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NMR T nuclear magnetic resonance spectroscopy
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EDC i 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
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CHAPTER 1: SYNTHESIS OF A THREONINE -RICH MACROCYCLE

ABSTRACT

This work describes the synthesis of ag2dm, threoningich macrocycle homodimer,-

T. Synthegs of macrocycles are of interest due to their potential applicabsmsugs. If the
synthesis design allovier a wide variety of differengroupsto beincorporatedvithout affecting

the structure itselfclassical drug design strategies can be adopterlbenefits of macrocyde

derive from theirlarge and flexible structurethat can adopt different conformations.This
flexibility is important when the macrocycle is required to present either hydrophbilic
hydrophobic surfaces when it is inside and outside the cell or crossing the membrane, respectively.

The synthesis of -T is done in three steps and relied on making changes to a previously
studied macrocycle synthesis pathway. First, a threonine acid intermediate is prepared by
substituting a triazine ring with dimethyl aming;lautyl protected threonine and a B@tected
hydrazineThen, the acid is reacted to create the threonine awetadmer. The final step involves
treating the monomer with acid to yield the homodirier,.

The macrocycle and its intermediates were purified through column chromatography
characterized vidH NMR, *C NMR, COSY NMR, rOesy NMR, and HSQC NMR. What
emerges from these studies is the thil@aensional shape af-T. 'H NMR and**C NMR were
also used to characterize the acid intermediate and the acetal monomer. Mass spectrometry also
corroborated these assignmeriibis researctadds toa growing library of similar macrocycles
that vary in amino acid in the position of threonine with the eventual goal of creating a library of

macrocycles for future research in the area of synthetic drug design.



INTRODUCTION

Macrocycles are cyclical compounds of increasing interest in the field of synthetic drug
design. These molecules are typicddyge flexible structures and have the potential to exist in
multiple conformationg1]. The macrocyclghat is the target of ietest for this research is a
threoninerich macrocycle. It is a homodimer synthesized over the course of multiple days using a
threestep synthesis. This macrocycle joins a growing library of similar compounds with different
amino acids substituted in thgosition of threonineThis growing library of macrocyclic
compounds seeks to provide an alternative approach to drug discovery compared to the current
system being used by the pharmaceutical companies.

Macrocycles break at least one rule withinthe estabh ed Li pi nski 6s ARuUl
which are used to predict the ability of drugs to passively diffuse through cell membranes. These
rules include a molecular weight of less than 500 Da, a partition coefficient (log P) of less than 5,
fewer than 5 hydmgen bond donors, and fewer than 10 hydrogen bond accdpjoré/hile
macrocycles do not fit into the standard requi
been shown to demonstratenformationaflexibility [3]. Compounds with the abilityat change
conformationi n di fferent conditions are referred to
used to highlight the way the molecule behaves dependirifgitoils in an agueous or nonpolar
environmen{4]. Behaving as a molecular chameleon isinexl wherlarge drugs aréaced with
the problem of cell permeability. Drugs must be able to pass through the hydrophobic phospholipid
bilayer and be soluble in the hydrophilic extead intracellular milieu. Passive diffusion is the
standard mode of dalar entry for compounds that are less than 1000 Da in mass [3]. If a large

molecule, a macrocycle, is able to change its conformation to one that decreases water solubility



when crossing the cell membrarigen it will demonstrate an increased abilitygenetrate that
cell and maintain its overall aqueous solubility.

Macrocycles are specifically being looked at to target intracellular pfpteiein
interactiors (PPI)[5]. The goal of these macrocycle drugs is to bind to the areas of PPI and disrupt
the interaction or bindingite Traditionally drugs have been engineered using the enzyme binding
pocket model as the drug tardé}. This phenomenon has led to a large number of structurally
small drugs to be designed. The target of macrocyclic drugeReinvolving large, dynamic
surfaces that are formed by secondary and tertiary protein structures as opposed to primary
structure targets/]. These surfaces are characterized as being betweer80600 [3].

Macrocycles have an advantage in targeting these protein surfaces due to their size. A
smaller drug has a decreased surface area of possible interaction compared to a larger macrocycle
which accounts for their success within the enzyme pocket biding nhaaetyver the specificity
becomes a disadvantage when the site of binding is less spécifitacrocycles with their larger
size are able to form a greater number of contact points withrdieinof interest. Macrocycles
have been also been shown to destrate an antibodyke affinity when binding to thessurfaces
[7]. The characteristics of these compounds contribute to a growing amount of research on
macrocycles for synthetic drug design.

Macrocycles are commonly found within nature and have ajrbadn utilized as drugs.
Cyclosporin A (CSA) is an example of an orally bioavailable macrocyclic daiimg asa
calcineurin inhibitor and used as an immunosuppressant medi¢8jio€@SA is a molecular
chameleon in its ability changedenformationin a way that hides polarity when passing through
the phospholipid bilayer and then changes its conformation-bypesing its hydrophilic amide

backbone [3]. While the ability to behave as a molecular chameleon is extremely beneficial when
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designing largerdrug compounds, the ability to predict chameleonic behavior is extremely
difficult. This fact contributes to the need for a library of macrocyclic compounds in order to
evaluate potential drug candidates. Another important characteristic of macrocygbcbaing

used today is the reliance on naturally derived macrocycles. For example, CSA is produced by the
aerobic fungs Tolypocladium inflatumThere have been historic challenges with synthesis of
macrocycles within the area of drug design due to theger more complex structurgy. It has

been more commercially beneficial to design smaller synthetic drug compounds based on this fact.
The use of microbes for production of complex naturally occurring compounds has proven
beneficial historically, buthis technique is not efficient for the continued exploration into
macrocycles as drugs due to limitationssimthetic intractability and nedruglike properties

[10]. Development of a simifiled synthesis process with the ability to produce a wide rafge
compounds is therefore critical in the continued search for new drugs.

