‘//JA!\\‘ Unlver31ty

Reactivity of 1,3-Dicarbonyl
Compounds with Urea under

Physiological Conditions

Major Internship Research Report

Gino Prestifilippo
Msc. Drug Innovation
Student number 9675477



l. Acknowledgements

| would like to thank dr. Rene van Nostrum for the opportunity to do my major internship
under his guidance as well as for providing a space where | could perform my

syntheses within the scope of the thesis, and for taking the role of the first assessor.

| would like to thank prof. dr. ir. Wim Hennink for taking the role of the second assessor

and for the valuable input during this project.

| would like to thank dr. Piet Driest for sharing his expertise and his guidance

throughout the creation of this thesis. His input has been invaluable.

| would like to thank dr. Karin Gerritsen and Rob Smakman, as well as the other

contributors to this project, for the valuable discussions and feedback.

| would like to thank Babette Lentferink for performing the urea reactivity

measurements of the synthesized polymeric structures.

| generally would like to express my gratitude for the opportunity to learn from everyone
involved, as well as for providing me with my first practical experience in polymer
synthesis. The project has proven to be a truly valuable learning experience, and has

shaped my aspirations for my future chemistry career.

Finally, | would like to thank my family for their support, as well as Diana Ungureanu

for her support and encouragement while composing this thesis.



il. Assessors

First Assessor: Dr. C.F. van Nostrum

Second Assessor: Prof. dr. ir. W.E. Hennink



iIll. Table of Contents

[, ACKNOWIEAGEMENTS ...t e e e et e e e e e e eeeenees i
[l ASSESSONS ..ttt e ettt e ettt e et e a e e e e e e et et e e e e e e e e e e e eeraans Ii
. Table Of CONIENES ......uuiiiii e iii
V. List Of ADDIreViations .......coooo oo %
V. Y 0151 =T PP Vi
N 11 {0 To (8 o 1o ] [P PP 1
1.1. The function of the kidney and the consequences of kidney failure............... 1
I B 1T 1 1Y £ SRR 2
1.3. Urea — Chemistry, biological significance and problems ....................ooeee. 4
1.4. Alternative methods for the removal of Urea...........ccccuvvveviviiiiiiiiiiiiiiiiinn, 6
1.4.1. Enzymatic removal USING UrCASE ........ccceeeeieriiiiiiiiiieeeeeeeeeesiiee e e e eeeeeeannns 6
1.4.2. Disposal of urea through electrochemical means .........c..ccccceeeiiieeiinnnnnns 7
1.4.3. Non-covalent binding of Ur€a ..........cccooeeeiiiiiiiiiiii e, 9
1.4.4. The covalent binding of Ur€a...........ccoooeeeiiiiiiiiiiii e 11
1.5. The properties and chemistry of malonaldehyde and triformylmethane. ..... 14
1.5.1.  EIeCtrophiliCity .......ccovmuiiiiiie e 14
1.5.2. Keto-enol tautOMEriSIM ........ccoiiiiiiiiiiiee e e e e e e e eeenees 15
1.5.3. Self-condensation reactionS...........cccooveeeeiiieeiiiiiiiiee e e e e e eeeeenes 16
ST S Voo 111V 16
1.5.5. The reaction of 1,3-dialdehyde structures with urea ............................. 17

2. AIMS OF TS STUTY ....euiiiiiiiiiiiiiiiiiii bbb eeennee 20
2200 R Y/ 0 1AV V[ ] SRR 20
2.2, ODBJECHIVE ... 20
3. RESUILS @Nd DiSCUSSION ......uuuiiiiieeeiiieiiiiii e e e e e e et e e e e e e e e e eeeaanr e e e e e e e eeeenennnnn s 24
3.1. The urea reactivity of a non-enolizable, non-acidic malonaldehyde derivative.

24

3.1.1. Synthesis of 2,2-dimethyl-malonaldehyde (30). .......cccccccvviviiiiiiiiiiinnnnn. 24
3.1.2. Testing the urea reactivity of 2,2-dimethyl-malonaldehyde (30)............ 24
3.1.3. Hypothesized reaction mechanism between 2,2-dimethyl-malonaldehyde
(B0) @and Urea at PH 7. ..ccoeeeeeeeeeeeeeeeee e 27
3.2. The synthesis of an MDA-functionalised polymer...........cccccceiiiiin. 28
3.2.1. The synthesis of poly(vinylaming) (33)......ccccccoiriiiiiiiiiiiiiiiiiiiiiiieeeeeeee 28
3.2.2. The analysis of POIY(TEPA) (37). «ccuuiiiiiiiiiiiiiiiiiieieeieeeeeeeeeeeeeeeeeeeeeeee 30



3.3. The synthesis of 1,3-dialdehyde precursors. .........cccceveeeevviiiiiiee e 31

3.3.1. Potential 1,3-dialdehyde precursors for polymer functionalization. ....... 31
3.3.2. Potential 1,3-dialdehyde precursors for polymer functionalization. ....... 36
3.3.3. The synthesis of an electrophilic 1,3-dialdehyde precursor: 2-bromo-
tetramethoxypropane (2-Br-TMP) (39). ...coorriiiiiiiiiee e 37
3.4. Functionalising the chosen polymeric Structures. ............cccceeeeeeeeeeeeeeee e, 38

3.4.1. The functionalisation of poly(glycidyl acrylate) (35) with serinol (69). ... 39

3.4.2. The functionalization of poly(TEPA) (37) with 2-Br-TMP (39). .............. 40
3.4.3. The functionalization of poly(vinylamine) (33) with 2-Br-TMP (39)........ 41
3.5. Measuring the urea-reactivity of chosen functionalized polymeric structures. .
.................................................................................................................... 41

3.5.1. Measuring urea reactivity 0f 41..........ccccccviiiiiiiiiiiiiiieeee 42
3.5.2. Measuring urea reactivity of 45...........ccccciiiiiiie 44
3.5.3.  Measuring urea reactivity of 71.........cccccciiiiiiiiiiiiiieeeee 45
3.5.4. Additional coONSIAEratioNS. .........uuiiiiieeiiiiiiiiiiie e e 45

S O o 1 [od 1153 o] 1 46
G T © 11 1 (o o PP a7
6. EXperimental SECHON............ouuiiiii e 49
6.1,  PrefaCe ... 49
6.1.1. General iINformation ............coooviiiiiiiii 49
B.1.2.  SOIVENTS ..o 49
B.1.3.  NMR ... i a e e a e e e e e e 49
T S | = SRR UUPPERRRR 50
6.2.  EXPEIIMENTS ...ouiiiiii it s e e e e e e e et e e e e e e eaaans 51
6.2.1. Small-molecule SYNtheSES. ........cooviiiiiiiiiie e 51
6.2.2.  POIYMEr rEACLIONS. ....uiieieeiieeiece e 63
6.2.3. General procedure urea-reactivity measurement small molecules. ...... 67
REIEIENCES. ... e 68
Table Of FIQUIES .....ooiiiiiiiiiiiiieeeeeeeeeeeeeeeeee ettt 77
Table Of TADIES ... e 81

O AN o] o= o o ) PP 82
O T ST o 1T o1 1 = PP PRPRPPPPPPPTN 82
10.2.  Urea reactivity measurements of synthesized polymers. ............ccccuueee 101



IV. List of Abbreviations
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl

1,1,3,3-tetramethoxypropane

2-Bromo-1,1,3,3-tetramethoxypropane

4-Dimethylaminopyridine
Activated carbon

Attenuated total reflection infrared

Azobisisobutyronitrile
Chronic kidney disease
Dihydroxyacetone

End-stage kidney disease
End-stage renal disease
Glomular filtration rate
Malonaldehyde
Malonaldehyde sodium salt
N,N'-Dicyclohexylcarbodiimide
N,N-Diisopropylethylamine
Phenylglyxoaldehyde
Phosphate buffered saline
Phosphate-buffered saline
Poly(N-vinylformamide)
Poly(tetraethylenepentamine)
Poly(vinylamine)

Potassium tert-butoxide
p-Toluenesulfonic acid
Trichloroisocyanuric acid
Triethylamine

Wearable artificial kidney

TEMPO
TMP
2-Br-TMP
DMAP
AC
ATR-IR
AIBN
CKD
DHA
ESKD
ESRD
GFR
MDA
NaMDA
DCC
DIPEA
PGA
PBS
PBS
PNVF
Poly(TEPA)
PVAmM
KOtBu
p-TsOH
TCCA
TEA
WAK



V. Abstract

In 2019, it is estimated that the number of people suffering from end-stage kidney
disease lies between approximately five to seven million, all of whom are in need of
renal replacement therapy. For those of whom a kidney transplant is not an option, a
high weekly frequency of dialysis procedures in the hospital is required to replace the

function of the kidney.

The development of a wearable kidney device would prove to be a significant
improvement on the quality of life of end-stage kidney disease patients, as it would not
only provide them with the option to receive treatment independent of the location, but
it would allow a more frequent treatment, which would likely reduce the prevalence of
uremic symptoms that ultimately contribute to the mortality of the patients. However,
the development of such a device is currently hindered due to its inability to effectively

remove the smallest uremic toxin — urea.

This thesis builds on the work of Jong et al., which has shown that small-molecule 1,3-
dialdehyde structures react rapidly and efficiently with urea, even in highly diluted
environments, under acidic conditions. This project focuses on the exploration of the
development of 1,3-dialdehyde structures that would react with urea under
physiological conditions. Specifically, this is done by varying the substituent in the 2-
position of the 1,3-dialdehyde structure to potentially modulate the inherit acidic

character of said structures.

Amine-substituted 1,3-dialdehyde structures did not show any significant reactivity
towards urea under physiological conditions, facilitating the need for further research
in the field. Nevertheless, the novel polymeric structures that were synthesized within
the scope of this project could potentially be investigated for other potential uses.
Further, the results of this project suggest that the optimization of 1,2-dicarbonyl
structures for generating a potent urea sorbent may prove to be more fruitful for the

incorporation in a wearable artificial kidney device.

Vi



1. Introduction

1.1. The function of the kidney and the consequences of kidney failure
The kidneys function as the filters of the body, continuously removing waste products
— more commonly referred to as uremic toxins — as well as excess fluid from the blood
while maintaining the acid-base balance in the balance and regulating electrolytes and

water.!

Uremic toxins (“Uremia” coming from the Greek words ouron “urine” and haima “blood”)
can be classified into three different categories. First, there are the small, water-soluble
molecules with a molecular weight of less than 0.5 kDa. Some examples include the
compounds urea, uric acid and creatinine.? Next, there are small proteins like cytokines
and B-2-microglobulin3, and finally, there are protein-bound uremic toxins like p-cresyl
sulfate and indoxyl sulfate.* Several structures of the aforementioned molecules are

presented in figure 1.
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Figure 1. Structures of several uremic toxins. From left to right: Urea, uric acid, creatinine, p-cresyl sulfate, indoxyl
sulfate.

There are, however, certain unfortunate scenarios in which the kidney function is
severally impaired, while in others, kidney function may be compromised altogether. A
wide variety of things can cause this, including diabetes®, genetic diseases such as
polycystic kidney disease®, the use of illicit drugs such as heroin’, as well as heart

attacks® and urinary tract infections®.

The National Kidney Foundation has several criteria to assess whether kidney function
is compromised. This includes whether the kidney has been damaged for three months
or more, characterized either by pathological abnormalities or other markers of kidney

damage such as the composition of blood or urine, or whether the glomerular filtration
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rate (GFR) has been lower than 60 ml/min/1.73m?2. If either is the case, the patient is
diagnosed with Chronic Kidney Disease (CKD).1°

Once the GFR falls below a rate of 15 ml/min/1.73m?, the condition is referred to as
end-stage kidney disease (ESKD) (or end-stage renal disease (ESRD)).!! In this
scenario, renal replacement therapy is required to replace the function of the kidney to
reduce the severity of so-called “uremic symptoms”. An extensive list of uremic
symptoms that most commonly lead to the mortality of the patient is presented in table
1.2

Renal replacement therapy most commonly refers to either dialysis or a kidney
transplant. However, dialysis is often the only option due to the severe lack of
compatible organ donors available for ESKD patients.'? While different types of dialysis

are available to ESKD patients, this paper shall focus on hemodialysis.

Table 1. A list of uremic symptoms contributing to mortality in ESKD patients.

Anaemia

Cardiac failure
Coagulation disorders
Fluid overload
Hyperparathyroidism
Hypertension
Immune dysfunction
Insulin resistance
Malnutrition
Osteodystrophy
Pericarditis

Vascular disease

1.2. Dialysis
While a kidney transplant is the preferred form of renal placement therapy for ESKD
patients, this is often simply not possible due to a severe lack of viable donors — both



diseased and alive.'? Instead, ESKD patients have no choice but to rely on dialysis

instead to aid with the excretion of uremic toxins and excess fluids and electrolytes.

During a hemodialytic procedure, the patient's blood is pumped into a dialyzer. Here,
small molecules such as urea can cross a semi-permeable membrane into an aqueous
solution called dialysate, after which the blood is pumped back into the body.*? This
dialysate is a buffered electrolyte solution that is also utilized to regulate the patient's
electrolyte balance. Because of this, the dialysate composition needs to be adjusted to
the individual patient.'* Further, excess water in the blood is most commonly removed
by a pressure gradient across the membrane. A schematic overview is shown in figure
2.

