc coordination complex of cyclo-hexaneacetic acid

o] H
O/ —% OH
+ LZH cyclohexane/hexanes \Zn
2 hours z\o

CCHA zinc 2-cyclohexylacetate dihydrate

+

__—\

?\-—‘/’ o

321.8 mg of cyclo-hexaneacetic acid was weighed into a 100 mL schlenk flask. The acid
was roughly ground within the flask using a scoopula and a stir bar was added. The acid
was dissolved/suspended in 15 mL of cyclo-hexane. The flask was evacuated of air and
placed under an argon atmosphere using an argon filled balloon. With a needle, ~2 mL
1 M in hexanes diethyl zinc was added to the flask. The reaction was allowed to stir for
two hours. White gas/vapour formed upon the diethyl zinc contacting with the argon
atmosphere. As the reaction proceeded, the vapour dissipated. No colour changes was
observed in the sample. The sample was dried through rotary evaporation and

transferred to a 20 mL vial. *HNMR, *CNMR, COSY, HSQC, IR, and crystallography
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sample was run for each of the sample. The crystals was attempted to be formed from
slow evaporation using methanol as a solvent. 1H (300 MHz, DMSO-D6, ppm): 1.99 (d,
2H, 3JcH = 6.88 Hz, cyhex-CH2CO2H), 1.65 (m, 6H, 3Jch = 27.50 Hz, -cyhex), 1.14 (m,
3H, 3JcH = 67.38 Hz, -cyhex), 0.88 (g, 2H, 3Jch = 33.00 Hz, -cyhex). 13C{1H} (75 MHz,
DMSO-D6, ppm): 25.81 (d, 3JcH = 7.18 Hz, -cyhex), 32.65 (s, -cyhex), 35.02 (s, -cyhex),
206.45 (s, cyhex-CH2CO2H). IR (ATR, cm-1): 2919 (s), 2849 (m), 2665 (w), 1628 (s),

1536 (vs), 1440 (vs), 1419 (vs), 1325 (m), 1267 (m), 1199 (w), 1171 (w), 1125 (w).

CMJLO056: Partition coefficient comparison using RP- HPLC, concentrated
samples

A method was adapted from the literature to compare a sample’s partition coefficients to
the respective unreacted naphthenic acid.?* 3° The samples: CMJL027 Zn, CMJL027
Mg, CMJL036, CMJL042, CMJLO52, CMJL053, CCPA, CCHA, 1-napthanoic acid,
CCPA methyl ester, and CCHA methyl ester were all dissolved in HPLC grade
methanol. The concentration was not controlled as this experiment was only to identify
noticeable differences between the samples and the respective acid controls. The RP-
HPLC was configured with a ZDRBAX Eclipse XDB-C18 column, a mobile phase of
40:60 ACN : H20 at a flow rate of 1 mL/min and a DAD set to a wavelength of 247 nm.
Samples were allowed to run for 20 minutes and were run in duplicate. The retention
times of the samples directly correlate to the partition coefficient of the sample; the
longer they are retained within the column, the more hydrophobic the sample is. It is

important to note for this experiment, that it is nothing more than for an initial
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comparison, a precise measurement of the partition coefficient cannot be determined

without a calibration curve of compounds with known partition coefficients.

Spectroscopic & Characterization Techniques

The infrared spectra of all samples were obtained using an attenuated total reflection
(ATR) adapter on a Bruker Alpha Spectrometer. Data processing was completed using

the OPUS 6.0 software suite.

The NMR experiments were carried out on a Bruker Ultrashield 300 MHz NMR
spectrometer with a 7.05 Tesla magnet. The samples were prepared by dissolving a
small amount of the compound into an aliquot of the deuterated solvent open to the
atmosphere. 'H and 3C{1H} spectra were referenced to residual solvent downfield of
trimethylsilane. Peaks were assigned by considering results from COSY, HSQC and
DEPTQ experiments, as well as by relative integration in the 'H spectra. The data was

processed using Bruker TOPSIN 3.5pl5.

Elemental analyses (EA) were performed on a Perkin Elmer CHN Analyzer 2400 Series
[l. Prior to data acquisition standard calibration was conducted with acetanilide supplied
by Perkin Elmer. All EA data acquisition was obtained by Patricia Granados of the

Centre for Environmental Analysis and Remediation at Saint Mary’s University.
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HPLC details

The HPLC experiments were carried out on a Agilent 1100 LC-DAD equipped with an
autosampler, binary pump, vacuum degasser, thermostatted column, and diode array
detector. The column used was a ZDRBAX Eclipse XDB-C18 column, Rapid resolution
4.6x75 mm, 3.5 microns. All data was collected and processed using the software HP

Chem Station.