Incorporating the amino acid threonine within the macrocycle target is the goal of this
researchThe use of the amino acid threonine within the macrocycle target is imipdugb the
chemical characteristics threonine individually posseakey) withits relevance within nature
and more specifically proteins. Threonine possesses the chemical characteristics of an aliphatic
and polar amino acid and is found at a higher distdinutvithin naturally occurring proteins
compared to over half of the other amino a¢id§. The significance of the increase in prevalence
of threonine within peptides is unclear but is an important characterisiicktmwledgenvhen
looking to target PPIsThreonine is additionally one of thrieebranched amino acids along with
valine and isoleucinelthough it differs from the other two because it contains a hydroxyl group
which provides the possibility for additional hydrogen bonding either within therauycle or

with protein targets.
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Both valine and isoleucine have been previously incorporated into macrocycles through
the same synthesis pathway described in this papeen valineis substituted within the
macrocycle it was found to exisas one stretural isomer speciegs DMSO-de. Isoleucine was
found to exist in twaonformationsat a ratio o0f6:4 between the two isomers.is of interest to
characterizeéhe different structural isomers present within the threomiole macrocyclen order
to betterunderstandhe effects of differenramino acid substitution with the growing library of
similarly derived macrocyclek.-branched amino acidge ofadditionalinterest when compared
to other options because the branching structordributes greater steric bulk to theverall
macrocyclein comparison to other amino acids such as glycine or ala@Gimart 1 shows ik

papets macrocycldarget, referred to a6-T.

Chart 1- TheT-T macrocycle
The researchontributesa compoundo a growing library of similarlglerivedmacrocycles
producedby the Simanek laboratoryhis library will be used to exploran alternative approach
to drug discovery that differs from the current model which pharmaceutical caapanmrently
use.The types of pharmaceutical drugs that would be investigated through this method would be

those which are able to inhibit protginotein interactionsThis alternative model seeks to
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generate a large library of similar compounds which tteen be evaluated in protein binding
assays irorder to discover new potential drugs.

There is a need for an alternative approach to drug design based on two major issues facing
pharmaceutical companies today. The first issue is the amount of monéydmmgcmakersare
required to invest in order wevelop a new medication that has market apprdvatudy from
2019 conducted by Tufts Center for the Study of ODegelopment found that on average it was
costing pharmaceutical compani#2.6 billion dolars in order to develop new prescription
medication, with an annual inflation rate of 8.522]. This continued increase in cost to produce
new drugs means that pharmaceutical companies have to get a return on their investment for the
medications they ameveloping. They are able to do this in two ways with the first being increased
development in prescription medication that a large number of individuals will use, and the second
being increased cost of druffs3]. This still creates a barrier to drug @spment that is only
readily accessible to pharmaceutical companiEse second important characteristic of
pharmaceutical drug development is that a protein of interest is first identified relating to a
condition, and then a potential drug is designesdtdaround that protefb4]. While this approach
to drug design is effective and efficient when there is a known protein of interest, the process does
not inherently allow for these potential drugs to be evaluated against a large number of different
protdan targets in order to broaden the possibilities for drug discovery. These problems with the
current system of pharmaceutical drug design raise the need for an alternative approach which is
able to provide a large number of potential drug candidates @atex kexpense which can be
evaluated against thousands of protein targéts.synthetic procedure outlined in this pajp&es
the opposite approach to aspects of pharmaceutical companies by emphasizing the expansion of a

potential drug class instead otfesing on the protein of interest.
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Overall, the goal of this research is to synthesize cratacterizeof a threonineich
macrocycle and to explore itsCB shape. This work adds to a growing understanding of similar
homodimeric macrocyclesh hopes fortheir future assessment as potential new draugs

completes the study of the naturadlgcurring -branched amino acids.
EXPERIMENTAL

General Experimental Details

NMR Spectroscopy’H NMR spectra were recorded on a 400 MHz Bruker Avance
spectrometer. Chemical shifts foH NMR spectra (in parts per million) referenced to a
corresponding solvent resonance (e.g. DM8O U = 2 BE'B} NMPB spectra were
recorded on the same 400 MHz Bruker spectrometer referenced to corresponderg sol
resonance. All 2D spectra were taken on the 400 MHz Bruker Avance relative to corresponding
solvent resonances. Identification of NMR signals are as follows: s = singlet, d = doublet, t =
triplet, and m = multiplet. NMR solvents were deuterated amdhased as a bottle or ampule.

General ChemistryFlash chromatography experiments were carried out on silica gel with
a porosity of 60A, particle size B63‘ m, surface area 500600 nt/g, a bulk density of 0.4 g/mL
and a pH range of 6i57.5. Dichloomethane/methanol was used as the eluent for chromatographic
purification. Thinlayer chromatography experiments were carried out in sealed chambers and
visualized with UV or submersion in ninhydrin (1.5g ninhydrin in 200mhb-btitanol and 3.0mL
acetic ar) followed by heating. Excess solvents were removed via rotary evaporation on a Buchi
Rotavapor RII with a Welch Se€leaning Dry Vacuum System. All workup and purification

procedures were carried out with reaggrade solvents under ambient atmosphere
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Synthesis ofT hreonine Acid Intermediate

While continuously stirring, cyanuric chloride (1.0 g, 5.4 mmol) was added rapidly as a
solid and dissolved in 25 mL of THF that was previously cooledltb°C using a dry ice and
acetone batirhetemperature was maintained a0 °C while a 25 mL solution d0OC-hydrazine
(0.72 g, 5.4 mmol) in THF (0.2 M) was added dropwise over 2 minutes via a pressure equilibrium
funnel.Over the course of the addition, the solution turned a very pale yéfber.the addition
was complete, 1 equivalent of 5 M NaOH (5.4 mmol) was added over 1 minute via pipette. After
30 minutes, thin layer chromatography (10% methanol in ethyl acetate) confirmed that a single
product wa®bserved under short wave UV irradiat{®a = 0.8) or using ninhydrin (yellow spot).
At this time, the ice bath was removed, and the solution allowed to slowly warm to room
temperature.

Next, asolution of DBOC protected threonine (1.7928 g, 10.8 mmol) in 10.8 mL of 1 M
NaOH (to dissolve the thonine) was added dropwise over 2 min while at room temperature. The
reaction mixture was measured to a pH of 7 immediately after the addition and brought to a pH of
8 with 4 more mL of 1M NaOH. The solution started a pale yellow and after the additied &
strong yellow in color. After 2.5 hr, the yellow color slowly changed to a cloudy white. Thin layer
chromatography showed the starting materialH{R.7) disappeared and a new spot &t R.05
appeared in 10% MeOH in DCM.