Patient Blood circuit

Figure 2. Schematic overview of hemodialysis. Taken from Jong (2019).1°

While dialysis certainly is considered a life-saving treatment, it is not entirely without
its drawbacks. Patients have to go to a dialysis clinic 3 to 6 times a week, and a session
can take anywhere between 2 and 8 hours. Moreover, while dialysis may provide some
relief and slow down the progression of uremic symptoms, it does not get rid of it
entirely. It is thus not surprising that many dialysis patients suffer from mental health

problems such as depression and anxiety.16

To improve the quality of life of ESKD patients and the long-term efficacy of the dialysis
treatment, a Wearable Artificial Kidney (WAK) device has been proposed as an
alternative. This would not only allow for more frequent removal of uremic toxins, thus
reducing the built-up of said toxins and their associated side effects, but the compact
nature of such a device would provide the patient with far more freedom in regards to

the location independence of the treatment, thus improving the quality of life.



Unfortunately, such a device depends on the ability to remove said toxins (as well as
fulfil all other purposes of a regular dialysis treatment) while remaining relatively
compact. Regular dialysis treatment uses approximately 120 L of dialysate, which
cannot be recovered afterwards. Ideally, the volume required by a WAK device would
be < 0.5L.17 While the regeneration of said dialysate would be possible in the form of
a closed-loop system'’, one of the main obstacles in realizing a commercial WAK
device is the removal of the smallest and most prevalent uremic toxin: urea. A

schematic overview of such a regenerative loop is presented in figure 3.

purification
unit

Dialysate
regeneration

Patient Blood circuit

Figure 3. A schematic overview of a Wearable Artificial Kidney (WAK) device with a dialysate regeneration unit.
Taken from Jong (2019).

1.3. Urea - Chemistry, biological significance and problems
Ureal is a small, polar molecule that is highly soluble in water. It has one oxygen atom
and two nitrogen atoms, all of which can form hydrogen bonds.8 It is unclear when it
was first isolated and characterized, though one of the first recorded instances was in
1727 by Hermann Boerhaave.'® The compound has three resonance structures, which

are presented in figure 4.2°

0] O (0}
H2N NH2 _— +H2N NH2 _— H2N NH2+
1 1a 1b

Figure 4. Resonance structures of urea.

1 Urea may also refer to a class of organic compounds. However, within the scope of this paper, urea
will always refer to its simplest form ((Hz2N)2CO).



Similar to peptide bonds, the electron pairs of the individual nitrogen atoms are
delocalized over the C-N bond. This gives these bonds a double bond character, while
the C-O bond has a single bond character. Ultimately, this leads to an incredibly low

chemical reactivity; however, it is still considered a weak nucleophile.?°

In nature, urea is found to decompose primarily in two different ways. The firstis in an
aqueous solution, where it decomposes to a cyanate ion and an ammonium ion
through an eliminative mechanism. The formed cyanate ion (7) then further
decomposes to carbon dioxide. On the other hand, when urease enzymes decompose
urea, it forms a hydrogen carbonate ion and an ammonium ion.?! Both decomposition

mechanisms are presented in figure 5.

0]
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rease NH,*
L + HO™ ~O
6
9

Figure 5. Decomposition of urea in an aqueous medium (top) and with urease (bottom).

The decomposition of urea in an aqueous medium is a very slow reaction; urea has a
half-life of 3.6 years. However, when urease is present, this reaction is about 10 times

faster.2?

Of course, in the human body, the decomposition of urea is not the goal; instead, it is
the end product of the urea cycle. Urea is naturally produced when the liver breaks
down proteins and amino acids. Ammonia is a by-product of breaking these nutrients
down, which is highly toxic to humans. The body thus converts the ammonia into urea
— a safe, non-reactive compound that can be excreted from the body by the kidneys

through urine, together with other waste products and electrolytes.2324

With a daily production of 240 to 470 mmol, urea is the most prevalent uremic toxin
that the body needs get excrete, and failure of the body to do so can lead to the rise of

the uremic symptoms. Concentrations of above 20 mM urea are generally considered
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to be the limit until these symptoms start to appear, ranging from insulin resistance to
other symptoms previously mentioned in table 1.%°> This is because urea can disrupt
the structure, as well as the function, of proteins by breaking intramolecular hydrogen
bonds.?® As the kidneys play a central role in the excretion of urea, it is thus evident
how the failure of the kidney to do so may appear problematic for the ESKD patient.

In dialysis, urea is removed from the body through diffusion through a semi-permeable
membrane, but this requires a large volume of dialysate, making it an unsuitable
mechanism for a potential WAK device. Instead, several alternative methods for the

disposal of urea have been researched.

1.4. Alternative methods for the removal of urea

1.4.1. Enzymatic removal using urease

Urease (or urea amidohydrolase) is a well-researched enzyme and is the first enzyme
to be isolated back in 1926 by James B. Sumner from jack beans, thus proving the
protein nature of enzymes.?’ Additionally, the research on urease also first proved the
biological significance of nickel ions, which research by Zerner et al. (1975) showed to
be required for the catalytic effect of the jack bean urease isolated nearly 50 years prior
by Sumner.?8 It is estimated that the hydrolysis of urea whilst being catalysed by urease
is at least 1014 times faster than the uncatalyzed reaction, and urease is widely seen

as the most efficient enzyme known to date.

While different urease enzymes exist, research suggests that the active sites are all
incredibly similar and function practically the same. These active sites contain two
nickel atoms and a carbamylated lysine moiety, four histidine moieties, and one
aspartate moiety. Furthermore, a hydroxide ion connects the two nickel atoms, which

form a cluster together with three water molecules.??

When urea enters the active site of a urease enzyme, it undergoes a complex
mechanism that ultimately hydrolyzes the molecule, forming a carbamate ion and an

ammonium ion. The catalytic mechanism is presented in figure 6.3°
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Figure 6. Hydrolysis mechanism of urea by urease. Taken from Kappaun et al. (2018).3°

Whilst the efficiency of the urease enzyme might make it seem as though it would be
a suitable candidate for the decomposition of urea, the formed ammonia (ammonium
under physiological conditions) is, in fact, more toxic to the human body than urea,
especially in the short-term. A review by Walker (2009) suggests that patients that
suffer from hyperammonemia due to a defect in the urea cycle suffer from severe brain

damage.3!

1.4.2. Disposal of urea through electrochemical means

Urea is produced in an industrial setting in tremendous amounts, but this leads to a
large amount of wastewater that contains urea in varying concentrations. In order to
remove the urea from these wastewaters, several methods are being employed, the
one currently being most favourable being the electrochemical decomposition due to

the non-toxic byproducts, consisting of nitrogen N2, carbon dioxide CO2 and water.3?

This method has also been investigated for dialysate regeneration in artificial

kidneys.23-35 For this process, platinum or titanium electrodes covered with ruthenium



and titanium oxide are used, and it was found that urea could, indeed, be decomposed
into the non-toxic products mentioned above. However, when chloride ions are

present, a problem arises. The electrolysis is presented in equations 1 - 8.

Anode: (NH,),C0 + H,0 - N, + CO, + 6H* + 6e~ (1)
2Cl™ - Cl, + 2e~ (2)
40H™ - 0, + 2H,0 + 4e~ 3
Cathode: 2H,0 + 2e™ - H, + 20H~ (4)
Cl, +2e” - 2Cl” (5)
Bulk of the solution: Cl, + H,0 - HOCl + HCl (6)
30Cl™ +3H,0 - 3Cl” + 60H~ (7)
(NH;),C0 +30Cl~ - N, + CO, + 3Cl™ + 2H,0 (8)

Evidently, the electrochemical decomposition of urea in the presence of chloride ions
proceeds over a secondary route, namely via a highly reactive hypochlorite species.
This happens in a multi-step process, including the formation of monochlorourea, then
dichlorourea, which is ultimately decomposed by further hypochlorite ions to form the
non-toxic gaseous products mentioned before.® However, several other toxic side
products may also be formed, albeit in small amounts. These include nitrate (NO3),
ammonia (NHs), nitrite (NOz2), chloramines (NHxCly), as well as other active chlorine
species other than hypochlorite. These byproducts can cause serious damage to the
human body, ranging from the aforementioned brain damage caused by ammonia3! to
gastric cancer caused by nitrate.3” Control over the formation of these toxic byproducts
is thus crucial if the electrochemical decomposition were ever to be considered a

means to dispose of urea within the scope of a WAK device.



1.4.3. Non-covalent binding of urea

An alternative to the decomposition of urea through enzymatic or electrochemical
means would be to bind urea with a sorbent material, either by forming covalent or
coordination bonds or through non-covalent interactions such as hydrogen bonds or
van der Waals forces. One of the main benefits would be that there is no risk of toxic
byproducts being formed. On the other hand, the sorbent material would have to be
highly efficient at binding urea specifically due to urea’s similarity in reactivity to water38
and the large excess of water present compared to urea (55 M vs approximately
60 mM).

Several sorbent materials have been studied in the past, and when it comes to sorbent
materials, one of the first that would naturally come to mind would be activated carbon
(AC), and indeed, extensive research has been done on its viability as a urea sorbent.
Kameda et al. (2020) investigated the viability of using spherical AC due to its well-
researched high absorptive character.3® A previous study done by the same group
already published a kinetics study of the physical absorption of urea in aqueous
solutions using spherical AC, showing a sort of multi-layered absorption through

dipole-dipole interactions.*® A schematic overview is presented in figure 7.

0]
Dipole-dipole ”
. . (‘
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/ \ nd
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Activated carbon

Figure 7. Schematic overview of the interaction between urea and spherical AC, as found by Kameda et al.
(2016).40

The group found that the binding of urea is an exothermic reaction, the rate of which

increases at lower temperatures. They investigated the urea binding capacity of



spherical AC at 10, 30 and 60 degrees Celsius, finding that the amount of urea
removed is 1.1 mg/g (0.018 mmol/g), 0.9 mg/g (0.0015 mmol/g) and 0.9 mg/g
respectively. Evidently, as the daily amount of urea produced by the human body is
about 400 mmol?4, the binding capacity of spherical AC simply is not sufficient to act
as a urea sorbent, though it could still prove useful in a WAK device due to its capability
to bind other, larger uremic toxins.*! For example, the daily production of uric acid is
approximately 750 — 800 mg per day, and AC was found to bind 20.2 — 24.3 mg/qg,
depending on the temperature.3?

Another class of materials that several groups have investigated for its urea-binding
capabilities are MXenes. These are two-dimensional structures, which were first
discovered in 2011.4? They have a general formula of Mn+1XnTx, of which M are
transition metals such as titanium, X represents carbon or nitrogen and T represents
terminal groups such as hydroxy- or fluoride groups. Several studies have shown the
possibilities when it comes to fine-tuning these structures to allow them to absorb
certain structures within their crystal lattice, so it is postulated that it would be possible
to create such a structure that is capable of absorbing urea.**44 Meng et al. (2018)
suggest that the urea affinity could further be increased by selecting terminal groups
that can interact with urea, such as hydroxy-groups, and so they investigated the urea
binding capacity of several MXenes.* They found that the MXene with the highest urea
binding capacity was TizC2Tx with oxygen-containing surface groups, with a binding
capacity of 9.7 mg/g (0.16 mmol/g). While this certainly is significantly better than the
aforementioned binding capacity of AC, it would still require up to 2.5 kg of the
aforementioned MXene to remove the amount of urea produced in the human body
daily. It should also be noted that this study relies on the increase of urea affinity using
oxygen-containing terminal groups that can interact with the amines of urea. However,
within the scope of a WAK device, a tremendous excess of water would also be
present, thus competing for these interactions, and as MXene nano materials generally
hugely rely on electrostatic interactions, it remains the question as to whether these
materials will ever be able to bind a tremendously diluted urea solution with sufficient

efficiency.

This appears to be the main obstacle regarding urea binding within the scope of a WAK
device: the competition between the urea molecules and the large excess of water

molecules with the sorbent materials mentioned above. Other well-researched
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materials such as amino-functionalized silica*® and zeolites (aluminosilicate networks

that are widely used as ion-exchangers)*’ also depend on these same interactions.

The similarity of urea to water makes the development of a sorbent material based
purely on non-covalent bonds such as hydrogen bonds unlikely due to the large excess
of water present. Additionally, non-covalently bound urea would be in equilibrium with
dissolved urea, and as the concentration of urea in the dialysate would decrease over
time, so would the amount of urea being bound. Thus, binding urea through the
formation of covalent bonds (chemisorption) would be more suitable, using a sorbent
material that is functionalized with groups that can irreversibly react with urea under
physiological conditions. To this end, polymeric structures could be used that are
functionalized with groups that show a high reactivity towards urea. However, it is also
important that they are, on the one hand, compatible with the human body (i.e. no

strong acid group) while also not being able to react with water irreversibly.

1.4.4. The covalent binding of urea

1.4.4.1. The chemistry of urea
As mentioned in a previous chapter, urea is generally a relatively unreactive
compound, so finding conditions under which it will react under physiological conditions
may appear challenging at first. The Biginelli Pyrimidone Synthesis (see figure 8) is a
classic reaction that involves urea, and though it is a multicomponent reaction and thus
not suitable for the application in a WAK device, it does give certain hints about urea-

reactive groups due to its relatively mild conditions.*8

Figure 8. The Biginelli Pyrimidone Synthesis: A multicomponent pyrimidone synthesis from (thio)urea (11), an
aldehyde (12) and a B-keto ester (10).

11



The acid functions as a catalyst, and while the reaction rate difference between the
catalysed and uncatalyzed reaction is not known, it does show that urea has the

capability of reacting with both 1,3-dicarbonyl structures, as well as aldehydes.