X-ray crystallography details

All X-ray crystallographic analyses were performed by Dr. Katherine Robertson at Saint
Mary’s University, and all crystallographic diagrams presented within were prepared
using Mercury CSD 3.6%,

The crystal chosen for each determination was attached to the tip of a 400 um
MicroLoop with paratone-N oil. Measurements were made on a Bruker APEXII CCD
equipped diffractometer (30 mA, 50 kV) using monochromated Mo Ka radiation (A =
0.71073 A) at 125 K, except for the room temperature data collection which was carried
out at 26 C%. The initial orientation and unit cell were indexed using a least-squares
analysis of a random set of reflections collected from three series of 0.5° w-scans, 15
seconds per frame and 12 frames per series, that were well distributed in reciprocal
space. For data collection, four w-scan frame series were collected with 0.5° wide
scans, 30 second frames and 366 frames per series at varying ¢ angles (¢ = 0°, 90°,
180°, 270°). The crystal to detector distance was set to 6 cm and a complete sphere of
data was collected. Cell refinement and data reduction were performed with the Bruker

SAINT software®®, which corrects for beam inhomogeneity, possible crystal decay,
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Lorentz and polarisation effects. A multi-scan absorption correction was applied
(SADABS)®. The structures were solved using either SHELXT-2014%° or SHELXS-
20144° and were refined using a full-matrix least-squares method on F? with SHELXL-
20144°. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms bonded
to carbon were included at geometrically idealized positions and were not refined. The
isotropic thermal parameters of the hydrogen atoms were fixed at 1.2Ueq of the parent

carbon atom or 1.5Ueq for methyl hydrogens.
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., 3-Methyl-Octahydro-Pentalene-1-Carboxylic
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;Reacted with ZnCl2 and Na2Co3

'Reflux at 80C for 24 hours
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2-Cyclopentyl Hexanoic Acid
iReacted with ZnClZ and Na2ZCO3
‘Reflux at B0C for 24 hours
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reflux 24 hours at 80C
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3-MOPCA
coordinated to Magnesium
refluxed at B80C for 24 hours
1d_proton DMSC C:\\ Laprade 13
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coordinated to Magnesium
refluxed at 80C for 24 hours
1d proton DMSO C:\\ Laprade 13
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2-CPHA

coordinated to Magnesium
refluxed at 80C for 24 hours
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mH|2mv=ﬁrown Acid and ZnCl2
mwsﬁobwnﬂ Hydroxide base mediated
mewHﬁNmn 6 hours at 100C

mﬂmwwoi Sample from Rotavap

1d proton DMS50 C:\\ Laprade 2
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1 ‘.
‘1-Naphthoic Acid and ZnCl2
‘Ammonium Hydroxide base mediated
Refiuvxed A howors at 100

reliow Jamois Pzom Rocsvap

1d proton DMSO C:\\ Laprade 2
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. 1-Naphthoic Acid and Zncl2
Ammonium Hydroxide base mediated
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iYellow Sample from Rotavap
i1d_cl3short DMSO C:\\ Laprade 2
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iMOPCA and ZnCl2
'2mmonium Hydroxide base mediated
:Refluxed 6 hours at 00O
mpﬂlﬁhoﬂoh CMSC C:\\ Laprade 16
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IMOPCA and 2ncl2

{Ammonium Hydroxide base mediated
‘Refluxed 6 hours at LUUC
i1d_proteon DMSQ C:\\ Laprade 16
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2=LEHA and Zntl?

Ammonmiame By roxide base nedisted
Eaflered & houss st 100C

14 proton DMSO C:\\ Laprade 2
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'2-CPHA and ZnClz

Ammonium Hydroxide base mediated
Eaflexed & hours &t 100C
1ld_proteon DMSC C:\\ TLaprade 2
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I-Haphthanoie Acid zeasted with ZnClz
Huediated by 0IpEn

Reflux for b hodrs st (0AC

Ifl_proton DMSO C:\\ Laprade 15
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- Zmﬁ:nvmnOHn Acid reacted with ZnCliz2

'Mediated by DIPEA

‘Reflux for 6 hours at 100cC
1d_proton DMSG C:\\ Laprade 15
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l1-Naphthanoic Acid reacted with Znclz
iMediated by DIPEA

‘Reflux for & hours at 100C
1d_cl3short DMSO C:\\ Laprade 15
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¢ 130
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rzmvbﬁwmnOHn WnHQ reacted with Mgcliz
Mediated by DIPEA
‘Reflux for 6 hours at 100C
'1d_proton DMSO C:\\ Laprede 16
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L-Naphthatipts Acid resceed with MgCl2

Medizted by GIPEA

el lme for' @ hours:ae LOps

ld_proton [MSD C:\\ Laprade 16
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il- wawﬂzmuown Acid reacted with MgClZ

iMediated by DIPEA
;Reflux for 6 hours at 100C
'1d_cl3short DMSO C:\\ Laprade 16
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: CMJLO52
‘1-Naphthoic Acid + ZnCl2
NH40H mediated

HefFluxed & heurs at' B0

Hobtawvap mi=take + acstons contamination?
ld proton DMSQ C:\\ Laprade 1
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. CMJLOS2

|1-Naphthoic Acid + 7nCl2

"NH40OH mediated
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| CMJLO52

1-Naphthoic Acid + ZnCl2

NH40OH mediated

Refluxed & hours at 80C

Rotavap mistake + acetone contamination?
i1d_cl3short DMSO C:\\ Laprade 1
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| CMJILO53
.cyclohexaneacetic acid
‘Reacted with diethyl zinc
Wmﬁmon atmosphere and cyclohexane solvent
‘reacted 2 hours

-1d_proton DMSO C:\\ Laprade 2
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‘Reacted with ﬁmmﬂﬁih zang

argan atmosphlte and cyclonexans solvent
reacted 2 higlis
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CMJLC53 2
{CMJIT.053
‘cyclohexaneacetic acid
{Reacted with diethyl zinc
idrgon atmosphere and cyclohexane solvent
‘reacted 2 hours

ld_cifshort DMSO C:\\ Laprade 2
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