Then, dimethylamine (129, 109 mmol) was added dropwise over three minutes
(dimethylamine is used as 40% aqueous solutlompediately following, the pH was measured
to be 9. The reaction was stirred for another 3 h at room tempeildturdayer chromatography
in 10% MeOH inDCM showed a new spot at R0.5. The reaction was acidified to pH 4 with 1

M HCI. 100 mL of brine was added to the reaction flask and the organic layer was separated from
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the aqueous layer using a separatory funnel. The aqueous layer was then wiasbedvaHh 25
50 mL of ethyl acetate. All of the organic layers were combined and dried with magnesium sulfate.
Once the magnesium sulfate was filtered off via vacuum filtration, the organic layer was dried
down to provide a crude yield of 38 of materia Column chromatography was run in 5% MeOH
in DCM to yield 0.753 g o&cid intermediate
IH NMR (DMSO-De, 400 MHz):12.70 (s, 1H), 8.55 8.54 (s, 1H), 8.42 8.32 (t, 1H), 5.45
5.35 (m, 1H), 4.56 4.38 (m, 1H), 4.36 4.15 (m, 1H), 3.01 2.99 (s, 6H), 1.40 1.28 (d, 9H),
1.147 1.08 (m, 12H).
13C{H} NMR (DMSO-Ds, 10 0 MH ¥73.4, 168.0, 166.4, 165.7, 156.8,0d, 73.7, 67.4,
59.1, 35.9, 28.6, 21.7, 21.5.
Synthesis ofT hreonine Acetal | ntermediate

While continuously stirring, threonine acid (0.400 g, 0.939 mmol), diethoxypropyl amine
(0.138 g, 0.939 mmol), and HOBT (0.173 g, 1.127 mmol) were dissolved im22at DCM at
room temperature. DIPEA (0.308 g, 2.379 mmol) and EDC.HCI (0.216 g, 1.127 mmol) were added
neat, separately immediately following the other for an overall 0.25 M solution. After 3 hours, thin
layer chromatography (10% methanol in dichlorome&)aconfirmed the single spot starting
material (R= 0.30) evolved into new spots with a single ninhygtimined yellow spot at ar Bf
0.6 in 7.5% MeOH in DCM. The reaction was dried down via rotary evaporation or airstream and
columned using a gradiefrom 2.5% to 5%. Purified acet@termediatevas initially confirmed
via TLC in 19:1 MeOH in DCM with an Rf = 0.4. The product videntified in4 consecutive

fractionsfrom the column, giving a recovered yield of 0.02 g of acetal intermediate.
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IH NMR (DMSO-Dg, 400 MHz):8.547 8.26 (m, 2H), 7.90 7.68 (m, 1H), 6.41 6.24 (m, 1H),
4.50i 4.48 (m, 1H), 4.31 (m, 1H), 3.92 (s, 1H), 3i58.52 (m, 2H), 3.41 3.39 (m, 2H), 3.02
(s, 6H), 1.66 1.65 (m, 2H), 1.40 1.30 (m, 9H), 1.10 (m, 18H).

13C{!H} NMR (DMSO-Dg, 10 0 MH ¥7).8, 17l.1, 168.0, 167.5, 1661658, 165.6, 156.3,
101.0, 79.0, 78.9, 73, 678, 61.2, 605, 554, 36.1, 35.8, 353, 337, 311, 28.6, 28.5, 20.7, 1B,

158.

Macrocyclization of the Threonine Acetal Monomer to T-T Macrocycle

The threonine acetal intermedi§0010 g)was dissolved in 1 mL of MeOH in a 3 mL vial
equipped with a mini stir bar. TFA (1 mL) was added to the reaction vial over 1 minute via pipette.
The vial was uncapped to allow for slow evaporation. Evaporation occurred over the course of 2
days before coirining full cyclization via'H NMR, 3C NMR, COSY NMR, rOesy NMR, and
HSQC NMR to confirm the macrocycle structure
IH NMR (DMSO-Ds, 400 MHz):12.58 (m, 1H), 11.62 (m, 1H), 9.17.15 (m, 1H), 7.47 (s,
2H), 5.48 (m, 1H), 4.25 4.22 (m, 2H), 4.01 3.98 (n, 1H), 3.10' 3.07 (s, 6H), 3.02 2.99 (m,
1H), 2.60 (s, 2H), 1.2 1.22 (m, 3H).
13C{H} NMR (DMSO-Ds, 10 0 MH £724, 16119, 1538, 1536, 1484, 658, 607, 373,
37.1, 334, 321, 206

RESULTS AND DISCUSSION

The general synthesis of the targef Thacrocycle ishownin Scheme 1The synthesis is
completed in three steps. The first step is the synthesis of the threoninetecitediate The
second step is the synthesis of the threonine acetal monomerirdrstepis the dimerization of

the acetal monomer into theTTmacrocycle homodimer.
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N =
\g 25% W OH W'I\l \/\l/OEt

Scheme 1. Synthesis of-T Macrocycle - a.BocNHNHo (1 eq), 5M NaOH (1eq) THF,

10°C, 30 minutes; b-Bu-Thr (2 eq),1 M NaOH (2 eq), RT, 2.5t;Dimethylamineg(3 eq), 3h;
d. EDC.HCI (1 eq), HOBT (1.2 eq), DIPEA (2.5 eq)DMF, RT, 3 h; e. 1:1 DCM:TFA.

Synthesis and Characterization of the Acid Intermediate

The synthesis of the acid intermediate starts with the addition-B@@zine to the
starting material of cyanuric chloride. A second addition to the triazine ring is performed-with D
t-butyl-threonine followed bya final addition of dimethyl amine to theazine ring. After each
individual addition a small portion of the intermediate was saved in a 3 masveal LC standard
TLC is performedafter each addition and @potted with thestandard from thprevious addition
to the triazine ring in order toonfirm successful synthesis. Extraction of the acid monomer in

ethyl acetate is the final step in the synthesis of the threonine acid monomer. The acid monomer



18

is purified by column chromatography. & threoninecid intermediat@ structure was confirnte

viaH NMR andC NMR.
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Figure 1- 'H NMR of Threonine Acid Intermediate
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The'H NMR spectra in Figure tvas taken of the threonine acid monomebPMSO-ds.

The inset shows the key used to indicate the NMR signals. Importamglpassible to see all the

expected resonances that integrate for the correct number of hydrogens. Moving upfield, the

carboxylic acid OH appears a 12.7 ppm and confirms the presence of threonine as do the a, b and

g resonances at ~4.5 ppm, ~4.2 ppm abd ppm, respectively. The BGEydrazine group is

revealed in the NNH resonances at ~8.5 ppm and the BOC group at 1.40 and 1.28 ppm. Finally,

the third substitution with DMA is corroborated by the resonances at 3.00 ppm.