The literature has described several other acid-catalysed reactions with urea under
otherwise mild conditions. Lin et al. (2008) have described the synthesis of methyl-
glycolurils from methylglyoxal and urea under acidic conditions*®, while Baccolini et al.
(2011) described a similar reaction catalysed by a cyclic phosphorous compound using
several different 1,2-dicarbonyl structures.®® A study by Menor-Salvan et al. (2020)
took a look at the role of urea in prebiotic synthesis pathways, suggesting that mere
environmental factors such as thawing, drying and wetting may be sufficient that initiate
reactions between urea and other prebiotic compounds. They indeed found this to be
the case, particularly with malonic acid to form barbituric acid, as well as malondiamide

to form aromatic compound 21.5 The aforementioned reactions are presented in

figure 9.
0
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A i H >4
NN, ¢ O AN > HN_[SH
. 14 Lin et al. (2008) >//
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1 16 o
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-2 H,0 HN_ _NH
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0

Menor-Salvan et al. (2020)
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)J\ -2 H,0O
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1 20 HO™ "N~ "NH,
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Figure 9. A brief overview of several representative reactions of urea under mild conditions.
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1.4.4.2. The reaction of urea with vicinal carbonyl structures.

A recent study by Jong et al. (2019) investigated the reactivity of urea with vicinal
carbonyl structures more closely, specifically also determining the reaction rate under
the conditions under which a WAK device would operate (approximately pH 7.4, 50°C),
as well as under acidic conditions (pH 2).>? This study leans on previous research
papers showing uncatalyzed reactions between urea and various vicinal carbonyl
compounds such as ninhydrin and phenylglyoxal, among several aldehydes, and
determined the second-order rate constant k2 of the reaction between urea and a large
variety of carbonyl compounds in PBS solution.>3-% Some of the most noteworthy
results are presented in table 2.

As shown in the table below, ninhydrin and phenylglyoxal, representative of 1,2-
dicarbonyl structures, react with urea at a decent rate under physiological conditions,
while 1,3-dialdehyde structures appear to show no significant reactivity towards urea
at a neutral pH. However, the fact that the reaction rate of triformylmethane and
malonaldehyde is nearly three times higher than that of ninhydrin certainly makes them
worth investigating nevertheless, especially considering that attempts at increasing the
reaction rate of ninhydrin through adding a large variety of different substituents to the
aromatic ring appeared to be fruitless.>> A deeper dive into the nature of 1,3-dialdehyde
structures under physiological conditions and their reaction pathway with urea may
provide further information on how to fine-tune these molecules to make their usage in

a WAK device plausible.
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Table 2. Investigated vicinal carbonyl structures with the highest rate constant when reacting with urea at pH 2/7.4

Name

Ninhydrin

Phenylglyoxal

Triformylmethane?

Malonaldehyde

Succinaldehyde

1.5. The properties and chemistry of malonaldehyde and

at 50 °C, as found by Jong et al. (2019).

Structure

Sag
0
2

)

O

o]
|

triformylmethane.

1.5.1. Electrophilicity

N

O
O
22
O
23
24
O
()
25

26

)
OH
I
)

k2 [Mth?] at pH kz2[M*th?]atpH

7.4
6.8+0.6

3.7+0.1

<0.1

<0.1

<0.1

2

n/a

n/a

18.4+5.2

18.1+2.3

10.8+0.8

An aldehyde by itself is already a highly reactive group. This is generally explained due

to the partial positive charge of the carbonyl carbon, which is stronger than that of most

other carbonyl functional groups due to the lack of an electron-donating group where

the hydrogen atom resides. This makes aldehydes excellent electrophiles, which goes

2 The reaction between triformylmethane and urea was measured at 20 °C due to its high reactivity.
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even more so for 1,3 dialdehyde structures such as malonaldehyde and

triformylmethane.

In the case of malonaldehyde, both aldehyde groups contain a highly reactive,
electrophilic carbon atom, which will readily react with a wide variety of nucleophiles
under mild conditions. This includes basic amino acid residues, which generate Schiff
bases.>® However, this high reactivity also leads it to react readily with itself. This will

further be elaborated on in another chapter.

As one might expect, triformylmethane, with its three aldehydes, is even more reactive
than malonaldehyde, though because it is not a naturally-occurring compound like
malonaldehyde, as well as its somewhat harsh synthesis conditions®®, not as many
reactions are described in literature. However, the reactions that were indeed
described all occurred under mild conditions, often at room temperature or well below
zero. Similar to malonaldehyde, reactions with nitrogen-containing compounds are the
most commonly described reactions, thus further confirming the suspicion that
aldehyde-containing structures may be suitable for the implementation in a WAK
device.

1.5.2. Keto-enol tautomerism

Like most carbonyl-containing compounds, malonaldehyde and triformylmethane are
in equilibrium with their enol-form. Indeed, researchers have found the Z-isomer of the
malonaldehyde enol to be the most stable form due to the formation of intramolecular
hydrogen bonds®®, and the same was found for triformylmethane.®! The equilibria are
presented in figure 10.

15



4c

Figure 10. Keto-enol tautomerism of triformylmethane (left) and malonaldehyde (right).

1.5.3. Self-condensation reactions

As shown in figure 10, both malonaldehyde and triformylmethane contain an enol
group in their most stable form. However, the nucleophilicity of said group would enable
both compounds to react with themselves with the free, electrophilic aldehyde groups.
It was found that this reaction does indeed occur at room temperature at a rather rapid
rate, thus creating an obstacle regarding the implementation of such compounds in a
WAK device.

An overview of the self-condensation of malonaldehyde is presented in figure 11, taken
from the work of Riggins et al. (2001).6?

1.5.4. Acidity
The acidity of 1,3-dicarbonyl structures widely varies based on the nature of the
carbonyl groups and further substituents. Certain malonates may have pKa values of

13, while structures like Meldrum’s acid have a pKa of only 4.97.

Malonaldehyde has a pKa of 4.463, meaning that it is present in its deprotonated form
under physiological conditions.®® The same goes for triformylmethane, which was
found to be a strong organic acid with a pKa of 2.0 — 2.3.%4 It thus comes as no surprise
that reactions with both compounds are generally performed under acidic conditions to

% Values found in literature may vary slightly, but are generally between 4.0 and 4.5.
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ensure that they are present in their protonated form, as the negative charge caused

by the deprotonation may impact the reactivity of said compounds.

As previously described and shown in table 2, Jong et al. (2019) found that
malonaldehyde and triformylmethane would only react with urea at a pH of 2, while not
showing any reactivity towards urea under physiological conditions.®? It can thus be
assumed that the deprotonation severely impacts the ability of the structures to react

with urea, though other factors may also play a role.

o 0) O R
HMH HMH T HJ\/II&O

(MDA)sMe,

Figure 11. Self-condensation reaction of malonaldehyde (MDA). Taken from Riggins et al. (2001).

1.5.5. The reaction of 1,3-dialdehyde structures with urea

In addition to the work of Jong et al. (2019), the reaction between urea and
triformylmethane has already previously been described by Arnold et al. (1991),
showing the reaction will readily occur in water without further additives within just three
hours with excellent yields to form 27.57 The reaction is shown it figure 12. Other than

in the works of the two aforementioned groups, this reaction is not mentioned in
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literature, and so the potential formation of other products, as well as the mechanism

of the reaction, is not well-studied.

o) o)
A )J\ H,O O O NH,
o) N Y
X OH + H,N” "NH, ——>»

O« NH
24 1
27

Figure 12. The reaction of triformylmethane and urea in water according to the research of Arnold et al. (1991).

On the other hand, Malonaldehyde appears to react through a different mechanism.
According to the work of Jong et al. (2019) and Tsreng & Kalhan (1982),
malonaldehyde reacts with urea to form an aromatic end-product.>%%° This reaction is
shown in figure 13. This is rather interesting, as it can be assumed that forming an
aromatic ring would make the reaction between urea and malonaldehyde rather
favourable. However, to gain further insights into the specific factors that may influence
the reaction between urea and a 1,3-dialdehyde structure, it is important to regard the

reaction mechanism.

o OH

O O

U )J\ HCI N)QN
+ H2N NH2 —> v

25 1 08

Figure 13. The reaction of malonaldehyde and urea in water according to the research of Tsreng & Kalhan (1982).

A reaction mechanism between malonaldehyde and urea was proposed by Jong et al.
(2019).5? In the hypothesized mechanism, one of the NH2 groups of urea attacks the
aldehyde carbon, leading to the formation of the hemiaminal. Then, in a subsequent
step, the second NH2 group does the same with the other aldehyde carbon, leading to
an intramolecular cyclization reaction. However, this aminal structure was found to be
unstable under neutral conditions due to its equilibrium with the previous stage.
However, water can be eliminated under acidic conditions to form an aromatic

compound 28. An overview of this reaction mechanism is shown in figure 14.
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? (? Q O cyclization

o]
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Figure 14. Hypothesized reaction mechanism between urea and malonaldehyde as proposed by Jong et al.
(2019).

It is important to note that, due to malonaldehyde's inherited acidity, no external acid

needs to be added for the elimination step.
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2. Aims of this study

2.1. Motivation
As discussed in the previous chapters, a sorbent material that selectively binds urea
covalently would be ideal for removing urea within the scope of a WAK device. While
such materials, functionalized with 1,2-dicarbonyl structures such as phenylglyoxal
(PGA) and ninhydrin have already been developed, they have their limitations. These
limitations include relatively low reaction rates, low degrees of functionalization,

expensive starting materials, and complex synthesis pathways.

While the reactivity of urea-reactive compounds is expected to decrease slightly when
attached to a polymeric backbone, the high reaction rates measured for 1,3-dialdehyde
structures like malonaldehyde and triformylmethane would more than compensate for
this slight loss in reactivity. However, it is yet to be seen whether these compounds

can react with urea under physiological conditions.

2.2. Objective
This study aims to explore whether a 1,3-dialdehyde structure can be developed that
is capable of reacting with urea under physiological conditions. Malonaldehyde (MDA)
is the structure of choice for this study because it is more easily accessible than

triformylmethane.

Within the scope of this study, factors that may affect the reactivity of malonaldehyde-
like structures shall be investigated, and the synthesis of a urea-reactive material shall
be attempted based on the found results.

The focus of this project shall lie on the variation of the substituents of the central
carbon. In order for 1,3-dialdehyde structures based on MDA to be used under

physiological conditions, the high acidity of the structure needs to be addressed.

Initially, the role of the central acidic protons shall be assessed by synthesizing an
MDA derivative without central protons. This structure shall then be assessed based
on its reactivity towards urea. For this purpose, 2,2-dimethyl-malonaldehyde (30) shall
be synthesized. The reason for choosing this structure is due to its impeccable

similarity to MDA and the fact that it is expected that it can easily be synthesized from
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the readily available diol 29. The reaction scheme is shown in figure 15. Additionally,
self-condensation reactions are not expected to obstruct the experiment with a model

compound such as 30, as the di-substituted MDA-derivative cannot form its enol form.

OH OH

O O
% Oxidation [
S .
29

30

Figure 15. Synthesis pathway of 30.

Should the acidic proton be essential for the reactivity of such structures with urea, the
next step would be the generation of an MDA-like structure with merely one substituent
on the central carbon atom. By doing so, it is expected that the pKa of the acidic proton
can be modulated, ideally to a value that is compatible with physiological systems while

still participating in the reaction mechanism presented in figure 14.

To estimate how certain moieties will affect the pKa of the MDA-derivative, a hypothesis
is proposed based on the electron-withdrawing and -donating properties of certain
substituents in 2-position. As similar trends could be observed in structures such as
phenol and aniline, it is expected that the acidity of an MDA-derivative will follow a
similar trend.®¢6” The expected pKa trend is depicted in figure 16, with known values
already having been added.

Electron donating Electron withdrawing
amine ether amide ester alkyl halide formyl
898 2% 23 %3585 %8 %8 ¢
N N A D R A A
HN H O H HN H O H % HH | XH | H
R R R @] R (@] ©

= .o .= . > . > 45 > .. > 25

Figure 16. Expected decreasing order of pKa-values of enolizable MDA-derivatives based on the electron-

donating / -withdrawing effect of substituents in the 2-position.

In order to prevent self-polymerization during the experiments, it is important to identify

a structure that can easily be modified and, at a final stage, be converted into a 1,3-
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dialdehyde structure. Further, to prevent self-polymerization from being a competing
reaction when testing the reactivity of synthesized structures with urea, it was chosen
to attach protected MDA analogues to polymers, after which they would be deprotected
once immobilized on the polymer backbone. It is expected that this ought to suppress
self-condensation, as shown in figure 11.

This project predominantly focuses on the utilization of amine-functionalised polymers.
This decision was made based on the fact that these polymers are well-described in
literature, the fact that the expected effect on the pKa is highest as per the hypothesis
depicted in figure 16, as well as the fact that it is expected that the nucleophilicity of
these nitrogen-based functional groups would be beneficial for the attachment of 1,3-
dialdehyde structures. It is important that the synthesized polymers are porous to allow

for a higher degree of functionalization degree by weight.

The chosen amine-based polymer shall be poly(vinylamine) (33). This shall be
synthesized by first generating poly(N-vinyl formamide) (32), followed by a hydrolysis
step, either acidic or basic. PNVF shall be synthesized using N-vinylformamide (31)
and 10% divinylbenzene as a crosslinker. An overview of the reaction scheme is

presented in figure 17.

07N N N
H n

— HN O —>»
Y NH;
H

33

31

32

Figure 17. Synthesis pathway of 33.

Additionally, to rule out potential issues regarding a low functionalization degree, a
tetraethylene pentaamine-based polymer was also synthesized. With five amine
groups per monomeric unit, it is expected that a low functionalization ought not to be a
problem. This polymer (37) is synthesized by using Poly(glycidyl acrylate) (35) as a
precursor, as shown in figure 18. 35 was chosen as a suitable precursor because it
has a reactive epoxy group, which is highly suitable for post-polymerization

modifications.
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Figure 18. Synthesis pathway of 37.
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As both amine-based polymers contain nucleophilic functional groups, an MDA-

intermediate with both aldehyde groups protected and an electrophilic central moiety
needs to be developed. To this end, 1,1,3,3-tetramethoxypropane (TMP) (38), which

is readily available as an MDA precursor, shall be brominated at the central carbon to

form 39. As it is important that 39 does not get hydrolysed before it is attached to the

respective polymers, the synthesis and isolation shall be optimized based on the needs

of this project. Once the TMP-moiety is attached to the respective polymer, it shall be

deprotected through acidic hydrolysis.