The spectrum also reveals thatltiple conformations exist. That is, there are multiple

resonances associated with each proton. This situation arises due to hindered rotation about the

triazineN bonds. Of the four isomers that are possible, the NMR clearly shows at least three of

themare present. These isomers are best identified in the series of sharp signals at 8.4 ppm.
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The 13C NMR spectra in Figure @vas taken of the threonine acidMMSO-ds and the
NMR signals have been tentatively assigned to the chemical structure in th# ingmssible to
visualize and assign all of the carbons present in the acid intermediate. The degenerate methyl

groups of the-butyl substituents appear as one resonance each.
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Figure 2 - 13C NMR of Threonine Acid Intermediate
The upfield region is difficult to interpret due to what appears to be low digimalise.
While this is part of the explanation, the other is thatiGeNMR also reveals the presence of the
four rotational isomers of the triazines. The appearanceibijphe lines for each resonansiest
observed in this region, although expanding the upfield region reveals that the resonances that
appear broad in the figure are indeed multiple peaks.

In summary, the NMR spectra confirm synthesis of the acidne&eiate.

Synthesis and Characterization of the Acetal Monomer

The second stage of synthesis to form the acetal monomer starts by combining the acid

monomer, HOBT and diethoxypropyl amine in DCM. DIPEA and BBCL are immediately
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added and the reactionatiowed to run until completion. The acetal product is then purified via
column chromatography and the structure is confirmed iMtNMR and**C NMR.

The'H NMR spectra in Figure 3 was taken of the threonine acetal mono&SO-ds,
and the NMRsignals have been assigned based on labels in the inset. It is possible to see the
appearance of thes@ hydrogen, both of the ethyl group hydrogens, and the A, B, and C hydrogens
in the spectra. These new peaks confirm the structure of the acetal mahumnerthe presence

of these added signals and the disappearance of the OH signal found in Figure 1.
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Figure 3 - 'H NMR of Threonine Acetal Derivative
The appearance of a triplet at ~5 ppm confirms successful reaction as do the signals for
ethyl groupsof the acetal at 1.2 ppm, 3.4 ppm and 3.6 ppm. The existence of rotamers is revealed

throughout the spectrum from multiple resonances for the NNH, CNH.-aftd protons as well

as thea protons.The**C NMR shown in Figure 4 corroborates this conclusion.
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Figure 4 - 13C NMR of Threonine Acetal intermediate
The 13C NMR spectra in Figure &as taken in DMS@s. The NMR signals have been
assigned to the chemical structure as shown in the inset. There are new signals corresponding to
the ethyl groups ande¢hA, B and C carbons. The presence of these resonances in comparison with
the carbon spectra of the acid intermediate confirm successful synthesis of the acetal monomer.
The| ,T ,7 , and- signals are in very similar positions as they were in the acid intermediate,
although there is a change in peak intensity. The alphalmakneshe most intense while the

other intensities do not change. The reason for this behavior is unknown.

T-T Macrocyclization and Conformational Analysis

The final stage of synthesis requires dissolving the acetal monomer in methanol and adding
TFA to the reaction. The reaction is allowed to evaporate over the course of 2 days while stirring.
The final macrocycleT-T, is an amorphous solid. Macrocyclizatigbest accomplished using
smaller portions of the acetal monomer. The acetal monsmeHlected from test tube fractions
derived from column chromatography. Certain test tube fractions were chosen to dyofize.

advantage to this procedure is the purest fractions of acetal monomer can be used for
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macrocyclization. The purity of these acetal fractions was confirmed by the presence of only 1
spot when run on TLC. The-T macrocycle structure is characterized 3 NMR, °C NMR,
COSY, rOesy, and HSQC. If the macrocycle structure cannot be confirmed after allowing
evaporation of the solvent, then the solvent can {zlded to the reaction and the system can be
allowed to evaporate again over the course of 2.daylssequent redissolving of the product for
evaporation increases yield BfT as visualized in the spectra.

TheH NMR spectra inFigure 5was taken of th@-T macrocycle irDMSO-ds, and the
NMR signals have been assigned to the chemical structure as it is labeled in the figure. There are
signals that correspond with every available hydrogen in the structure that confirm the successful
dimerization of the acetal monomer to fofsl . Of note is that the ethyl group hydrogens are no
longer present as see in Figure 3 along with the BOC group hydrogens confirming that the
cyclization has been successful. Theignal is at the same location as found in the acetal
monomer spectrd.he A hydogen signal has moved from 4.5 ppm to 7.47 ppm when compared
to the acetallt is also apparent that there are two positions in the macrocycle structure accounting
for each signal visualized in the spectra. For example, there are two different DMA groups
opposite sides of the macrocycle however there is only 1 corresponding DMA peak at 3.10 ppm

integrating to 6. The same can be said for every other identifiable group that produces a signal.
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Figure 5- *H NMR of T-T macrocycle

What this pattern of resonances demonstrates isTtiais indeed a homodimer where
both sides of the macrocycle are identical. The appearance of the H+ signal is due to the TFA used
in cyclization. Its position within the structure has been assignedaafdmed by ROESY NMR.

At 7.47 ppm, the -NH hydrogen and the A hydrogen overlap. COSY NMR confirms the overlap.

An area of interest is around thenydrogen as it gives a signal both at 4.22 ppm and 2.99 ppm.
This phenomenon also occurs in respecth® € hydrogens when compared with the acetal
monomer as it also gives two signals with one appearing at 4.25 ppm and another appearing at
3.02 ppm.

The C hydrogens and thie hydrogens are not equivalent and appear as separate
resonancesl he spectrum shws that a second set of resonances appear immediately downfield to
each identified signals and these resonances integrate to roudghbyf i@ primary signal. This
phenomenon is of extreme interest because it could be explained by the presenceeaot differ
isomeric states of -T that exist at a ratio of 8:1 between the primary isomer and the secondary

isomer. These secondary signals are very weak in intensity, but their presence is enough evidence
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to confirm the existence of multiple isomers. The stnattdifferences between these isomers are
not able to be identified due to how weak the secondary signals for each hydrogen appear on the
spectra.

The*C NMR spectra in Fjure 6 was taken of the threonine acid monomeDPMSO-ds.
The NMR signals have been assigned to the chemical structure as it is labeled in the figure. As
stated in reference to Figure 5, the disappearance of the BOC carbons and the acetal carbons in
coordination with the appearance of only one peak for each horaodarbon that appears twice
in theT-T structure confirms the synthesisTfT. The overlap of 7and T makes it difficult to
differentiate those two signals with the signal found inThel ,| , DMA, C, B, and carbon
signals are very similar tineir position found in the acetal monomer, however the A carbon has
a large change in position from 100.98 ppm to 148.35 ppm. This shift upfield can be explained by
the loss of the acetal carbons and the joining of both monomers to form a homodiméesnmigieh

the A carbon to the position of where the BOC group would have been.
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Figure 6 - 3C NMR of T-T macrocycle
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CONCLUSION

The synthesis of this threonine rich macrocycle is of importance due to the interest in
macrocycles in their potential as drugs. Macrocycles exhibit large and flexible structures that can
exist in differenttconformationsvhich is a reason why they are bgelinoked at within the field of
synthetic drug design. Additionally, macrocycles demonstrate the ability to have a wide variety of
different groups to be attached without affecting the cyclical structure itself. Indeed, the presence
of a competing hydrogebonding group the hydroxy® could have interfered with the structure
or led to an asymmetric macrocycle.

The synthesis of -T demonstrates that it is possible to synthesize a large macrocycle in
threestepswithin a short period of time. The first stepnststs of synthesizing a threonine acid
intermediate through three separate additions of B@fazine, DBt-butyl-threonine, and
dimethylamine to a triazine ring. The second step of synthesis is formation of the threonine acetal
monomer from the acid interediate. The third step is the macrocyclization of the acetal monomer
to form theT-T macrocycle homodimer. Significant importance is given to purity at the end of
each stage and is accomplished through column chromatography and TLC in order to ensure a
pure intermediate or monomer before moving to the next stagdormationahknalysis at the end
of each stage was also characterized'aand *C NMR for all three stages with additional
characterization by COSY NMR, rOesy NMR, and HSQC NMR for additistnattural analysis
of T-T.

Synthesis of this threonine rich macrocycle adds to a growing library of similar
macrocycles varying in the amino acid in position of threonine. This synthesis contributes to the
eventual goal of creating a library of charaizted macrocycles for future research in the area of

synthetic drug design.
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Future areas of exploration lie in improving the synthesis pathway with the goal of
production on a greater scale which is important for the potentibdTofike macrocycles to be
utilized as drugs. Currently this synthesis has been done on an extremely small scale as a proof of
concept that the synthesis procedure is successful which has been demonstrated by the results of
this study. Improvements in synthesis could be made bgasing the scale of the reaction or by
alternative mode of synthesis such as solid phase synthesis. One of the most limiting factors in
scaling the production of -T is the need for column chromatography purification after each
individual stage of the syiesis. Eliminating this need after each stage would significantly
increase the ability to produce larger amount$ -df while cutting down on the time it takes to
perform the synthesis.

Future directions for this research lie in the area of ttmeensonal characterization of
the macrocycle. Accomplishing this goal is of great importance for future applications in synthetic
drug synthesis. Knowing the thrdemensional structure allows for predictions and understanding
in how the drug will behave andna within biological systems. The next step in order to
understand thredimensional structure is to perfocomputational modelingnd using the results
obtained from COSY and rOesy NMR as a starting point. Once thedhmesasional structure is
understad, protein binding assays can be performed with the macrocycle to evaluate its ability to
bind to specific proteins of interest.

Additionally, there is evidence thal-T exists in multiple conformations and
understanding how thoseonformationsdiffer within space provides a greater range of
applications for the potential drug. If multiptenformatiors do exist, then research is needed into
what conditions favor each individuadnformationand if conformationathanges can take place

when conditions ofthe system are changed. Another area of future research if different
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conformationsof T-T are identified is the changing of thosenformationswith different
substituted groups in place of the dimethylamine.

It is also of interest to evaluate the significance of the alcohol group present on threonine
and its contribution to structure. Synthesis of the same macrocycle with serine in place of threonine
would allow for accurate analysis of the significance ofrtiethyl group of the sidechain while
alanine probes the role of the hydroxyl. It will be important to look at whether the overall
conformation of the macrocycle is affected by the presence or absence of the alcohol group on
threonine and whether differeabnformationsare more likely to occur. With the knowledge of
how conformation is affected by subtle differences in the amino acid choice, better design rules
can be articulated that describe the effects of different amino acids and groups substituber onto
macrocycle.

Building a library of compoundsringsthe focugo developing synthesis pathways which
can be easily varied to produce a large variety of macrocycles. These macrocycles can then be
analyzed for protein binding affinity and the resultghmse studies can then be used to explore
drug targets that contain proteins used in the assay. This system of building a library is tailored to
researchgroups like the Simanek laboratobecause they continually are developing and
characterizing new eopounds to add to scientific literature while creating a bank of potential drug

candidates at the same time.
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Chapter 2: Introduction to Research: A Review

ABSTRACT

During the spring semester of the 261 academic year at Texas Christian @rsity
a group of 12 undergraduate students participated in a group project given thedidection to
Research These students chose to participate in this project after their organic chemistry Il
laboratory course was moved to an online format two weeks into the start of the semester. The
goal of the project was to provide undergraduate students the opportupdstictipate in faculty
led organic chemistry research which would supplement their laboratory course being moved
online. This review seeks to cover what the undergraduate students were able to accomplish over
the course of the semester while meeting \Wetekwork on this project.