A complete overview of the planned reactions is depicted in figure 19.
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Figure 19. Synthesis pathway of target structures 41 and 45.
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3. Results and Discussion
In the following chapter, the conducted reactions and the urea reactivity tests shall be
described in a logical order while discussing the future potential and/or problems when
relevant. Unless specifically relevant for the discussion, spectra will be included in the

appendix and referred to.

3.1. The ureareactivity of a non-enolizable, non-acidic malonaldehyde

derivative.

3.1.1. Synthesis of 2,2-dimethyl-malonaldehyde (30).
For the synthesis of 30, 2,2-dimethyl-propane-1,3-diol (29) was oxidized based on a

protocol by De Luca et al. (2001), in which the oxidation of primary alcohols is
described using trichloroisocyanuric acid (TCCA) and (2,2,6,6-Tetramethylpiperidin-1-
yhoxyl (TEMPO).%8 This method was chosen based on its high reported conversion
rates and mild reaction conditions; while more classic oxidation procedures such as
Swern Oxidation require cooling of the reaction to -40 °C, the procedure proposed by
the aforementioned authors mostly proceeds at room temperature. The reaction
proceeded in dry DCM using 2.10 equivalents of TCCA to oxidize both hydroxy groups
and 0.02 equivalents of TEMPO, which was added while cooling the reaction mixture
with an ice bath. After 30 minutes, the reaction mixture was filtered through a celite
pad and washed with both Na2COs and 1 M HCI to yield 30 with a conversion rate of
72% (figure 20).

OH OH

TCCA/TEMPO
>

DCM*, 0°C > RT
29

Figure 20. The synthesis of 30.

It was found that 30 is not shelf-stable, and so a fresh batch was made and tested

immediately for its urea reactivity.

3.1.2. Testing the urea reactivity of 2,2-dimethyl-malonaldehyde (30).

The reactivity of 30 with urea was tested using a protocol published by
Jong et al. (2019). A solution of 0.5 mmol 3C-labelled urea in 16.7 ml PBS was
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prepared and heated to 323.15 K. The pH is measured regularly to ensure that it
remains neutral. Then, 0.5 mmol of 30 was added, and samples of the reactions
mixture were taken at regular intervals, of which 13C-NMR spectra were recorded. A

schematic overview is presented in figure 21.

2 77
0.5 mmol
HoN NHz\v k/%
L]
X 50°C oo oe
[Urea] + 50mM

Figure 21. Schematic overview of measuring the urea reactivity of compound 30.

13C-labelled urea has a peak at approximately 162 ppm, while Jong et al. (2019) have
previously shown that bound urea has a peak with a high field shift towards

approximately 158 ppm.

After two hours, only the original *3C-labelled urea peak at 161.93 ppm was visible,
suggesting that compound 30 does not react with urea under physiological conditions
(figure 22).
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Figure 22. Qualitative 13C- NMR spectrum over time at pH 7 of 30. 13C-labelled urea gives a signal at 161.93 ppm,
and no product formation can be observed.

To investigate the role of acid in the reaction between urea and 30, the same
experiment was repeated at pH 1, though otherwise under the same conditions. A
sample was taken after the reaction was stirred overnight, and indeed, the 13C-labelled
urea peak had completely vanished while a product peak had formed at 155.98 ppm

(figure 23). The product structure was not determined within the scope of this project.
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Figure 23. Qualitative 13C- NMR spectrum over time at pH 1 of 30. 13C-labelled urea gives a signal at 161.93 ppm;
a product peak is formed at 155.68 ppm.

3.1.3. Hypothesized reaction mechanism between 2,2-dimethyl-malonaldehyde
(30) and urea at pH 7.

As previously described in figure 14, malonaldehyde is expected to form an aromatic
end-product when reacting with urea. Indeed, several literature bodies have found this
to be the case, albeit under acidic conditions.®®° However, when the central carbon
has two substituents, the formation of an aromatic compound would violate the octet
rule, and so the only possibility would be the formation of the di-imine. Unfortunately,
without the ability to form a more stable imine-enamine structure and the fact that
imines generally only form under acidic conditions, it appears as though di-substituted

MDA-derivatives are not suitable for the binding of urea under physiological conditions.

An overview of the aforementioned equilibria and intermediates is presented in figure
24,
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Figure 24. Schematic representation of the reaction between a disubstituted MDA-derivative and urea. The lack of
a central proton prevents the formation of a stable end-product; instead, it is hypothesized that an unstable
di-imine (47) is formed.

The experiment with compound 30 and the hypothesis presented in figure 24 indicate
that an MDA-derivative simply cannot react with urea under physiological conditions,
i.e. without an acid present. As previously described in chapter 2.2., the next step ought

to be the synthesis of a mono-substituted MDA-derivative.

3.2. The synthesis of an MDA-functionalised polymer.
As previously described, this project focuses on the synthesis of an MDA-
functionalised polymer to rule out potential competing self-condensation reactions. The

chosen structures were synthesized in the lab.

3.2.1. The synthesis of poly(vinylamine) (33).

The synthesis of 33 is done through the hydrolysis of 32. This is because the theoretical

monomer, vinyl amine, is not stable.

Initially, 32 is generated by creating a solvent/non-solvent system consisting of toluene
and 1-dodecanol in a ratio of 1:2. The solvent system was purged through bubbling
nitrogen for about half an hour, after which N-vinyl formamide was added, as well as

divinylbenzene as a crosslinker. Finally, Azobisisobutyronitrile (AIBN) was added as a
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thermal initiator, and the reaction mixture was heated to 55 °C in a closed snap vial for

several hours to form PNVF as a macro-porous polymer monolith.

Subsequently, the synthesized PNVF monolith is hydrolysed to form the desired
PVAmM. In literature, this reaction is described to be done in two different ways: acidic-
and basic hydrolysis.”* Basic hydrolysis appears to be preferred, as reported data by
Gu et al. (2002) suggest that basic hydrolysis leads to a more complete conversion.
The authors hypothesize that this is due to the formation of charged NHs*-groups,
which prevent full conversion due to cationic repulsion. This is also in line with the
findings of Pinschmidt et al. (1996), who found that the conversion to 33 under acidic
conditions cannot surpass 80%.2 On the other hand, Witek et al. (2007) report that a
full conversion could not be achieved regardless of acidic or basic hydrolysis. They
report that, during basic hydrolysis, the distinct smell of ammonia could be perceived,
suggesting the deterioration of the polymer to some extent. This is in line with their
findings regarding the formation of amidine rings, which then decompose into amine
groups attached to the polymer backbone and hydroxy groups. These structural
changes appear to depend on the reaction time. A schematic depiction of this is
presented in figure 26. Despite this, it is the preferred method over acidic hydrolysis
regarding conversion rates.”® For this reason, as well as the lack of a more efficient
alternative procedure, basic hydrolysis was chosen within the scope of this project.

T, LA YN
OYNH HNYO NHZHNYO W NH, OHn
H H

HN__N
49 50 51

Figure 25. Perceived changes during basic hydrolysis by Witek et al. (2007). Within 5 minutes, both the formation
of the first amine groups, as well as the amidine rings (as seen in 51), can be observed. After 90 minutes, the
amidine ring signals disappear, while both formaldehyde signals disappear after 240 minutes. The formation of

hydroxy signals (as seen in 52) can be observed after 20 minutes.

Based on a protocol by Witek et al. (2007), PNVF was stirred in 2 M NaOH for 4 hours
at 60 °C. The polymer was analysed using attenuated total reflection infrared (ATR-IR)
spectroscopy, as solid-state NMR was not readily available during this project.

The attained structure was compared to data published by Zhao et al. (2010). Most

significant are the signals at 1660 cm™, which is interpreted at the C=0 stretch of the
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formaldehyde structure, as well as the band at approximately 3300 cm-?, interpreted
as the N-H stretch of a primary amine, which would come from the desired PVAm
structure. The peak at 3260 cm™ may suggest the presence of hydroxy groups, as
would be in line with what was previously described in figure 25. The peak at
2922 cm™ may show the stretching vibration of C-H of the polymeric backbone, but
may overlap with the stretching N-H vibration, as described in the aforementioned
paper. Finally, the peak at 795 cm! may show the out-of-plane wagging vibration of N-
H.

In conclusion, the presence of the C=0 stretch peak suggests that a conversion rate
of 100% could not be obtained, though this was within the expectations of the results.
Additionally, the presence of hydroxy groups is not surprising, though this, in addition
to the incomplete conversion, may lead to poor functionalization yields in other
experiments. However, as further attempts at improving the yield (i.e. adjusting
reaction time, temperature and basicity) did not seem to have any additional positive
effect on the conversion, the sample of which the spectrum was described above was

used for further experiments.

3.2.2. The analysis of poly(TEPA) (37).
For this project, 37 was synthesized by Dr Piet Driest. Poly(glycidyl acrylate) was

synthesized similarly to PNVF through free radical polymerization, which is a well-
described procedure in literature.”*”> ATR-IR data shows peaks at 1724 cm,
corresponding to the C=0 ester stretching vibration, and 1145 cm™, corresponding to
the C-O stretching vibration. A comparison with the data published by Benaglia et al.

(2013) suggests that the reaction was, indeed, successful.”®

As previously described, poly(glycidyl acrylate) is often used for its convenient post-
polymerization functionalization properties thanks to the presence of the epoxide ring.
As described by Muzammil et al. (2017), it can conveniently be functionalized through
the reaction with an amine at elevated temperatures without the need for further
reagents. However, it should be noted that they also describe the fact that larger
amines lead to lower functionality, though this still appears to be well over 70%, and
even the use of structurally similar triethylenetetramine appears to have been possible

with a decent yield.”
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The functionalization of poly(glycidyl acrylate) with tetraethylenepentamine (36)
appears to have been successful, as indicated by the recorded ATR-IR spectrum. It
should be noted that it is unlikely that the epoxide ring only reacted with the primary
amine, as it could have also reacted with the secondary amines, though this will not
matter for the ultimate application. Most notable is the rise of the peak at 3297 cm™,
which is interpreted as the N-H stretch vibration. As this molecule has yet to be
described in literature at the date of writing this report, it was not possible to compare
the IR data to values reported by other groups. However, the clear rise of the N-H
stretch vibrational peak is sufficient to conclude that the functionalization has

succeeded to an extent suitable for the application within the scope of this project.

3.3. The synthesis of 1,3-dialdehyde precursors.
In addition to the structures that were synthesized to be attached to the polymeric
structures described in previous chapters, several structures have been examined for
their use as a 1,3-dialdehyde precursor. Several of these structures are described in
the following chapters, including considerations when it came to why these structures

were chosen.

3.3.1. Potential 1,3-dialdehyde precursors for polymer functionalization.

3.3.1.1. Malonaldehyde sodium salt NaMDA (53).

As previously described, malonaldehyde was found to react with urea at an impressive
rate under acidic conditions. Under regular conditions, however, it is not stable in the
slightest and will immediately self-polymerize. This is why chemical suppliers offer
1,1,3,3-tetramethoxypropane (38) as a convenient precursor instead. This di-acetal
structure can conveniently be hydrolysed under mildly acidic conditions to form
malonaldehyde in highly diluted solutions. However, the solution requires cooling at all
times to prevent a significant degree of self-polymerization, and even then, the
reactivity of malonaldehyde towards itself cannot be prevented fully.

However, its sodium salt is described as a stabilized form of malonaldehyde.’” It can
conveniently be synthesized by dissolving 38 in 0.1 M HCI for 24 hours at 5 °C. The
solution is then brought to pH 10 with 10 M NaOH to swiftly form 53 while minimizing
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self-polymerization. Then, activated carbon is added to the solution to filter out any
self-polymerisation products that may have formed. After another 24 hours, the
activated carbon is filtered off, and the water is removed in vacuo. *H-NMR data and

the recorded ATR-IR spectrum show that the synthesis was successful.

It was expected that it would potentially be possible to functionalize 53 at the central
carbon position through a C-acylation, as is a well-described reaction in literature for
1,3-dicarbonyl structures.’® It is expected that 53 is “locked” into its enolate form with
the negative charge localized at one of the oxygen atoms. The nucleophilicity of the
enolate was thought to be useful for the functionalization of 53 at the central carbon,
though after several attempts, this appeared to be more complicated than initially

expected.

Several reaction conditions to have 53 react with propionyl chloride (54), a highly-

reactive electrophile, were attempted, as shown in figure 26.

P

O O Na' o _
i) v
+ Cl HH

o)

55

53 54

Figure 26. Attempted C-acylation of 53. a: DCC, DMAP, MeCN; b: MgClz, TEA, MeCN; c: TEA, MeCN

DMAP and MgClz2 were added in their individual attempts to prevent competing O-
acylation reactions, and both conditions are well-described as suitable reaction
conditions for C-acylations of 1,3-dicarbonyl structures. However, neither of these
conditions was ultimately successful at synthesizing 55. To confirm the efficacy of
these conditions, a test reaction was conducted with diethyl malonate 56 using MgClz,
TEA and MeCN, as shown in figure 27. This reaction was successful and led to the

formation of 57, as indicated by the recorded NMR data.

0O O

U \)OJ\ MgCl,, TEA 6 N
/\O O/\ + Cl ?
0

MeCN

56 54
57

Figure 27. The synthesis of 57.
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To exclude from potential interference of Mg?* ions due to the negative charge of 53,
the reaction was attempted without MgClz, even though this would, in theory, lead to

competing O-acylations. However, the same result could be observed.

One potential explanation could be the use of MeCN as a solvent, which was chosen
due to the poor solubility of salts in other organic solvents. However, literature suggests
that a side reaction between the solvent and the aldehyde may be possible to form 60

under basic conditions, as shown in figure 28.7°

= B N
R)J\H + N= i» R)\///

58 60

Figure 28. The hypothesized reaction between the aldehyde group of 53 and the solvent acetonitrile.

Whilst 53 appeared to be an unsuitable compound for urea binding, it provided some
essential information for this project. The recording of its ATR-IR spectrum provided
the signals that are to be expected if the functionalization of a polymer with a 1,3-
dialdehyde moiety, namely the C=0 stretch of this moiety at approximately 1601 cm™,
as well as the CHO stretch at approximately 2775 cmt, providing valuable information

for the analysis of polymers using the same method.

3.3.1.2. Dihydroxyacetone (61).
Dihydroxyacetone (61) is a well-researched compound due to its usage in the
cosmetics industry, particularly in the sun-tanning industry.8 Structurally, it is a 1,3-
diol with a carbonyl group in the centre, which could potentially be utilized to couple 61
to an amine-functionalised polymer through reductive amination. The 1,3-diol moiety

could then be oxidized using the previously used TCCA/TEMPO oxidation method.

In literature, reductive aminations with 61 are done in a multitude of ways, the most
prominent method being the usage of sodium cyanoborohydride. However, its
unavailability in the laboratory and its high price led to the exploration of alternative

methods that could potentially be utilized in larger scales.

Several test reactions were conducted to see whether 61 could indeed be coupled via

nitrogen-containing. The first reaction utilized allyl amine, as, should this reaction be
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successful, the double bond that would be introduced could potentially be utilized to
generate a polymer. Based on a procedure published by Liu et al. (2013)8%, both allyl
amine and 61 were dissolved in MeOH, after which NaBH4 was added, and the mixture
was stirred at 50 °C overnight. Alas, the reaction mixture turned into a brown, viscose
liquid, and the desired product could not be detected with NMR. An alternative, yet
similar method based on the work of Shao et al. (2004)8?, using benzene as a solvent
and adding a catalytic amount of p-toluenesulfonic acid (p-TsOH), yielded the same

result, turning the reaction mixture into a brown, viscose liquid.

Next, a Leuckart amide synthesis was attempted based on the work of Kobayashi et
al. (2013).83 In this procedure, 61 is dissolved in formic acid with formamide (64) and
heated to 180 °C for two days. This reaction led to the same result as the previously
conducted reactions: a brown, viscose liquid, in which the product could not be
detected through NMR.

An overview of the conducted reactions is presented in figure 29.

X
(0] a. NaBH,4, MeOH

H,oN
o M _on , TN ) - NH
61 62 b. NaBHy4, p-TsOH, benzene HO\)\/OH
63
(0]
O PN 180°C g

61 64 Formic acid

65

Figure 29. Top: Reductive amination of 61 with allyl amine (62). Bottom: Leuckart Amide Synthesis with 61 and
fomamide (64).

It was concluded that the main problem in using 61 would be its thermal instability.
Even at room temperature, 61 will degrade into numerous degradation products over
time, and even merely increasing the temperature to 40 °C significantly increases the
degradation rate.?* It was thus determined that 61 would not be a suitable 1,3-
dialdehyde precursor for the scope of this project. However, it should be noted that
several other methods have been published for the reductive amination of 61, which
could potentially be explored in future projects. For a proof-of-concept, a procedure

utilizing sodium cyanoborohydride®86 or sodium tris(acetoxy)borohydride®’ could be
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attempted. Alternatively, the usage of hydrogen at increased pressure is also

described, both using PtO28 and Raney nickel®®.

3.3.1.3. Malonaldehyde bis(Phenylimine) (66).

Malonaldehyde bis(phenylimine) (66) is a fluorescent cyanine dye and, at its core, is a
protected form of malonaldehyde. The possibility of functionalizing this compound at
its central carbon was explored. Similar to the keto-enol tautomerism observed in 1,3-
dicarbonyl compounds, 66 shows imine-enamine tautomerism, and so it is expected
that the central carbon has a similar nucleophilic nature. To this end, its hydrochloride
salt was first neutralized with an aqueous 5 M NaOH solution, yielding 66. Then, the
product was dissolved in acetonitrile, to which 54 was added dropwise. No base was
added due to the expected basic nature of 66, as it could be classified as a Schiff’'s
base. The reaction mixture was then stirred for two days, though no conversion could
be observed. Several other conditions were tested, including the usage of a Lewis acid
to potentially increase the selectivity of the reaction in the same way it does for 1,3-
dicarbonyls’®, the addition of KOtBu as a strong base, as 66 is assumed to be rather
basic itself, as well as the addition of LiCl, as literature suggests that the lithium-ion
may coordinate 66 in order to allow for a reaction at the central carbon®®, though none
led to the generation of the desired product, suggesting that the central carbon in this
compound may be too unreactive, potentially due to the stability of the conjugated
system that is formed by the keto-enol tautomerism in adding to the two aromatic rings.
The general reaction scheme is shown in figure 30, and the conditions are summarized
in table 3.

Ph.. _Ph
Ph. Ay Ph j\ N%fu
H + R Cl e

66 67

Figure 30. Reaction scheme of the functionalisation of the central carbon of 66.

Table 3. Reaction conditions for the functionalisation of 66.

R = Base Additional Solvent Result
reagents

1 Propyl - - Toluene X
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2 t-Butyl - - Toluene X
3 t-Butyl KOtBu - Toluene X
4 t-Butyl KOtBu MgCl2 Toluene X
5 t-Butyl KOtBu LiCl Toluene X

3.3.1.4. Serinol (69).
Similar to 61, serinol (69) is a 1,3-diol with a reactive group at its central carbon, though
while 61 has an electrophilic carbonyl group, 69 has a nucleophilic amine. The high
cost of 69 at the time of writing this report may make it unsuitable for large-scale usage,
but it could prove useful for generating a 1,3-dialdehyde-functionalised polymer for a

proof-of-concept, which is, ultimately, the goal of this project.

The alkylation of the central amine group is well-described in literature with good yields,
so adding 69 to a reactive polymer is expected not to be problematic.®*-3 In particular,
the work of Fagerstrom et al. (2006) proves interesting, as it describes the reaction
between the 69 amine and an epoxide.® This suggests that 69 could likely be

connected to the poly(glycidyl acrylate) available in this project.

Additionally, attempts have been made to oxidize 69 to form 2-amino-malonaldehyde
to test its reactivity with urea. However, after several attempts, it became evident that
the solubility of 69 in organic solvents would become a problem. Unfortunately, 69 only
dissolves adequately in polar, organic solvents such as ethanol and water. However,
these solvents are not compatible with oxidation conditions such as the
aforementioned TCCA/TEMPO method, and a Swern- or Dess-Martin-oxidation would
not be possible due to these limitations. For this reason, the focus was put on
connecting 69 to poly(glycidyl acrylate), which will be described in a later chapter.

3.3.2. Potential 1,3-dialdehyde precursors for polymer functionalization.

When selecting suitable 1,3-dialdehyde precursors to be attached to polymeric
structures, several factors need to be considered. As mentioned previously, 69 can be
attached to poly(glycidyl acrylate) using the nucleophilic amine at the central position
to induce a ring-opening reaction with the epoxide. When it comes to functionalizing
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the amine-based polymers, however, an electrophilic structure is required to use the

nucleophilic nature of the amines.

As 69 has been described in a previous chapter, the synthesis and optimization of the

electrophilic precursor are described in the following.

3.3.3. The synthesis of an electrophilic 1,3-dialdehyde precursor: 2-Bromo-
tetramethoxypropane (2-Br-TMP) (39).

As previously described, 38 is a protected derivative of malonaldehyde that can
conveniently be deprotected under mildly acidic conditions. However, although one
could assume that the central carbon has a rather low electron density due to the four

ethers in its close proximity, in reality, it is rather unreactive.

Bredereck et al. (1962) previously described the bromination of the central carbon
using N-bromosuccinimide and dibenzoyl peroxide, albeit with low reported yields
(figure 31).°° Unfortunately, the results reported in the paper could not be reproduced
reliably. In particular, the purification through vacuum distillation at approximately
105 °C appeared rather odd, as the compound itself was observed to be thermally

unstable.

Another work by Eisert et al. (1960) reported the synthesis of the same compound
using bromine (figure 31).°¢ Nevertheless, the same problem persisted regarding the
purification of the compound. Ultimately, however, it was deemed to be acceptable to
continue the experiments with an impure sample, as potentially unreacted compounds

were not expected to interfere with the functionalization of the polymers.

N ~ -
~o o a. N-bromosuccinimide, o O
dibenzoyl peroxide ~ _
\0)\)\0/ > (@) 0]
b. Brz Br
38
39

Figure 31. Bromination of the central carbon atom of 38 via the procedure of a) Bredereck et al. (1962) and b)
Eisert et al. (1960).
39 was observed to be a yellow oil that appeared shelf-stable for a limited amount of
time at 4 °C, but, contrary to 38, was found to hydrolyze to 2-bromomalonaldehyde by

merely being exposed to air, leading to the formation of yellow crystals. The crystal
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structure was determined to confirm the formation of the correct product and has been

attached in the appendix of this thesis.

As 39 appeared to hydrolyze more readily than 38, and as purification steps to obtain
the pure compound were deemed unnecessary for the purpose of this work, it was
deemed beneficial to immediately use the generated batch of 39 to functionalize the
chosen polymers. However, to remove residual bromine and hydrobromic acid formed
during the reaction, a neutralization step was deemed beneficial, especially as the

functionalization is done under basic conditions.

For the neutralization, two different methods have been explored. The first method
utilizes the introduction of an aqueous Na2COs solution, which proved to be effective.
However, due to the hydrolysis sensitivity of 39, a neutralization method that does not
introduce water to the system would be preferred. Using a K2COs slurry in dry DCM
would allow the HBr to be neutralized without introducing water to the system, which
led to a similar degree of purity. While both methods led to a yield of approximately 58

— 65%, the use of a K2COs slurry was preferred for the reasons specified above.

3.4. Functionalising the chosen polymeric structures.
Substitution reactions between both primary and secondary amines and bromides are
well-described in literature using many different reagents, though generally, the
reaction is facilitated through the use of a base such as triethylamine (TEA) or N,N-
diisopropylethylamine (DIPEA).%"-190 The ring-opening reaction between 69 and an
epoxide has also been described in several works.%191 Using the foundations laid by
these works, the functionalization of the polymeric structures is described in the next

chapters.

It is important to note that a high degree of functionalisation is not required, as the goal
of this study is to determine qualitatively whether the synthesized materials are capable
of binding urea. Even a lower functionalisation degree of approximately 40 — 50% or
lower ought to be sufficient, as shown by Jong et al. (2019).%°

The samples will be analysed with ATR-IR spectrometry, and the most notable peaks
shall be mentioned in the text. The IR spectra shall be included in the appendix of this

work.
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3.4.1. The functionalisation of poly(qglycidyl acrylate) (35) with serinol (69).

As previously mentioned, the synthesis of porous 35 was done by Dr Piet Driest. The
functionalization of the polymer with 69 could conveniently be done by adding the
polymer to a solution of 69 in DMF, which was then heated to about 80 °C overnight.
The resulting structure was then oxidized using the aforementioned TCCA/TEMPO

conditions. An overview of the reactions is presented in figure 32.

80 °C, DMF OH TCCA/TEMPO o

0”0 S) 0”0 L 0”0 L
+ . -
% NH2 S/\N OH S/\N /O
o 69 oH M oH M
35 70 7

Figure 32. The functionalisation of 35 with 69.

To determine whether the reaction was successful, 70 and 71 were examined with
ATR-IR spectrometry. Comparing the IR spectra of 35 and 70, the addition of 69 to the
polymer can clearly be observed through the rise of NH vibration peaks at around
2937 cm?, as well as the clear formation of the alcohol stretch peak at 3305 cm™,
showing that the ring-opening reaction did, indeed, occur. Further, the alcohol peak
vanished after the oxidation reaction, suggesting that the hydroxy group formed
through the ring-opening reaction was also oxidized. A small peak at 2789 cm™ is
interpreted as the rise of the aldehyde C-H peak. However, the C=0 carbonyl peak of
the aldehyde groups cannot be clearly observed, perhaps due to overlapping with the
carbonyl peaks of the formed ketone, as well as the ester C=0. However, a peak at
1710 cm-1, contrary to the previously present ester carbonyl peak at 1720 cm™:, also
suggests that the secondary amine may have been oxidized to form an imine, as
shown in figure 33. This would lead to a structure without a central proton, which, as
mentioned previously, would obstruct the structure from reacting with urea. Ultimately,
whether or not the polymer will be able to react with urea shall be assessed in a later

chapter.
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Figure 33. Potential oxidation of the secondary amine, leading to a 1,3-dialdehyde structure with a quarternary
central carbon atom (72).

3.4.2. The functionalization of poly(TEPA) (37) with 2-Br-TMP (39).

As previously described, 39 is immediately used to functionalise 37 after the

neutralization step. After the K2COs slurry was added, the reaction mixture was stirred
for 15 minutes to neutralize the sample. The solids were then filtered off, and 37 was
added to the solution. Then, 10 equivalents of DIPEA were added, and the reaction
mixture was stirred overnight. After washing the polymer thoroughly with MeCN and
water and subsequent drying, it was hydrolysed in 1 M HCI overnight. Finally, it was

analysed with ATR-IR spectrometry.

With the emergence of a strong peak at 1602 cm™ after the reaction, it can be assumed
that the coupling reaction was successful with a satisfactory yield. The reaction scheme

is presented in figure 34.

38 H

~ -
o 9 )\/L 0”0
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|| || ||
O O O O O O
45

Figure 34. Reaction overview of the functionalisation of 37.
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3.4.3. The functionalization of poly(vinylamine) (33) with 2-Br-TMP (39).