Additionally, a survey was given to the students after they completed the semester in order
to get their opinion on how the structure of the course opesateckll asareas which could be
improved if the opportunity was offed¢o studentsgain in the future. The opinions received from
the survey demonstrated that the undergraduate students felt that the experience was extremely
positive with only a few areas in which the operations could have been improved. This review
takesthe summary of student activities through this project as well as their perspectives gained
through the survey in order to provide guidelines on how a similarly styled opportunity could be

offered in the future as a class course at TCU

Disclaimer: This review was commissioned by Dr. Simanek and written by Liam Claton who
acted as one of the undergraduate teaching assistants during this project as well as actively
participating in theesearctand has continued to work with the Simanek laboratory ovegrase

year. In doing the work to produce this review, Liam Claton received one chemistry credit hour.
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INTRODUCTION

In the spring semester of 202021 academic year at Texas Christian University the
organic chemistry Il laboratory class was moved fronpémnson to an online formdty the
instructor on recorafter 2 weeks of the semester starting due to CGMIZoncerns stemming
from noncompliance of students with university policies for quarantine protocols. A group of 12
undergraduate students accepted opportunity to continue their development of organic
chemistry laboratory skills in an-4merson setting by participating in research facilitated by Dr.
Eric Simanek. The name Alntroduction to Rese
additionaly two undergraduate teaching assistants from the organic Il lab who agreed to oversee
and assist this group of students. Beyond the undergraduate teaching assistants, there was
i nvol vement o f mul tiple graduate sandthd@€GUt s f r c
chemistry department. Dr. Simanek and his research group were working on the synthesis of newly
developed macrocycles for potential future applications as drugs. At the time when the organic lab
went online, their lab group was at a stage whiegee was need for a large variety of macrocycles
synthesized with differing amine group additions in order to begin development of a library of new
macrocyclic compounds.

This review attempts to serve two purposes. lIts first purpose is to outline vakat w
accomplished over the course of the semester by this group of undergraduate students. The sections
pertaining to this purpose will cover the synthesis pathway used by the undergraduate students,
the laboratory techniques that were expanded upon or rtawijht, and how the project was
facilitated throughout the semester. The second purpose of this review serves as a potential guide
to the TCU chemistry department if there is ever a decision to formally offer a course titled

Introduction to Research. Undgaduate students pursuing a degree in chemistry are required to
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perform 3 hours of undergraduate research in order to obtain their degree. These hours have been
historically accomplished by a student working in the laboratory of one of the TCU chemistry
faculty actively pursuing research. There are future concerns with the growth in the number of
TCU students pursuing a degree in chemistry that there may not be enough research positions in
faculty | aboratory groups ©0 Beasearad alpoteotially heiwe st u
course would provide an option to faculty members conducting research to utilize a larger group

of undergraduate chemistry students working on the same project over the course of a semester.
This course would then be an optidor undergraduate students to fulfill their research
requirement. Supporting data in this section of the review derives from a survey that was given to

the undergraduate students who participated in the original project.

REVIEW of 20202021SPRINGSEMESTER

It is important to contextualize the experience level of the majority of the undergraduate
students who participated in this project. The majority of students who participated were in the
second semester of their sophomore year of college with psesfmmistry experience of general
chemistry | and Il lecture, one condensed general chemistry lab covering two semesters, organic
chemistry | and organic chemistry | lab. These previous laboratory courses includeeimands
experience where students woul@eh once a week in lab for 4 hours and perform a provided
laboratory procedure.

The research topic they were introduced to was synthesis and characterization of new
macrocyclic compounds. Macrocycles are of increasing interest as possible new drugtesndid
The students were tasked with synthesis of leugote macrocyclic compounds. Leuchnieh
macrocycles are of interest due their potential of disrupting leucine zipper formation within

proteins[15]. Leucine zippers have been shown to be able &aat with DNA binding sites
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stimulating gene expressi¢h6]. The longterm goal expressed to the students was design of a
macrocycle which would be assessed in its ability to block leucine zipper formation in order to
affect gene expression within cancetls.

Students were given a previously synthesized starting material that consisted-of a di
substituted monochlorotriazine ring substituted with leucine and-B@itazine substitutions.
Students were then assigned a nucleophilic amine group to substitotthe ring in place of the

chlorine atom.

H
H Amine N N BOC Amine
cl N N BOC = "N~ = “N”
YW T R
NN Amine \I” o EDC \r/' o OEt
@ - HN oy HN /\)\
HN THF oH Acetonitrle N OFE1
OH H

Scheme 1 Synthetic route to the macrocycles. Students were assigned different amines. Dr.

Simanek provided the starting material.

Common protocols were employed. In general, 1 equivalent of starting material was
dissolved in THF and then 3 equivalents of the amine group were added. The solution was allowed
to stir until thin layer chromatography (TLC) confirmed the reaction was @mplhe time it
took for the substitution to run to completion varied depending on nucleophile. After confirmation
of substitution via TLC, the students purified the nowstrbstituted triazine ring using column

chromatography. Varying ratios of DCM:MeOWere used by the students for their column
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chromatography depending the polarity of their compound as determined by the TLC retention
factor.

One cohort of students had an extra week on the project based on the TCU calendar. This
groupwas able to mongrotect and purify diamines for use as nucleophiles. BOC anhydride was
the protection reagent. Column chromatography was employed as the method of purification for
these materials.

Students then performed an ED@diated (or DC@nediated) coupling reactioon the
intermediate in acetonitrile and monitored the reaction via TLC until its completion. Again, the
reaction was purified of side products and excess reagents using column chromatography. Once
the second intermediate was purified, the resulting monarasrtreated with trifluoracetic acid
to facilitate the cyclization process to yield the desired macrocycle. Due to the difference in amine
additions between students there were different techniques utilized in order to complete the
cyclization process.

Macrocycle formation was confirmed vid NMR and'*C NMR. In addition to successful
macrocycle formationtH NMR was performed after addition of the amine group and again after
performing the EDC coupling reaction. Students were responsible for pregaingwn NMR
tubes and then would perform the NMR reading with assistance from a graduate student or Dr.
Simanek.

A large number of laboratory techniques were employed by the students throughout the
duration of this research project. There were cerethrtiques that the students had previous
experience with and others which were new to the students requiring a certain level of teaching on
behalf of those coordinating the project. Some of the techniques that students already had

experience with includedccurate measurement of materials and reagents, proper utilization of
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glassware, and procedures such as extraction and recrystallization. On the other hand, laboratory
techniques such as TLC, column chromatography, and utilization of a rotary evaporatoewe
to the students. Demonstrations of each new technique were performed by those facilitating the
class and by the end of the project all students were able to demonstrate confidence in performing
these techniques. It should also be noted that therityagd students had yet to be introduced to
characterization techniques such as NMR (both practice and theory) before starting the course but
were able to quickly pick up on the theory surrounding how NMR functions and apply that theory
to assist with thie own macrocycle characterization. For the new laboratory techniques there was
easily available help for the students in the form of undergraduate teaching assistants, graduate
students, and from Dr. Simanek.