The functionalization of 33 was done via the same procedure as described in 3.4.2.

The polymer was subsequently also analysed using ATR-IR spectrometry.

Similar to the functionalised 37, this sample shows the formation of a peak at
1601 cm?, suggesting that the functionalisation was successful to a certain extent.
However, as mentioned in the previous chapters, the degree to which poly(N-vinyl

formamide) was converted to 33 is unclear, which ought to be kept in mind.

The reaction scheme is shown in figure 35.

“ o AN o
N A
\OJ\H\O/ + Nn/ — f\o — HN
Br NH, o) 0 fo
39 33 . N

Figure 35. Reaction overview of the functionalisation of 33.

3.5. Measuring the urea-reactivity of chosen functionalized polymeric
structures.
The ability of the prepared materials to bind urea is determined for 41, 45 and 71. All
three samples were measured through addition to a 50 mM urea solution in PBS at
323.15 K to ensure sufficient swelling of the material to allow urea to penetrate the

pores of the materials and replicate the conditions of a dialysis procedure.

To determine whether the materials can bind urea, samples are taken from the solution
at regular intervals to determine the decrease in urea concentration. For this, the
supernatant was filtered and analysed using a colourimetric urea assay kit. A

schematic overview is depicted in figure 36.
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Figure 36. Schematic overview of the urea-reactivity measurement of the synthesized polymeric structures.

The samples were taken after 0.5, 1, 2, 4, 8 and 24 hours. The measured urea

concentrations are plotted, showing the urea concentration on the y-axis and the time

progression on the x-axis.

3.5.1. Measuring urea reactivity of 41.

The urea-reactivity measurement of 41 is shown in figure 37.
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Figure 37. Graphical depiction of the change in urea concentration of the supernatant of 41 in PBS at 323.15 K.

Through regression analysis, the data would suggest that the urea concentration

increases, though this can be attributed to the error margin of the measurement.

Evidently, 41 does not show the ability to bind urea at a neutral pH.
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The precise reason for this is unknown, though several factors that may have impacted
the results are the fact that the functionalisation degree of the material is difficult to
determine accurately through merely using ATR-IR spectrometry. Additionally, it is
entirely possible that the 1,3-dialdehyde structure with a secondary amine attached to
its central carbon simply does not react with urea at a neutral pH, similar to

malonaldehyde.
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3.5.2. Measuring urea reactivity of 45.

The urea-reactivity measurement of 45 is shown in figure 38.
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Figure 38. Graphical depiction of the change in urea concentration of the supernatant of 45 in PBS at 323.15 K.

Similar to the measurement of 41, the supernatant of 45 does not show a decrease in
urea concentration. As the IR-data of 45 shows a clear formation of a peak that can be
attributed to the 1,3-dialdehyde structure, this data would suggest that a
2-amino-1,3-dialdehyde structure is indeed not capable of reacting with urea under

physiological conditions.
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3.5.3. Measuring urea reactivity of 71.

The urea-reactivity measurement of 71 is shown in figure 39.
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Figure 39. Graphical depiction of the change in urea concentration of the supernatant of 71 in PBS at 323.15 K.

As expected, based on the results of 41 and 45, 71 does not show the ability to bind

urea, either.

3.5.4. Additional considerations.

It should be noted that, while the precursor materials PNVF and 35 have relatively well-
described properties, the same cannot be said of the functionalised structures. It is
unknown whether the functionalisation may have negatively impacted the ability of the
polymeric structures to swell sufficiently for urea to penetrate the pores, or whether the
porosity was negatively affected. However, the further analysis of these materials falls
outside the scope of this project, and, as none of the materials shows any urea binding

capacity, this is unlikely to be beneficial.
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4. Conclusions

Within the scope of this thesis, various valuable pieces of information could be
collected on the utility of 1,3-dialdehyde-functionalised structures for the binding of
urea in a WAK device. While 41, 45 and 71 may not have shown the ability to bind urea
under physiological conditions, they are nevertheless interesting structures that could
potentially be investigated for other applications. If the synthesized materials show
similar reactivity to malonaldehyde under more acidic conditions, they could potentially
be utilized as recyclable, green alternatives to remove urea from wastewater,
assuming that the binding is reversible under certain conditions. Due to time

constraints, however, this was not investigated within the scope of this project.

Electron donating Electron withdrawing
amine ether amide ester alkyl halide formyl
83 2% 2% 29§85 %% %% %53
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HN H O H HN H O H % " HH | XH | H
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R @] R (@]
= .o .= . > . > 45 > .. > 25

Figure 40. Expected decreasing order of pKa-values of enolizable MDA-derivatives based on the electron-

donating / -withdrawing effect of substituents in the 2-position.

As previously mentioned (and shown in figure 40), it is expected that an amine
connected to the central carbon of a 1,3-dialdehyde structure would have the largest
effect on the pH of the central proton. As the results of this study show that these
structures cannot bind urea under physiological conditions, it seems unlikely that
ethers, amides and esters would. In the case of alkyl-substituted structures, several
papers report that alkylated malonaldehyde derivatives react with urea under acidic
conditions with heating, making it unlikely that the synthesis of a polymer with alkylated

1,3-dialdehyde structures would be fruitful for the application in a WAK device.%7°
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5. Outlook

Whilst, based on the results of this project, the utilization of 1,3-dialdehyde
structures for the binding of urea under physiological conditions may not be
suited, there is still plenty of room for optimization of the 1,2-dicarbonyl
structures mentioned in the literature review of this thesis. While ninhydrin-
functionalised polymeric structures appear to have the highest urea binding
capacity at the time of writing this work, it does come with its own set of
challenges, including the relative difficulty in its synthesis pathway and the
expensive starting materials required. On the other hand, Phenylglyoxal-type
sorbents utilize relatively cheap starting materials and can easily be
synthesized, though they have a lower binding capacity. Of course, a major
drawback for both structures is the high molecular weight per monomeric unit

due to the presence of the aromatic ring.

The work of Baccollini et al. (2011) shows that the reactivity between glyoxal,
as well as several simple derivatives, and urea (as well as thiourea) could be
boosted through catalysis with cyclic phosphorous compounds, using P20s to
gain quantitative yields in merely 10 minutes at room temperature in water.%°
Within the scope of this project, an experiment was conducted to investigate
whether this catalytic mechanism could potentially be utilized for phenylglyoxal-
type sorbents. To this end, phenylglyoxal was dissolved in PBS with 50 mM
urea with an equivalent P20s. Indeed, after two hours, the reaction product
formation could be detected in 13C-NMR (the data can be found in the appendix
of this work). Though the kinetics of this conversion were not determined, it
could certainly be an interesting pathway to explore in a future project.
However, as the paper suggests that the catalytic effect depends on the cyclic
nature of the phosphorous compound, perhaps a more bio-compatible
alternative to P20s (as well as a less acidic one) would be recommended. The
works of Lim & Seib (2003) and llly et al. (2015) provide valuable information in
this regard, and sodium trimetaphosphate, used in the food industry as an
efficient starch cross-linking agent with very low toxicity, may prove to be an

interesting candidate.102:103

Further, the reduction of molecular weight per monomeric unit may allow for

more urea binding per gram of sorbent material. The experiments of this work
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binding serinol to poly(glycidyl acrylate) may provide valuable information in this
regard. In particular, 3-amino-propane-1,3-diol, as shown in figure 41, may

prove to be useful in this regard.

Py Py

0”0 OH 0”0 OH 0
L Y UEN_h_on T H/\N)\/OH — KH/\N 0
(e} 73 OH H (0] H
35 74 75

Figure 41. Hypothesized functionalisation of poly(glycidyl acrylate) (35) with 3-amino-propane-1,3-diol (73),
followed by an oxidation step to form polymeric structure 75.
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6. Experimental section

6.1. Preface

6.1.1. General information

Air- and moisture-sensitive reactions were carried out under a nitrogen atmosphere.
Moisture- and air-sensitive reagents were transferred into disposable syringes and
cannulas previously rinsed with nitrogen. The chemicals used were purchased from
the companies ACROS, ALFA AESAR, APPLICHEM, CARBOLUTION CHEMICALS, FLUKA, MERCK,

ROTH, SIGMA-ALDRICH and VWR CHEMICALS and used directly.

6.1.2. Solvents
The solvents used for the reactions were of "for synthesis" or "for analysis" quality and
were used without further purification. All dry solvents were stored under a nitrogen

atmosphere and on molecular sieve.

6.1.3. NMR
AllNMR spectra were measured on an AGILENT 400-MR DD2 equipped with a OneNMR
probe or a BRUKER 600 MHz with a BBI probe. In the 'H and 3C experiments, the shifts

were related to the residual proton content of the solvent and to the carbon atoms of

the solvent:

'H-NMR 13C-NMR
di-Chloroform 7.26 ppm 77.0 ppm
de-DMSO 2.50 ppm 39.5 ppm
ds-Methanol 3.31 ppm 49.0 ppm
D20 4.79 ppm -

All chemical shifts & are in ppm and all coupling constants J in Hz. The following
abbreviations were used to describe the spectra: s (singlet), d (doublet), t (triplet), and
m (multiplet). It should be noted that the integrations reported may be higher than
expected for the target compounds due to impurities that were not removed from the

sample, as they were deemed unproblematic for further reactions.
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6.1.4. IR
For recording the infrared spectra, a PERKINELMER ATR-IR probe was utilized. The

recorded data were visualized and edited using PerkinElmer Spectrum Version 10.4.3.
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6.2. Experiments

6.2.1. Small-molecule syntheses.

6.2.1.1. The synthesis of 2,2-dimethyl-malonaldehyde (30).

OH OH O O
TCCA/TEMPO | |
>
DCM
30

29

TCCA (9.37 g, 40.32 mmol, 2,10 eq.) is added to a solution of 2,2-dimethylpropane-
1,3-diol (29) (2.00 g, 19.2 mmol, 1.00 eq.) in 40 mL dry DCM, and the solution is stirred
and brought to 0 °C with an ice bath. TEMPO (60 mg, 0.38 mmol, 0.02 eq.) is added,
and the mixture is brought to room temperature. The mixture is stirred for 30 minutes,
and is then filtered through a celite pad. The filtrate is washed with 15 mL of saturated
Na2COs, followed by 15 mL 1 M HCl and 15 mL brine. The organic phase is dried over
MgSOs, and the solvent is removed in vacuo to give 30 (1.38 g, 72%).

The sample was not purified any further.
'H NMR (400 MHz, CDCl3) 8 9.58 (s, 1H), 5.25 (s, 1H), 4.13 (s, 1H), 1.28 (s, 5H), 1.08

(s, 1H).

13C NMR (101 MHz, CDCls) 5 200.50, 77.35, 77.03, 76.71, 68.38, 58.76, 53.39, 46.36,
19.55, 18.80, 17.17, 15.37.
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6.2.1.2. The synthesis of malonaldehyde sodium salt (53).

O O Na*

\o)\)\o/ 1.0.1 M HCI _ k/

2.10 M NaOH 53

1,1,3,3-tetramethoxypropane (38) (4.00 g, 24.36 mmol, 1 eq.) is added to 64 mL
0.1 M HCl at 0 °C. Without stirring, the mixture is kept at 5 °C for 24 hours. The mixture
is then rapidly brought to pH 10 with 10 M NaOH, and 6 g activated carbon is added
to the mixture. The reaction mixture is then stored at 5 °C overnight. The solids are

filtered off, and the solvent is removed in vacuo to give 53 (1.57 g, 69%).

1H NMR (400 MHz, D20) & 8.50 (dd, J = 10.1, 0.9 Hz, 2H), 5.16 (t, J = 10.1 Hz, 1H).
13C NMR (101 MHz, D20) & 192.85, 109.45.
IR (neat): vmax (cmt) = 3342.81 (m), 2818.37 (w), 2775.75 (w), 1719.27 (w), 1601.80

(s), 1371.03 (s), 1290.42 (w), 1268.89 (m), 1173.88 (m), 1019.53 (w), 813.79 (w),
800.33 (w), 602.80 (w)
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6.2.1.3. The synthesis of (E)-2-formyl-3-oxopent-1-en-1-olate (55).

(? OH
(@) O_Na+ (0] —
J o, . 0
+ cl HH
(@)
55

53 54

Procedure a: Propionyl chloride (54) (0.44 mL, 5 mmol, 1 eq.) is added to a solution of
DCC (1.14 g, 5.5 mmol, 1.1 eq.) and DMAP (30 mg, 0.25 mmol, 0.05 eq.) in 12 mL dry
MeCN at 0 °C. After stirring for 15 minutes, Malonaldehyde sodium salt (53) (0.47 g,
5 mmol, 1 eq.) is added, and the mixture is stirred at room temperature for 48 hours.
The solids are filtered off, and the filtrate is washed with saturated NH4Cl solution and
brine. The solvent is removed in vacuo. No product could be observed in the crude
residue, as indicated by the NMR data.

1H NMR (400 MHz, D20) & 7.92 — 7.83 (m, 1H), 6.78 — 6.70 (m, 1H), 3.43 (qd, J = 7.1,
0.8 Hz, 2H), 3.07 (d, J = 0.7 Hz, 3H), 2.09 (s, 3H), 1.05 (td, J = 7.1, 0.8 Hz, 3H).

Procedure b: MgCl2 (0.47g, 5mmol. 1 eq.) is added to 5mL dry MeCN.
Malonaldehyde sodium salt (53) (0.47 g, 5 mmol, 1 eq.) is added, and the mixture is
cooled to 0 °C. Triethylamine (0.69 mL, 10 mmol, 2 eq.) is added, and the reaction
mixture is stirred for 15 minutes. Propionyl chloride (54) (0.44 mL, 5 mmol, 1 eq.) is
added, and the reaction mixture is brought to room temperature and stirred for 15
hours. The reaction mixture is then brought to 0 °C, quenched with 5 M HCI, and the
solvent is removed in vacuo. No product could be observed in the crude residue, as
indicated by the NMR data.

IH NMR (400 MHz, D20) & 4.63 (s, 1H), 3.05 (qd, J = 7.4, 0.9 Hz, 5H), 2.09 (s, 1H),
1.93 (s, 1H), 1.92 (s, 7H), 1.13 (td, J = 7.3, 0.9 Hz, 7H), 0.95 — 0.85 (m, 1H).

Procedure c: See procedure b; MgClz was left out. No product could be observed in

the crude residue, as indicated by the NMR data.

IH NMR (400 MHz, D20) & 3.06 (q, J = 7.3 Hz, 6H), 2.08 (s, 2H), 2.11 — 2.01 (m, 1H),
1.14 (t, J = 7.4 Hz, 8H), 0.91 (t, J = 7.6 Hz, 1H).
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6.2.1.4. The synthesis of diethyl 2-propionylmalonate (57).

o O

U \)OJ\ MgCl, TEA g N
/\O O/\ + Cl :
0

MeCN

56 54
57

MgCl2 (2.40 g, 25 mmol, 1 eq.) is added to 25 mL dry DCM. Diethyl malonate (56)
(3.8 mL, 25 mmol, 1 eq.) is added, and the reaction mixture is cooled to 0 °C.
Triethylamine (6.97 mL, 50 mmol, 2 eq.) is added, and after stirring for 15 minutes,
propionyl chloride (54) (2.18 mL, 25 mmol, 1 eq.) is added. The mixture is stirred at
0 °C, and consequently stirred at room temperature for 15 hours. The mixture is then
cooled to 0 °C and quenched with 5 M HCI. The layers are separated, and the aqueous
layer is extracted three times with Et2O. The organic phases are unified, dried over

MgSO4 and the solvent is removed in vacuo to yield 57 (4.72 g, 87%).

IH NMR (400 MHz, CDCl3) & 4.26 — 4.10 (m, 4H), 2.59 (qd, J = 7.2, 1.0 Hz, 1H), 2.41
(qd, J = 7.6, 1.0 Hz, 1H), 2.12 (d, J = 1.1 Hz, 10H), 1.88 — 1.78 (m, 1H), 1.25 (dtd, J =
7.0, 5.8, 1.0 Hz, 6H), 1.19 — 1.10 (m, 1H), 1.06 (td, J = 7.2, 1.1 Hz, 2H).

13C NMR (101 MHz, CDCIz) d 206.93, 199.53, 183.97, 171.17, 164.65, 99.15, 65.05,
62.21, 61.22, 60.88, 35.30, 30.82, 27.27, 14.01, 13.97, 13.88, 10.94, 7.51.
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6.2.1.5. The synthesis of 2-(allylamino)propane-1,3-diol (63).

X
0] a. NaBH,, MeOH
HO\)J\/OH + H2N\/\ 7 NH
61 62 b. NaBH,, p-TsOH, benzene HO\)\/OH

63

Procedure a: Dihydroxyacetone (61) (0.90 g, 10 mmol, 2 eq.) and allylamine (62)
(0.37 mL, 5 mmol, 1 eq.) are added to 20 ml of dry MeOH. The mixture is stirred at
room temperature for two hours, after which it is cooled to 0 °C, followed by the slow
addition of NaBH4 (0.47 g, 12.5 mmol, 2.5 eq.). The reaction mixture is then stirred
overnight at 50 °C. The mixture is then allowed to reach room temperature, and 10 mL
H20 is added. MeOH is removed in vacuo, and a further 20 mL H20 is added. The
aqueous phase is then extracted three times with EtOAc, and the combined organic
phases are washed with brine. The organic phase is then dried over Na2SOa4, and the
solvent is removed in vacuo. No product could be observed in the residue, as indicated
by the NMR data.

IH NMR (400 MHz, CDCl3) & 5.82 (s, 3H), 5.17 (s, 4H), 5.25 — 5.12 (m, 1H), 5.09 (d, J
= 9.1 Hz, 1H), 3.73 — 3.53 (M, 2H), 3.47 (s, 21H), 3.50 — 3.25 (m, 1H), 1.16 — 1.04 (m,
1H).

Procedure b: Dihydroxyacetone (61) (0.45 g, 5 mmol, 1 eq.), p-toluenesulfonic acid
monohydrate (0.04 g, 0.02 mmol, cat.) and allylamine (62) are added to 15 mL
benzene. The reaction mixture is refluxed overnight, after which the mixture is filtered
and the solvent is removed in vacuo. The residue is redissolved in 15 mL EtOH, and
NaBH4 (0.19 g, 5 mmol, 1 eq.) is added slowly at 0 °C. The reaction mixture is then
stirred for one hour at room temperature. The reaction is quenched by adding 15 mL
H20 and extracted three times with EtOAc. The organic phase is dried over MgSOa4,
and the solvent is removed in vacuo. No product could be observed in the crude

residue, as indicated by the NMR data.

IH NMR (600 MHz, CDCl3) 8 5.76 (s, 5H), 5.13 (s, 4H), 5.08 (s, 3H), 5.01 (s, 3H), 3.86
—3.41 (m, 1H), 3.16 (s, 5H), 2.68 (s, 1H), 2.26 — 1.90 (M, 2H), 1.26 — 1.13 (m, 1H).
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6.2.1.6. The synthesis of N-(1,3-dihydroxypropan-2-yl)formamide (65).

o
0 180°C p

-~
Ho M _on , HN 70 / - HN

61 64 Formic acid HO\)\/OH

65

A mixture of dihydroxyacetone (61) (4.00 g, 20 mmol, 1 eq.), formamide (64) (9.3 mL,
23.3 mmol, 1.17 eq.) and formic acid (6.2 mL, 16.4 mmol, 0.82 eq.) is heated to 180 °C
for 48 hours. The mixture is then cooled to room temperature, and 50 mL H20 is added.
The product is extracted three times with EtOAc, and the combined organic layers are
washed with H20, saturated NaHCOs3 solution and brine. The organic phase is then
dried over MgSOs4, and the solvent is removed in vacuo. The residue was a brown

slurry, which was not further analysed.
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6.2.1.7. The neutralization of malonaldehyde bis(phenylimine) hydrochloride

(66).
HCI 5 M NaOH
Ph\NM\N,Ph > Ph\NM\N/Ph
H H
66a 66

Malonaldehyde bis(phenylimine) monohydrochloride (66a) (2.5 g, 9.6 mmol, 1 eq.) is
added to 200 mL H20. 44 mL 5 M NaOH is added, and the solution is stirred for 12
hours at room temperature. The solids are then collected through filtration and washed
with 50 mL H20. The solids are then dried under vacuum to yield 66 (1.73 g, 81%).

IH NMR (400 MHz, CDCls) & 7.70 (d, J = 6.3 Hz, 2H), 7.37 — 7.25 (m, 5H), 7.17 — 6.99
(m, 7H), 5.10 (s, 1H).
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6.2.1.8. The synthesis of 2-substituted malonaldehyde bis(phenylimine) (68).

R™ S0
66 67 68
Index R= Base Additional Solvent
reagents
a Propyl - - Toluene
b t-Butyl - - Toluene
C t-Butyl KOtBu - Toluene
d t-Butyl KOtBu MgCl2 Toluene
e t-Butyl KOtBu LiCl Toluene

Procedure a: A solution of malonaldehyde bis(phenylimine) (66) (22 mg, 0.1 mmol, 1
ed.) in 2.5 mL toluene is cooled to 0 °C, and propionyl chloride (67a) (7 uL, 0.1 mmol,
1 eq.) is added dropwise. The mixture is stirred for 24 hours at room temperature. The
mixture is filtered, and the solvent is removed in vacuo. No product could be observed

in the crude residue, as indicated by the NMR data.

IH NMR (400 MHz, CDCl3) 8 7.82 — 7.71 (m, 1H), 7.58 — 7.43 (m, 2H), 7.47 — 7.27 (m,
17H), 4.98 (g, J = 1.8 Hz, 1H), 4.95 — 4.82 (m, 2H), 4.72 — 4.41 (m, 11H), 4.24 (ddd, J
= 6.2, 4.8, 1.0 Hz, 1H), 4.13 — 4.02 (m, 3H), 3.53 — 3.35 (m, 10H), 3.25 (ddd, J = 10.2,
7.4,0.9 Hz, 1H), 1.94 — 1.87 (m, 1H).

13C NMR (101 MHz, CDCI3) & 137.80, 137.52, 137.42, 132.36, 132.26, 131.59, 128.64,
128.57, 128.53, 128.51, 128.47, 128.22, 128.09, 128.07, 128.04, 127.88, 127.84,
108.33, 100.92, 86.67, 83.85, 82.06, 81.98, 81.79, 77.67, 77.32, 77.01, 72.75, 72.72,
72.58, 72.14, 56.10, 55.59, 4.73, 3.20.

Procedure b: A solution of malonaldehyde bis(phenylimine) (66) (1.11 g, 5 mmol, 1
eq.) in 30 mL toluene is cooled to 0 °C, and pivaloyl chloride (67b) (0.61 mL, 5 mmol,

1 eq.) is added dropwise. The mixture is stirred for 24 hours at room temperature. The
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mixture is filtered, and the solvent is removed in vacuo. No product could be observed

in the crude residue, as indicated by the NMR data.

IH NMR (400 MHz, CDCl3) 8 7.55 — 7.41 (m, 2H), 7.34 — 7.26 (m, 1H), 7.24 — 7.04 (m,
1H), 1.30 (s, 5H), 1.30 (d, J = 10.0 Hz, 1H), 1.23 (d, J = 11.6 Hz, 11H), 1.10 (s, 2H).

13C NMR (101 MHz, CDCls) 6 173.98, 137.99, 129.83, 129.71, 129.68, 128.93, 124.17,
119.91, 114.24, 41.87, 40.17, 39.57, 28.89, 27.61, 26.97, 26.48.

Procedure c: A solution of malonaldehyde bis(phenylimine) (66) (0.43 g, 1.9 mmol, 1
eg.) and KOtBu (0.25 g, 2.2 mmol, 1.2 eq.) in 25 mL toluene is cooled to 0 °C, and
pivaloyl chloride (67c) (0.23 mL, 1.9 mmol, 1 eq.) is added dropwise. The mixture is
stirred for 24 hours at room temperature. The mixture is filtered, and the solvent is
removed in vacuo. No product could be observed in the crude residue, as indicated by
the NMR data.

1H NMR (400 MHz, CDCls) & 8.29 (dd, J = 14.2, 0.5 Hz, 1H), 8.10 (dd, J = 9.3, 0.5 Hz,
1H), 7.69 (d, J = 6.4 Hz, 2H), 7.56 — 7.38 (m, 3H), 7.38 — 6.99 (m, 20H), 5.27 (dd, J =
14.2, 9.2 Hz, 1H), 5.10 (s, 1H), 2.34 (s, 1H), 1.31 (s, 1H), 1.29 — 1.19 (m, 1H), 1.10 (s,
7H).

13C NMR (101 MHz, CDCl3) 6 176.64, 160.65, 151.95, 145.13, 138.80, 137.85, 130.22,
129.70, 129.33, 129.07, 129.01, 128.20, 125.43, 125.27, 123.48, 120.71, 118.13,
113.68, 77.31, 76.99, 76.67, 41.64, 29.07, 27.62, 21.43.

Procedure d: A solution of malonaldehyde bis(phenylimine) (66) (1.11 g, 5 mmol, 1
eq.) with MgCl2 (0.48 g, 5 mmol, 1 eq.) and KOtBu (0.68 g, 6 mmol, 1.2 eq.) in 30 mL
toluene is cooled to 0 °C, and pivaloyl chloride (67b) (0.61 mL, 5 mmol, 1 eq.) is added
dropwise. The mixture is stirred for 24 hours at room temperature. The mixture is
filtered, and the solvent is removed in vacuo. No product could be observed in the

crude residue, as indicated by the NMR data.

IH NMR (400 MHz, CDCls) & 8.29 (dd, J = 14.2, 0.6 Hz, 1H), 8.10 (dd, J = 9.3, 0.6 Hz,
1H), 7.71 (s, 2H), 7.57 — 7.38 (m, 4H), 7.42 — 7.00 (m, 17H), 5.34 — 5.21 (m, 1H), 2.15
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(s, 1H), 1.30 (d, J = 0.9 Hz, 4H), 1.25 (s, 1H), 1.09 (d, J = 0.6 Hz, 9H), 1.02 — 0.89 (m,
1H).

13C NMR (101 MHz, CDCI3) 5 176.64, 160.66, 151.93, 145.13, 138.78, 130.21, 129.70,
129.33, 129.07, 128.94, 125.44, 124.17, 120.71, 119.90, 118.13, 115.07, 113.67,
77.31,77.19, 76.99, 76.67, 41.64, 30.91, 29.06, 27.62.

Procedure e: A solution of malonaldehyde bis(phenylimine) (66) (1.11 g, 5 mmol, 1
eq.) with LIiCl (0.21 g, 5 mmol, 1 eqg.) and KOtBu (0.68 g, 6 mmol, 1.2 eq.) in 30 mL
toluene is cooled to 0 °C, and pivaloyl chloride (67b) (0.61 mL, 5 mmol, 1 eq.) is added
dropwise. The mixture is stirred for 24 hours at room temperature. The mixture is
filtered, and the solvent is removed in vacuo. No product could be observed in the

crude residue, as indicated by the NMR data.