Overall, the most difficult of the laboratotechniques that students were introduced to
was column chromatographyssues wouldcommonly bethe inability to separate different
products through the column or losing samples to the column. A common issue which caused
problems with this technique wasproper setup of the column by the studeAtsothercommon
issue included having too much cotton and sand at the base of the column which caused the eluent
to move too slowly through the silica. This caused a longer time for the column to finish &nd ther
were multiple instances of students stopping their column before all of the sample eluted. Another
common mistake in column setu@asthe loading of silica into the column where students would
havea large formation o&ir bubbleswithin the silicacaushg issues with separation of products
due to a nonlinear flow of eluant. The final mistake commonly seen surrounding column
chromatography stemmed from improper loading of a sample to the column. Common loading
mistakes were disturbances in the silicahattop of the column when loading the sample which

would cause uneven movement of eluent through the column thus negatively affecting results.
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Another loading mistake seen throughout this project was students adding excess eluent before
their sample had fly entered into the silica column. The effects of this were a completely diluted
sample before it entered the column making it impossible to separate the phases and difficult to
reclaim all of the sample. In working with undergraduate students in the fatound column
chromatography these common mistakes should be kept in mind.

The formatting of the project was planned and facilitated by Dr. Eric Simanek. The space
utilized was the same laboratory space previously occupied by the organic chemiatoy II |
therefore the resources available in the lab were similar to the students. Students would come to
the laboratory once a week for typically a time period of 4 hours although a benefit to the
formatting of this project was that it was very easy to mawe tpent in the laboratory to best
benefit the schedules of the students. Each meeting period would start with Dr. Simanek giving an
overview to the chemistry that the group was about to perform along with an overview to the lab
techniques within the prodare. Dr. Simanek would then be present in the laboratory for the
entirety of each time period that students were working. This was advantageous because it allowed
for students to better contextualize what they were doing rather than just following dupeode
also allowed students to ask questions or for clarifications as well as allow Dr. Simanek to question
the students on what they were doing specifically. By the end of the semester, students were able
to provide a satisfactory explanation of whaemistry they were performing as well as why the
research being done was important. Students tracked their research within their own laboratory
notebook. Students have previous experiences using a laboratory notebook to record results and
observations, anithey were able to accurately track their research project without the need to have

their notebooks regularly checked or turned in.
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In order to have a place to share data and information for all the students participating in
this research, a Microsoft Bdglder was created which all of the participants and facilitators had
access to. This shared folder was used to communicate important academic papers relating to the
research project as well as report results obtained by individual students such as NMR
spectroscopy or photos of TLC plates. Overall communication between those participating in this
project was primarily in the form ofmail. There were no grades or assignments associated with
this project. Students were later given the option to write aremnof their experience in order
to receive class credit; however, this was not advertised at the beginning of the project to the
students. In terms of successful synthesis of new macrocycles, some students were able to
complete the synthesis of a macrdeywhile others ran into difficulties with their specific amine
group in relation to synthesis of the end product. Either way, students were able to make significant
progress in the synthesis of new macrocycles to add to a growing library of similarwatspo
Students who were unable to get to the final product still were able to practice good research
techniques and learn about what might be causing difficulties as well as possible solutions in

reference to their specific compound.

COURSE REFLECTION ANCFUTURE CONSIDERATIONS
As previously stated at the beginning of this review, there is a potential concern with future
growth of the number of students seeking a degree in chemistry or biochemistry in that there will
not be enough undergraduate research positions within TCUyfdabbratories in order for all
students to complete their undergraduate research requirement. This section of the review will
cover how introduction to research could be a new course offered to a larger number of students
with facilitation from a TCU faglty member. Specific areas that this section will address include

reflections from students who participated in the initial project, course outcomes, research project
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criteria to fit the course, and recommended guidelines to facilitate the potentiad.cdhes
opinions of t his review are based on the s
performance during the spring semester of the ZIXL academic year as well as areas where

the project could have been improved. It is important to keep in thatdthe contents of this

review are not by any means a complete formula to run a successful course. There may be
problems, challenges, or changes that need to be made in the future which are not addressed in this
review; however, consideration has beereq to every aspect of the way the original project was
facilitated in hopes of providing the most information possible.

Students who participated in the initial project were sent a thigaestion survey to
complete which was designed to gauge studérs per spective on the ex
understanding of the chemistry that they performed as well as their opinion on areas which could
be improved in the future. Out of the 12 undergraduates who participated in the original project, 6
submittedanonymous responses. All of the full responses to each of the questions will be included
in a section at the end of this review but considering the-epdad nature of the reflections their
responses will also be summarized for convenience. Overalkespenses were very positive as
will be demonstrated in the summary of this survey, but it is important to consider the other 50%
of participants who did not submit a response. Because of this it is difficult to accurately assess
how reflective these respses are to the entirety of students who participated. The questions of

the survey are outlined in figure 1.
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Why did you enroll in ‘Introduction to Research’ that replaced the canceled OChem lab course?
‘What did you hope to learn/accomplish?

Please describe what you did during this activity.

‘What did you learn/accomplish as it pertains to techniques?

What did you learn/accomplish as it pertains to how research is done?

Do you believe the experience was beneficial and if so, why?

What were the best elements of the activity?

‘What would you change?

e R A o

How did the experience affect your career plans (and what are they) or future research pursuits?

—
=]

. On a scale of 1-5 how likely are you to recommend this activity to others (1=very likely, 3=neutral, 5=unlikely)?

[um—
—_

. Would you make this activity a course offering to satisfy research requirements associated with the major?

Ju—
e}

. What role did each person play in your experience (graduate TA, UG TA, Dr. Simanek, classmates)?

[u—
(98]

. Please add any additional comments/critiques.

Figure 1 - Survey sent to all undergraduate participants in the initial Introduction to Research.
There were six responses out of thelve people the survey was sent to.

Why did you enrollAll 6 responses conveyed a desire to gain in person lab/research
experience. This opinion held by the undergraduate students supports how there is a desire to gain
laboratory experience outside thie lab courses that students are required to take. Additionally,
these responses demonstrate an interest from students into the process of research itself and how
it differs from a laboratory course setting.

What did you hope to learn/accomplisi®Resposes to what students hoped to
learn/accomplish were similar to those of the first response with almost every single participant
wanting to learn more organic laboratory techniques as well as learn more about the process of
research. While college courseae &raditionally designed to teach material and theory, students
were looking to learn more realorld applications to the theory they were being taught while

experiencing how research differs from coursework.
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What did you do'When asked broadly to degm what students did during this project in
the third question of the survey the responses were shortened to more of the overall objective which
was the synthesis of macrocycles. There would need to be a maept reflection from the
participants to ecurately gauge overall understanding. If a future survey is given to students in a
similar situation in order to assess student understanding it would be recommended to have
students write in more of a paragraph form instead of answering a questiamaya s

What techniques did you leariThe fourth question focused specifically on what students
learned in regard to laboratory techniques. Students identified thin layer chromatography, column
chromatography, how to use a rotary evaporator, and rutNMig and the new techniques that
they were not experienced with before starting the project. An interesting response of note was
that of a student who reported they enjoyed the learning environment because there was no stress
of hurting their grade if thegot it wrong the first time. It should be considered impressive that
students were able to learn all of these techniques and implement them to some degree over the
course of only one semester without any previous experience. This is an important fact when
considering a future course where the laboratory techniques may include some that the students
have not had experience with yet. The project demonstrates that students are able to pick up on
new techniques in this setting while building on the ones thes alaeady had experience with.

The Nature of Researchhe fifth question of the survey focused on what students learned
in relation to how research was done. The responses of the students who completed the survey
reflected how students' understandingtloe research process was different than what they
originally anticipated. Overall themes within responses were how research is a much longer and
less straightforward process compared to traditional lab course procedures. Multiple students also

highlighted how the process of research often causes the need to start over many times or conduct
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multiple attempts to perfect the procedure being done. These responses highlight how the
undergraduate student perspective of the way research is conducted is liithitad actual lab
experience at TCU.

A future course along the lines of this project would be beneficial in providing students
with experience into how research is conducted. Outside of the consideration for a new course,
these responses can serve to sgsggdghat within undergraduate chemistry courses a greater
emphasis could be placed on demonstrating to students what the process of research is like and
how it differs from their experiences within laboratory courses. Adding this learning goal of
understading the way research is conducted could be implemented within laboratory courses in a
lecture format so that students at least are exposed to the differences between research and
coursework.

Was the experience beneficid?ery single student who respted to the survey indicated
that the experience was beneficial. This fact alone strongly supports that offering a similar course
in the future would be well received by students if conducted in a similar fashion. Multiple
individuals commented on how theperience was unlike any other that they had participated in
through their coursework within chemistry. One interesting comment was that the experience
helped a student have a better idea of what it would be like doing graduate research after
completing tleir undergraduate degree. Providing a similar course to this project that allows
students to get a glimpse into what graduate research is like would be extremely beneficial to the
TCU chemistry program not only for students who come to college with theoplattending
graduate school but also providing students with different postgraduate pfahs@option they

might not have considered.
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What were the best elements of the activitye seventh question was also short and-open
ended asking studenigat the best elements of the activity were. Responses ranged from learning
to problem solve while working towards an actual research goal to forming new relationships with
peers. These responses are varied, however all of them are positive indicatitigdébrils were
able to get a wide range of positive experiences and interactions through this project.

What would you changd&very single response indicated that there could have been more
structure within the project and a better introduction intoptiogect at the beginning. It is to be
expected that attempting a new project such as this with little precedence beforehand would give
rise to things that could be made better. Overall, it is important to note that there were no
complaints in changing thgoals of the class or what the actual research was over. Fixing these
concerns in the future would be focused around having a cleaner, more direct presentation of the
project to be accomplished. A potential solution to this would be a class meetinghimuraor
two before the first time being in the lab where more time could be devoted towards explaining
the chemistry and research goals. The goals of this project were repeated in the same fashion every
time the group met before lab in a36 minute meetig where the research goals and procedure
were continually repeated to students. Additional information was also provided in these meetings
to students such asray structures of leucine zippers and potential bindiogformationsof
macrocycles througthé use of a physical model.

Students were also provided several research papers before the first meeting, but this
format of providing information did not give the ability to directly ask questions about the papers
nor did it give adequate time for students to process a researakptaonat they had no prior

experience with. Another solution could be having designated lab meeting times once a week in a



41

similar fashion to other faculty laboratory groups which would allow designated time for
discussion of the chemistry and provide apartunity where students could ask questions.

On a different note, there is something advantageous about providing students an
experience that has less structure than a typical laboratory course offered at TCU because it causes
students to have to figutkings out on their own on a certain level. Struggling at the beginning or
having a lack of structure causes students to have to work out certain things individually which is
replicative of realorld situations in the academic and professional world s@enation should
be made towards keeping a certain level of ambiguity so that students still have this more real
world experience.

Did the course affect your career planalIP of the students who responded to this question
indicated that their plans ditbt change. While causing the students to change their career plans
was not the goal of the project, one student indicated that this experience made research seem not
as foreign to them. It would be interestingdontinue to ask this question and sestifdent
responses changfea course like this project were instituted in the future

Would you recommend this experience to oth&hs?tenth question asked students to rate
the experience in terms of how likely they were to recommend this activitydosotlith 1 being
very likely and 5 being unlikely. The results are presented in chart 1. Every student who filled out
the survey responded with either a 1 or a 2 indicating that they would all be likely to recommend
this activity to others. This level ofsponse is extremely important in considering whether or not
to have a similarly styled course offered to undergraduate students in the future. It can be assumed
t hat a similar course would have a positive
pursuing chemistry through providing them a unique opportunity that is rare for undergrads at

other universities to be able to participate in. Something to keep in mind however is that the
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students who participated in this activity all chose to do so wittmawing that they would have
the opportunity to receive credit. This indicates that they are above the type of student who tries

to do the minimal level of work in order to pass through the TCU chemistry program.

Chart 1 - Question 10 on the survey pided to students participating in the initial Introduction
to Research group.

Would you enroll in this course to satisfy a research requirement for the ddgveep
student who responded to the question replied yes that they would make the actourgea c
offered to future students. This demonstrates that stuthetiessethey got the same level of
experience out of this project that they would expect to get out of performing undergraduate
research in another TCU faculty lab.

What roles did individula play within the project? Students had positive things to say
about the lab director Dr. Simanek, the graduate teaching assistants and the undergrad teaching
assistants. Students felt strongly that each level of facilitator played a different, buaimpote

in making the experience a positive one. Students highlighted that the undergraduate teaching