IH NMR (400 MHz, CDCls) & 8.29 (d, J = 14.2 Hz, 1H), 8.10 (d, J = 9.2 Hz, 1H), 7.71
(s, 3H), 7.55 — 7.41 (m, 3H), 7.40 — 7.27 (m, 8H), 7.27 — 7.19 (m, 3H), 7.19 — 7.00 (m,
12H), 5.27 (dd, J = 14.3, 9.3 Hz, 1H), 2.15 (s, 1H), 1.31 (d, J = 0.6 Hz, 2H), 1.09 (d, J
= 0.6 Hz, 9H).

13C NMR (101 MHz, CDCl3) 6 176.64, 160.66, 151.94, 145.13, 138.78, 130.21, 129.71,

129.36, 129.33, 129.07, 128.94, 125.44, 120.71, 118.13, 113.67, 77.32, 77.00, 76.68,
41.64, 30.91, 29.07, 27.62.
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6.2.1.9. The synthesis of 2-bromo-1,1,3,3-tetramethoxypropane (39).

\O O/

S o7 ab
~ O)\)\ o . \O)\H\O/
Br
38 39

Procedure a: 1,1,3,3-tetramethoxypropane (38) (4.14 mL, 25 mmol, 1 eq.) and N-
bromosuccinimide (4.45 g, 25 mmol, 1 eq.) are dissolved in 20 mL dry chloroform.
AIBN (41 mg, 0.25 mmol, 0.02 eq.) is added, and the mixture is slowly heated to 55 °C.
Upon reaching the temperature, the reaction starts exothermically. Once the solid N-
bromosuccinimide has completely disappeared from the bottom of the flask, the
reaction is left to reach room temperature and is cooled to -20 °C overnight. The solids
are filtered off, and the filtrate is concentrated in vacuo. Whilst the formation of 39 can
be detected in the NMR data, it could not be separated from the numerous side
products using the described purification method (vacuum distillation), and so a yield
could not be determined.

IH NMR (600 MHz, CDCls) & 9.01 (s, 2H), 4.85 — 4.76 (m, 2H), 4.49 — 4.38 (m, 4H),
3.83 — 3.78 (m, 1H), 3.79 — 3.73 (m, 7H), 3.70 — 3.62 (m, 7H), 3.62 — 3.52 (m, 2H),
3.50 — 3.34 (m, 17H), 3.37 — 3.23 (m, 39H), 2.78 — 2.67 (M, 13H), 2.66 — 2.59 (M, 4H),
1.92 — 1.85 (m, 3H).

Procedure bi: 1,1,3,3-tetramethoxypropane (38) (5.58 mL, 25 mmol, 1 eq.) is added to
7.5 mL dry DCM, and the mixture is cooled to 0 °C. Bromine (1.3 mL, 25 mmol, 1 eq.)
is added via a dropping funnel. After complete addition, the reaction mixture is stirred
at room temperature until the mixture completely discolours. Then, 15 mL of saturated
NaHCOs solution is added to quench to reaction. The organic phase is quickly
separated from the aqueous phase and washed with 7.5 mL H20. The organic phase
is dried over Na2S0O4 and the solvent is removed in vacuo to yield 39 (4.019 g, 66%).

The sample was used without further purification due to the risk of hydrolysis.

1H NMR (400 MHz, CDCls) & 4.30 — 4.21 (m, 2H), 3.90 — 3.78 (m, 1H), 3.35 — 3.21 (m,
12H), 3.24 — 3.11 (m, 1H).
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13C NMR (101 MHz, CDCIs) 6 103.29, 103.27, 102.83, 77.65, 77.33, 77.01, 55.52,
55.36, 53.72, 53.68, 52.87, 52.78, 43.59, 30.61.

Procedure b2: 1,1,3,3-tetramethoxypropane (38) (10 mL, 44.75 mmol, 1 eq.) is added
to 15 mL dry DCM, and the mixture is cooled to O °C. Bromine (2.4 mL, 44.75 mmol, 1
eg.) is added via a dropping funnel. After complete addition, the reaction mixture is
stirred at room temperature until the mixture completely discolours. The reaction
mixture is then poured into 50 mL dry DCM, slurried with K2COs (24.7 g, 179 mmol, 4
eq.). After 10 minutes of stirring, the mixture is filtered and poured into an extraction
funnel, where 50 mL H20 is added. The organic phase is removed, and the aqueous
phase is extracted twice with DCM. The combined organic phases are washed with
brine and dried over MgSOa4. The solvent is then removed in vacuo to yield 39
(8.67 g, 79%). The sample was used without further purification due to the risk of

hydrolysis.

IH NMR (400 MHz, CDCls) & 4.36 — 4.30 (m, 2H), 3.93 (dtd, J = 6.0, 4.5, 2.7 Hz, 1H),
3.33-3.23 (m, 1H), 3.27 — 3.19 (m, 1H).

13C NMR (101 MHz, CDCIs) 6 103.39, 103.01, 101.67, 77.48, 77.16, 76.84, 55.71,
55.53, 55.49, 54.68, 53.82, 52.94, 52.91, 52.40, 43.66, 30.67.
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6.2.2. Polymer reactions.

6.2.2.1. The synthesis of poly(N-vinyl formamide) (32).

A

~ HN\(O

— H

31 32

4 mL toluene and 8 mL dodecanol are added to a 20 mL snap vial. The solvent system
is degassed, followed by the addition of 4 mL N-vinylformamide, 0.4 mL 80%
divinylbenzene and 40 mg AIBN. The snap vial is closed and heated to 55 °C overnight.
Then, the snap vial is broken to extract the polymeric monolith, which is broken into
pieces and washed with H20 and ethanol, and consequently dried under vacuum to
yield 32.

IR (neat): vmax (cmt) = 3260.43 (m), 3052.90 (w), 2922.80 (w), 2855.70 (w), 1661.49
(s), 1532.51 (m), 1441.40 (w), 1385.12 (m), 1252.90 (w)

6.2.2.2. The synthesis of poly(vinylamine) (33).

A
HNYO . M

H NH;
32 33

3 g of poly(N-vinyl formamide) (32) is added to 100 mL 2 M NaOH. The suspension is
stirred at 60 °C for 4 hours. The mixture is then left to reach room temperature, and
the solvent is neutralized with 1 M HCI. The solvent is removed via filtration, and the
polymer is washed several times with H2O and acetone, followed by drying under
vacuum to yield 33.

The conversion rate was not further determined.

IR (neat): vmax (cm) = 3260.05 (s), 2922.030 (s), 1660.07 (m), 1588.98 (w), 1436.06
(W), 1381.74 (m), 1227.92 (w), 1180.59 (w), 1124.11 (w), 794.99 (w), 711.00 (w)

63



6.2.2.3. The functionalisation of poly(glycidyl acrylate) with serinol (70) and

subsequent oxidation (71).

Y

0~ o
80 °C, DMF OH

o NH, OH
35 69 70

TCCA O

n
(0] /O
» v 0O
N
on H
71

500 mg of poly(glycidyl acrylate) (35) is added to 10 mL DMF. After stirring for
15 minutes at room temperature, serinol (69) (638 mg, 7 mmol, ~1.8 eq.) is added. The
suspension is heated to 80 °C overnight under light stirring. The suspension is then
allowed to reach room temperature, after which the solvent is decanted, and the solids

are washed with H20 to yield 70.

The conversion rate was not further determined.

IR (neat): vmax (cmt) = 3305.40 (s), 2937.17 (m), 2881.50 (m), 2843.90 (m), 1720.64
(s), 1449.40 (w), 1338.48 (w), 1252.30 (w), 1151.54 (s), 1038.23 (m), 989.08 (W),
907.89 (w), 845.44 (W), 750.48 (W)

Subsequently, the wet sample 70 is added to 10 mL DMF. A solution of TCCA (2.00 g,
8.6 mmol, ~2.2 eqg.) in 10 mL DMF is added, and the mixture is stirred at room
temperature overnight. The solvent is decanted off, and the solids are washed with

H20 and DCM, followed by drying under vacuum to yield 71.
The conversion rate was not further determined.

IR (neat): vmax (cm™) = 3211.4 (w), 2956.10 (w), 2901.80 (W), 2789.00 (w), 1710.40
(s), 1448.17 (w), 1402.70 (w), 1326.75 (w), 1143.40 (m), 1078.6 (m), 764.36 (W),
530.84 (w)
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6.2.2.4. The functionalisation of poly(TEPA) with 2-bromo-1,1,3,3-
tetramethoxypropane (45).

/
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38
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OHH\ H\ H\

| | |

0O O 0O O 0O O
45

Step 1: 1,1,3,3-tetramethoxypropane (10 mL, 44.75 mmol, 1 eq.) is added to 15 mL
dry MeCN. Bromine (2 mL, 44.75 mL, 1 eq.) is slowly added via a dropping funnel at
0 °C. The reaction is allowed to reach room temperature, and the mixture is stirred for
one hour. Subsequently, the reaction mixture is poured into a slurry of K2COs3 (24.7 g,
178 mmol, 4 eq.) in 50 mL dry DCM. The mixture is stirred for 15 minutes, after which
the solids were filtered off.

Step 2: 37 (2.8 g, 1 eq.) is added to the solution, and the suspension is stirred at room
temperature for one hour. Subsequently, DIPEA (8.7 mL, 49.9 mmol, 5 eq.) is added,
and the reaction mixture is stirred at room temperature overnight. The polymer is then

washed with MeCN and H20 and dried under vacuum to yield 45.
The conversion rate was not further determined.

IR (neat): vmax (cml) = 3222.99 (m), 2940.62 (m), 2830.99 (m), 1721.40 (s), 1657.49
(W), 1602.88 (s), 1451.04 (m), 1401.39 (w), 1266.86 (m), 1156.00 (s), 1061.30 (w),
991.00 (w), 815.27 (W), 748.65 ()
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6.2.2.5. The functionalisation of poly(vinylamine) with 2-bromo-1,1,3,3-
tetramethoxypropane (40) and subsequently hydrolysis (41).

-
~ P ~o o7 n 9
o O DIPEA HN o
Br NH, 0~ "0
38 39 33 o

1 M HCI M
—_— HN
=0
N

@)
4

Step 1: 39 is prepared as described in 6.2.2.4, step 1. After filtering off K2COg, the

solvent is removed in vacuo and kept dry.

Step 2: 394 mg poly(vinylamine) (33) is added to 15 mL dry DMF. DIPEA (1.75 mL,
10.01 mmol, 1 eq.) is added, and the suspension is stirred lightly for 30 minutes.
Subsequently, 2-bromo-1,1,3,3-tetramethoxypropane (39) (2.53 g, 10.4 mmol, 1.04
eg.) is added, and the mixture is stirred lightly at room temperature overnight. The
solvent is decanted, and the solids are washed with DMF and H20, and subsequently
dried to yield 40.

IR (neat): vmax (cm) = 3252.99 (s), 2926.31 (s), 1651.86 (m), 1589.16 (m), 1440.77
(m), 1385.42 (m), 1190.27 (w), 1118.19 (w), 1057.95 (w0, 712.99 (w)

Step 3: 40 is added to 30 mL of 1 M HCI and stirred lightly for 24 hours. The solids are
subsequently washed with H20 until the pH of the agueous wash is neutral (pH ~7).

The solids are dried under vacuum to yield 41.

IR (neat): vmax (cm) = 3360.44 (s), 2916.63 (s), 1600.91 (s), 1520.39 (m), 1439.92
(W), 1385.59 (w), 1203.10 (w), 1113.30 (w), 1035.20 (w), 803.70 (w)
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6.2.3. General procedure urea-reactivity measurement of small molecules.

O

HZNJLNHZ\' 0.5 mmol k/« \
50°C
[Urea] + 50mM

13C-labelled urea (31.5 mg, 0.5 mmol, 1 eq.) is dissolved in 16.7 mL PBS, and the
solution is heated to 50 °C. Subsequently, 1 equivalent of the compound that is to be
tested for its urea reactivity is added, and samples are taken at different time points to
determine whether a conversion can be observed in 3C-NMR, indicated by the
formation of a product peak. The pH is occasionally checked to ensure that the sample

remains neutral.
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Figure 78. ATR-IR spectrum of 45.
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Figure 79. ATR-IR spectrum of 40.
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Figure 80. ATR-IR spectrum of 41.
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10.2. Ureareactivity measurements of synthesized polymers.

Each sample was measured twice.

Table 4. Urea reactivity measurement data of 71. Measured by Babette Lentferink.

Sample Time [h]
1

N
N onN o

Table 5. Urea reactivity measurement data of 45. Measured by Babette Lentferink.

Sample Time [h]
1 0.5
2
4
8
24
2 0.5
2
4
8
24

Temperature [°C]

70
70
70
70
70
70
70
70
70
70
70
70

Temperature [°C]

70
70
70
70
70
70
70
70
70
70

47.5
49.4
48.4
47.2
49.1
48.9
50.7
51.1
49.4
51.8
45.4
53.4

46.6
48.2
51.2
51.1
51.5
49.1
48.3
48.5
50.6
50.3

Urea concentration [mM]

Urea concentration [mM]
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Table 6. Urea reactivity measurement data of 41. Measured by Babette Lentferink.

Sample Time [h] Temperature [°C] Urea concentration [mM]
1 0.5 70 50.1
1 70 50.5
2 70 45.6
4 70 49.1
8 70 49.9
24 70 49.2
2 0.5 70 47.6
1 70 50.8
2 70 43.5
4 70 43.0
8 70 50.2
24 70 50.6

10.3. Ureareactivity measurement with cyclic phosphorous compounds.

t=16h

T T T T T T T T T T T T T T T T T
165.5 165.0 164.5 164.0 163.5 163.0 162.5 162.0 161.5 161.0 160.5 160.0 159.5 159.0 158.5 158.0 157.5
f1 (ppm)

Figure 81. Urea reactivity measurement of phenylglyoxal with 3C-labelled urea and 2.5 eg. sodium

trimetaphosphate. The formation of a product peak can be observed at approx. 162 ppm after 16 hours. The
measurement was done as described in 6.2.3.
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